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LONG INSTRUCTION WORD
CONTROLLING PLURAL INDEPENDENT
PROCESSOR OPERATIONS

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

This application: is a divisional of U.S. patent application
Ser. No. 09/678,746 filed Oct. 3, 2000 now U.S. Pat. No.
6,370,558; which is a divisional of U.S. patent application
Ser. No. 08/632,785 filed Apr. 15, 1996 now U.S. Pat. No.
5,742,538; which is a divisional of U.S. patent application
Ser. No. 08/160,297 filed Nov. 30, 1993, now U.S. Pat. No.
5,509,129.

U.S. patent application Ser. No. 08/263,504 filed Jun. 21,
1994, now U.S. Pat. No. 5,471,592 issued Nov. 28, 1995 and
entitled “MULTI-PROCESSOR WITH CROSSBAR LINK
OF PROCESSORS AND MEMORIES AND METHOD OF
OPERATION”; which is a continuation of U.S. patent appli-
cation Ser. No. 08/135,754 filed Oct. 12, 1993, now aban-
doned; which is a continuation of U.S. patent application Ser.
No.07/933,865 filed Aug. 21, 1992, now abandoned; which is
a continuation of U.S. patent application Ser. No. 07/435,591
filed Nov. 17, 1989 and now abandoned;

U.S. Pat. No. 5,212,777, issued May 18, 1993, filed Nov.
17, 1989 and entitled “MULTI-PROCESSOR RECONFIG-
URABLE IN SINGLE INSTRUCTION MULTIPLE DATA
(SIMD) AND MULTIPLE INSTRUCTION MULTIPLE
DATA (MIMD) MODES AND METHOD OF OPERA-
TION™;

U.S. patent application Ser. No. 08/264,111 filed Jun. 22,
1994, now U.S. Pat. No. 5,522,083 issued May 28, 1996 and
entitted “RECONFIGURABLE MULTI-PROCESSOR
OPERATING IN SIMD MODE WITH ONE PROCESSOR
FETCHING INSTRUCTIONS FOR USE BY REMAINING
PROCESSORS”; which is a continuation of U.S. patent
application Ser. No. 07/895,565 filed Jun. 5, 1992, now aban-
doned; which is a continuation of U.S. patent application Ser.
No. 07/437,856 filed Nov. 17, 1989, now abandoned;

U.S. patent application Ser. No. 08/264,582 filed Jun. 22,
1994 now pending and entitled “REDUCED AREA OF
CROSSBAR AND METHOD OF OPERATION”; whichis a
continuation of U.S. patent application Ser. No. 07/437,852
filed Nov. 17, 1989, now abandoned;

U.S. patent application Ser. No. 08/032,530 filed Mar. 15,
1993 now U.S. Pat. No. 6,035,584 issued Mar. 14, 2000 and
entitled “SYNCHRONIZED MIMD MULTI-PROCESSING
SYSTEM AND METHOD”; which is a continuation of U.S.
patent application Ser. No. 07/437,853 filed Nov. 17, 1989,
now abandoned;

U.S. patent application Ser. No. 07/437,946 filed Nov. 17,
1989, now U.S. Pat. No. 5,197,140 issued Mar. 23, 1993 and
entitled “SLICED ADDRESSING MULTI-PROCESSOR
AND METHOD OF OPERATION”;

U.S. patent application Ser. No. 07/437,857 filed Nov. 17,
1989, now U.S. Pat. No. 5,339,447 issued Aug. 16, 1994 and
entitled “ONES COUNTING CIRCUIT, UTILIZING A
MATRIX OF INTERCONNECTED HALF-ADDERS, FOR
COUNTING THE NUMBER OF ONES IN A BINARY
STRING OF IMAGE DATA”;
follows:

U.S. patent application Ser. No. 07/437,851 filed Nov. 17,
1989, now U.S. Pat. No. 5,239,654 issued Aug. 24, 1993 and

20
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2
entitled “DUAL MODE SIMD/MIMD PROCESSOR PRO-
VIDING REUSE OF MIMD INSTRUCTION MEMORIES
AS DATA MEMORIES WHEN OPERATING IN SIMD
MODE”;

U.S. patent application Ser. No. 07/911,562 filed Jun. 29,
1992, now U.S. Pat. No. 5,410,649 issued Apr. 25, 1995 and
entitled “IMAGING COMPUTER AND METHOD OF
OPERATION”; which is a continuation of U.S. patent appli-
cation Ser. No. 07/437,854 filed Nov. 17, 1989, now aban-
doned; and

U.S. patent application Ser. No. 07/437,875 filed Nov. 17,
1989, now U.S. Pat. No. 5,226,125 issued Jul. 6, 1993 and
entitled “SWITCH MATRIX HAVING INTEGRATED
CROSSPOINT LOGIC AND METHOD OF OPERATION".

U.S. patent application Ser. No. 08/486,562 filed Jun. 7,
1995 now U.S. Pat. No. 5,696,954 issued Dec. 9, 1997
entitted “THREE INPUT ARITHMETIC LOGIC UNIT
WITH BARREL ROTATOR?”, a continuation of U.S. patent
application Ser. No. 08/160,299 filed Nov. 30, 1993;

U.S. patent application Ser. No. 08/158,742 now U.S. Pat.
No. 5,640,578 issued Jun. 17, 1997 entitled “ARITHMETIC
LOGIC UNIT HAVING PLURAL INDEPENDENT SEC-
TIONS AND REGISTER STORING RESULTANT INDI-
CATOR BIT FROM EVERY SECTION”;

U.S. patent application Ser. No. 08/478,129 filed Jun. 7,
1995 now U.S. Pat. No. 5,696,959 issued Dec. 9, 1997
entitled “MEMORY STORE FROM A REGISTER PAIR
CONDITIONAL”, which is a continuation of U.S. patent
application Ser. No. 08/160,118 now abandoned;

U.S. patent application Ser. No. 08/324,323 filed Oct. 17,
1994 now U.S. Pat. No. 5,442,581 issued Aug. 15, 1995
entitled “ITERATIVE DIVISION APPARATUS, SYSTEM
AND METHOD FORMING PLURAL QUOTIENT BITS
PER ITERATION™, which is a continuation of U.S. patent
application Ser. No. 08/160,115 now abandoned;

U.S. patent application Ser. No. 08/159,285 now U.S. Pat.
No. 5,596,763 issued Jan. 21, 1997 entitled “THREE INPUT
ARITHMETIC LOGIC UNIT FORMING MIXED ARITH-
METIC AND BOOLEAN COMBINATIONS”;

U.S. patent application Ser. No. 08/473,380 filed Jun. 7,
1995 now U.S. Pat. No. 5,727,225 issued Mar. 10, 1998
entitled “METHOD, APPARATUS AND SYSTEM FORM-
ING THE SUM OF DATA IN PLURAL EQUAL SECTIONS
OF A SINGLE DATA WORD?”, which is a continuation of
U.S. patent application Ser. No. 08/160,119;

U.S. patent application Ser. No. 08/159,359 now U.S. Pat.
No. 5,512,896 issued Apr. 30, 1996 entitled “HUFFMAN
ENCODING METHOD, CIRCUITS AND SYSTEM
EMPLOYING MOST SIGNIFICANT BIT CHANGE FOR
SIZE DETECTION™,

U.S. patent application Ser. No. 08/160,296 now U.S. Pat.
No. 5,479,166 issued Dec. 26, 1995 entitled “HUFFMAN
DECODING METHOD, CIRCUIT AND SYSTEM
EMPLOYING CONDITIONAL SUBTRACTION FOR
CONVERSION OF NEGATIVE NUMBERS”;

U.S. patent application Ser. No. 08/160,112 entitled
“METHOD, APPARATUS AND SYSTEM FOR SUM OF
PLURAL ABSOLUTE DIFFERENCES”;

U.S. patent application Ser. No. 08/160,120 now U.S. Pat.
No. 5,644,524 issued Jul. 1, 1997 entitled “ITERATIVE
DIVISION APPARATUS, SYSTEM AND METHOD
EMPLOYING LEFT MOST ONE’S DETECTION AND
LEFT MOST ONE’S DETECTION WITH EXCLUSIVE
OR”;

U.S. patent application Ser. No. 08/160,114 now U.S. Pat.
No. 5,712,999 issued Jan. 27, 1998 entitled “ADDRESS
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GENERATOR EMPLOYING SELECTIVE MERGE OF
TWO INDEPENDENT ADDRESSES”;

U.S. patent application Ser. No. U.S. patent application
Ser. No. 08/160,116 now U.S. Pat. No. 5,420,809 issued May
30, 1995 entitled “METHOD, APPARATUS AND SYSTEM
METHOD FOR CORRELATION";

U.S. patent application Ser. No. 08/160,297 now U.S. Pat.
No. 5,509,129 issued Apr. 16, 1996 entitled “LONG
INSTRUCTION WORD CONTROLLING PLURAL INDE-
PENDENT PROCESSOR OPERATIONS”;

U.S. patent application Ser. No. 08/159,346 now U.S. Pat.
No. 6,067,613 issued May 23, 2000 entitled “ROTATION
REGISTER FOR ORTHOGONAL DATA TRANSFORMA-
TION™;

U.S. patent application Ser. No. 08/159,652 entitled
“MEDIAN FILTER METHOD, CIRCUIT AND SYSTEM”;

U.S. patent application Ser. No. 08/159,344 now U.S. Pat.
No. 5,805,913 issued Sep. 8, 1998 entitled “ARITHMETIC
LOGIC UNIT WITH CONDITIONAL REGISTER
SOURCE SELECTION”;

U.S. patent application Ser. No. 08/160,301 entitled
“APPARATUS, SYSTEM AND METHOD FOR DIVISION
BY ITERATION”,

U.S. patent application Ser. No. 08/159,650 now U.S. Pat.
No. 5,644,522 issued Jul. 1, 1997 entitled “MULTIPLY
ROUNDING USING REDUNDANT CODED MULTIPLY
RESULT”;

U.S. patent application Ser. No. 08/159,349 now U.S. Pat.
No. 5,446,651 issued Aug. 29, 1995 entitled “SPLIT MUL-
TIPLY OPERATION”;

U.S. patent application Ser. No. 08/482,697 filed Jun. 7,
1995 now U.S. Pat. No. 5,689,695 issued Nov. 18, 1997
entitled “MIXED CONDITION TEST CONDITIONAL
OPERATIONS AND CONDITIONAL BRANCH OPERA-
TIONS”, which is a continuation of U.S. patent application
Ser. No. 08/158,741 now abandoned;

U.S. patent application Ser. No. 08/472,828 filed Jun. 7,
1995 U.S. Pat. No. 5,606,677 issued Feb. 25, 1997 entitled
“PACKED WORD PAIR MULTIPLY OPERATION”, which
is a continuation of U.S. patent application Ser. No. 08/160,
302 now abandoned;

U.S. patent application Ser. No. 08/160,573 now U.S. Pat.
No. 6,098,163 issued Aug. 1, 2000 entitled “THREE INPUT
ARITHMETIC LOGIC UNIT WITH SHIFTER”;

U.S. patent application Ser. No. 08/159,282 now U.S. Pat.
No. 5,590,350 issued Dec. 31, 1996 entitled “THREE INPUT
ARITHMETIC LOGIC UNIT WITH MASK GENERA-
TOR”;

U.S. patent application Ser. No. 08/475,134 now U.S. Pat.
No. 5,634,065 issued May 27, 1997 entitled “THREE INPUT
ARITHMETIC LOGIC UNIT WITH BARREL ROTATOR
AND MASK GENERATOR”, which is a continuation of
U.S. patent application Ser. No. 08/160,111;

U.S. patent application Ser. No. 08/160,298 now U.S. Pat.
No. 5,974,539 issued Oct. 26, 1999 entitled “THREE INPUT
ARITHMETIC LOGIC UNIT WITH SHIFTER AND
MASK GENERATOR”;

U.S. patent application Ser. No. 08/159,345 now U.S. Pat.
No. 5,485,411 issued Jan. 16, 1996 entitled “THREE INPUT
ARITHMETIC LOGIC UNIT FORMING THE SUM OF A
FIRST INPUT ADDED WITH A FIRST BOOLEAN COM-
BINATION OF A SECOND INPUT AND THIRD INPUT
PLUS A SECOND BOOLEAN COMBINATION OF THE
SECOND AND THIRD INPUTS”;

U.S. patent application Ser. No. 08/160,113 now U.S. Pat.
No. 5,465,224 issued Nov. 7, 1995 entitled “THREE INPUT
ARITHMETIC LOGIC UNIT FORMING THE SUM OF
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FIRST BOOLEAN COMBINATION OF FIRST, SECOND
AND THIRD INPUTS PLUS A SECOND BOOLEAN
COMBINATION OF FIRST, SECOND AND THIRD
INPUTS”;

U.S. patent application Ser. No. 08/426,992 filed Apr. 24,
1995 now U.S. Pat. No. 5,493,542 issued Feb. 20, 1996
entitted “THREE INPUT ARITHMETIC LOGIC UNIT
EMPLOYING CARRY PROPAGATE LOGIC”, which is a
continuation of U.S. patent application Ser. No. 08/159,640
now abandoned; and

U.S. patent application Ser. No. 08/160,300 now U.S. Pat.
No. 6,026,484 issued Feb. 15, 2000 entitled “DATA PRO-
CESSING APPARATUS, SYSTEM AND METHOD FOR
IF, THEN, ELSE OPERATION USING WRITE PRIOR-
ITY”

CROSS REFERENCE TO RELATED
APPLICATIONS

This application relates to improvements in the inventions
disclosed in the following copending U.S. patent applica-
tions, all of which are assigned to Texas Instruments:

TECHNICAL FIELD OF THE INVENTION

The technical field of this invention is the field of digital
data processing and more particularly microprocessor cir-
cuits, architectures and methods for digital data processing
especially digital image/graphics processing.

BACKGROUND OF THE INVENTION

This invention relates to the field of computer graphics and
in particular to bit mapped graphics. In bit mapped graphics
computer memory stores data for each individual picture
element or pixel of an image at memory locations that corre-
spond to the location of that pixel within the image. This
image may be an image to be displayed or a captured image to
be manipulated, stored, displayed or retransmitted. The field
of bit mapped computer graphics has benefited greatly from
the lowered cost and increased capacity of dynamic random
access memory (DRAM) and the lowered cost and increased
processing power of microprocessors. These advantageous
changes in the cost and performance of component parts
enable larger and more complex computer image systems to
be economically feasible.

The field of bit mapped graphics has undergone several
stages in evolution of the types of processing used for image
data manipulation. Initially a computer system supporting bit
mapped graphics employed the system processor for all bit
mapped operations. This type of system suffered several
drawbacks. First, the computer system processor was not
particularly designed for handling bit mapped graphics.
Design choices that are very reasonable for general purpose
computing are unsuitable for bit mapped graphics systems.
Consequently some routine graphics tasks operated slowly. In
addition, it was quickly discovered that the processing needed
for image manipulation of bit mapped graphics was so load-
ing the computational capacity of the system processor that
other operations were also slowed.

The next step in the evolution of bit mapped graphics
processing was dedicated hardware graphics controllers.
These devices can draw simple figures, such as lines, ellipses
and circles, under the control of the system processor. Many
of'these devices can also do pixel block transfers (PixBlt). A
pixel block transfer is a memory move operation of image
data from one portion of memory to another. A pixel block
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transfer is useful for rendering standard image elements, such
as alphanumeric characters in a particular type font, within a
display by transfer from nondisplayed memory to bit mapped
display memory. This function can also be used for tiling by
transferring the same small image to the whole of bit mapped
display memory. The built-in algorithms for performing some
of'the most frequently used graphics functions provide a way
of improving system performance. However, a useful graph-
ics computer system often requires many functions besides
those few that are implemented in such a hardware graphics
controller. These additional functions must be implemented
in software by the system processor. Typically these hardware
graphics controllers allow the system processor only limited
access to the bit map memory, thereby limiting the degree to
which system software can augment the fixed set of functions
of the hardware graphics controller.

The graphics system processor represents yet a further step
in the evolution of bit mapped graphics processing. A graph-
ics system processor is a programmable device that has all the
attributes of a microprocessor and also includes special func-
tions for bit mapped graphics. The TMS34010 and
TMS34020 graphics system processors manufactured by
Texas Instruments Incorporated represent this class of
devices. These graphics system processors respond to a
stored program in the same manner as a microprocessor and
include the capability of data manipulation via an arithmetic
logic unit, data storage in register files and control of both
program flow and external data memory. In addition, these
devices include special purpose graphics manipulation hard-
ware that operate under program control. Additional instruc-
tions within the instruction set of these graphics system pro-
cessors controls the special purpose graphics hardware.
These instructions and the hardware that supports them are
selected to perform base level graphics functions that are
useful in many contexts. Thus a graphics system processor
can be programmed for many differing graphics applications
using algorithms selected for the particular problem. This
provides an increase in usefulness similar to that provided by
changing from hardware controllers to programmed micro-
processors. Because such graphics system processors are pro-
grammable devices in the same manner as microprocessors,
they can operate as stand alone graphics processors, graphics
co-processors slaved to a system processor or tightly coupled
graphics controllers.

New applications are driving the desire to provide more
powerful graphics functions. Several fields require more cost
effective graphics operations to be economically feasible.
These include video conferencing, multi-media computing
with full motion video, high definition television, color fac-
simile and digital photography. Each of these fields presents
unique problems, but image data compression and decom-
pression are common themes. The amount of transmission
bandwidth and the amount of storage capacity required for
images and particular full motion video is enormous. Without
efficient video compression and decompression that result in
acceptable final image quality, these applications will be lim-
ited by the costs associated with transmission bandwidth and
storage capacity. There is also a need in the art for a single
system that can support both image processing functions such
as image recognition and graphics functions such as display
control.

SUMMARY OF THE INVENTION

A data processing apparatus including a multiplier unit
forming a product from a set of L bits of each two data buses
of N bits each N is greater than L. The multiplier forms a N bit
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output having a first portion and a second portion. The first
portion is the L most significant bits of the of product. The
second portion is M other bits not including the L least sig-
nificant bits of the product, where N is the sum of N and L. In
the preferred embodiment the N other bits are derived from
other bits of the two input data busses, such as the N other bits
of the first input data bus.

The data processing apparatus includes an arithmetic logic
unit performing parallel operations controlled by the same
instructions. This arithmetic logic unit is divisible into a
selected number of sections for performing identical opera-
tions on independent sections of its inputs. Preferably the
arithmetic logic unit includes 32 bits and may be divided into
two 16 bit sections and into four 8 bit sections. The arithmetic
logic unit operation may be addition, subtraction or a Boolean
function.

The multiplier unit may operate on signed inputs to gener-
ate a signed product or on unsigned inputs to generate an
unsigned product. The multiplier unit may form dual products
from separate parts of the input data.

A single instruction may controlling both the multiplier
unit and the arithmetic logic unit permits addition of dual
products. The dual products are temporarily stored in a data
register permitting the multiply and add operations to be
pipelined. In the preferred embodiment the dual products are
formed in one data word and added by a rotate/mask and add
operation in a three input arithmetic unit.

Inthe preferred embodiment of this invention, the data unit
including the data registers, the multiplication unit and the
arithmetic logic unit, the address unit and the instruction
decode logic are embodied in at least one digital image/
graphics processor as a part of a multiprocessor formed in a
single integrated circuit used in image processing.

BRIEF DESCRIPTION OF THE FIGURES

These and other aspects of the present invention are
described below together with the Figures, in which:

FIG. 1 illustrates the system architecture of an image pro-
cessing system such as would employ this invention;

FIG. 2 illustrates the architecture of a single integrated
circuit multiprocessor that forms the preferred embodiment
of this invention;

FIG. 3 illustrates in block diagram form one of the digital
image/graphics processors illustrated in FIG. 2;

FIG. 4 illustrates in schematic form the pipeline stages of
operation of the digital image/graphics processor illustrated
in FIG. 2;

FIG. 5 illustrates in block diagram form the data unit of the
digital image/graphics processors illustrated in FIG. 3;

FIG. 6 illustrates in schematic form field definitions of the
status register of the data unit illustrated in FIG. 5;

FIG. 7 illustrates in block diagram form the manner of
splitting the arithmetic logic unit of the data unit illustrated in
FIG. 5;

FIG. 8 illustrates in block diagram form the manner of
addressing the data register of the data unit illustrated in FIG.
5 as a rotation register;

FIG. 9 illustrates in schematic form the field definitions of
the first data register of the data unit illustrated in FIG. 5;

FIG. 10aillustrates in schematic form the data input format
for 16 bit by 16 bit signed multiplication operands;

FIG. 10b illustrates in schematic form the data output
format for 16 bit by 16 bit signed multiplication results;

FIG. 10c illustrates in schematic form the data input format
for 16 bit by 16 bit unsigned multiplication operands;
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FIG. 10d illustrates in schematic form the data output
format for 16 bit by 16 bit unsigned multiplication results;

FIG. 11a illustrates in schematic form the data input format
for dual 8 bit by 8 bit signed multiplication operands;

FIG. 11b illustrates in schematic form the data input format
for dual 8 bit by 8 bit unsigned multiplication operands;

FIG. 11c illustrates in schematic form the data output for-
mat for dual 8 bit by 8 bit signed multiplication results;

FIG. 11d illustrates in schematic form the data output
format for dual 8 bit by 8 bit unsigned multiplication results;

FIG. 12 illustrates in block diagram form the multiplier
illustrated in FIG. 5;

FIG. 13 illustrates in schematic form generation of Booth
quads for the first operand in 16 bit by 16 bit multiplication;

FIG. 14 illustrates in schematic form generation of Booth
quads for dual first operands in 8 bit by 8 bit multiplication;

FIG. 15a illustrates in schematic form the second operand
supplied to the partial product generators illustrated in FIG.
12 in 16 bit by 16 bit unsigned multiplication;

FIG. 15b illustrates in schematic form the second operand
supplied to the partial product generators illustrated in FIG.
12 in 16 bit by 16 bit signed multiplication;

FIG. 16a illustrates in schematic form the second operand
supplied to the first three partial product generators illustrated
in FIG. 12 in dual 8 bit by 8 bit unsigned multiplication;

FIG. 16b illustrates in schematic form the second operand
supplied to the first three partial product generators illustrated
in FIG. 12 in dual 8 bit by 8 bit signed multiplication;

FIG. 16c¢ illustrates in schematic form the second operand
supplied to the second three partial product generators illus-
trated in FIG. 12 in dual 8 bit by 8 bit unsigned multiplication;

FIG. 16d illustrates in schematic form the second operand
supplied to the second three partial product generators illus-
trated in FIG. 12 in dual 8 bit by 8 bit signed multiplication;

FIG. 17a illustrates in schematic form the output mapping
for 16 bit by 16 bit multiplication;

FIG. 17b illustrates in schematic form the output mapping
for dual 8 bit by 8 bit multiplication;

FIG. 18 illustrates in block diagram form the details of the
construction of the rounding adder 226 illustrated in FIG. 5;

FIG. 19 illustrates in block diagram form the construction
of one bit circuit of the arithmetic logic unit of the data unit
illustrated in FIG. 5;

FIG. 20 illustrates in schematic form the construction of
the resultant logic and carry out logic of the bit circuit illus-
trated in FIG. 19;

FIG. 21 illustrates in schematic form the construction of
the Boolean function generator of the bit circuit illustrated in
FIG. 19;

FIG. 22 illustrates in block diagram form the function
signal selector of the function signal generator of the data unit
illustrated in FIG. 5;

FIG. 23 illustrates in block diagram form the function
signal modifier portion of the function signal generator of the
data unit illustrated in FIG. 5;

FIG. 24 illustrates in block diagram form the bit 0 carry-in
generator of the data unit illustrated in FIG. 5;

FIG. 25 illustrates in block diagram form a conceptual
view of the arithmetic logic unit illustrated in FIGS. 19 and
20;

FIG. 26 illustrates in block diagram form a conceptual
view of an alternative embodiment of the arithmetic logic
unit;

FIG. 27 illustrates in block diagram form the address unit
of the digital image/graphics processor illustrated in FIG. 3;
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FIG. 28 illustrates in block diagram form an example of a
global or a local address unit of the address unit illustrated in
FIG. 27,

FIG. 29a illustrates the order of data bytes according to the
little endian mode;

FIG. 290 illustrates the order of data bytes according to the
big endian mode;

FIG. 30 illustrates a circuit for data selection, data align-
ment and sign or zero extension in each data port of a digital
image/graphics processor;

FIG. 31 illustrates in block diagram form the program flow
control unit of the digital image/graphics processors illus-
trated in FIG. 3;

FIG. 32 illustrates in schematic form the field definitions of
the program counter of the program flow control unit illus-
trated in FIG. 31,

FIG. 33 illustrates in schematic form the field definitions of
the instruction pointer-address stage register of the program
flow control unit illustrated in FIG. 31;

FIG. 34 illustrates in schematic form the field definitions of
the instruction pointer-return from subroutine register of the
program flow control unit illustrated in FIG. 31;

FIG. 35 illustrates in schematic form the field definitions of
the cache tag registers of the program flow control unit illus-
trated in FIG. 31,

FIG. 36 illustrates in schematic form the field definitions of
the loop logic control register of the program flow control unit
illustrated in FIG. 31;

FIG. 37 illustrates in block diagram form the loop logic
circuit of the program flow control unit;

FIG. 38 illustrates in flow chart form a program example of
a single program loop with multiple loop ends;

FIG. 39 illustrates the overlapping pipeline stages in an
example of a software branch from a single instruction hard-
ware loop;

FIG. 40 illustrates in schematic form the field definitions of
the interrupt enable register and the interrupt flag register of
the program flow control unit illustrated in FIG. 31;

FIG. 41 illustrates in schematic form the field definitions of
a command word transmitted between processors of the
single integrated circuit multiprocessor illustrated in FIG. 2;

FIG. 42 illustrates in schematic form the field definitions of
the communications register of the program flow control unit
illustrated in FIG. 31;

FIG. 43 illustrates in schematic form the instruction word
controlling the operation of the digital image/graphics pro-
cessor illustrated in FIG. 3;

FIG. 44 illustrates in schematic form data flow within the
data unit during execution of a divide iteration instruction;

FIG. 45 illustrates in flow chart form the use of a left most
one’s function in a division algorithm;

FIG. 46 illustrates in flow chart form the use of a left most
one’s function and an exclusive OR in a division algorithm;
FIG. 47 illustrates in schematic form within the data flow
during an example sum of absolute value of differences algo-
rithm;

FIGS. 48a, 48b, 48c, 48d and 48e illustrate in schematic
form a median filter algorithm;

FIG. 49 illustrates the overlapping pipeline stages in an
example of a single instruction hardware loop with a condi-
tional hardware branch;

FIG. 50 illustrates in schematic form a hardware divider
that generates two bits of the desired quotient per divide
iteration;

FIG. 51 illustrates in schematic form the data flow within
the hardware divider illustrated in FIG. 48;
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FIG. 52 illustrates in schematic form a hardware divider
that generates three bits of the desired quotient per divide
iteration;

FIG. 53 illustrates in schematic form the data flow within a
hardware divider illustrated in FIGS. 51; and

FIG. 54 illustrates in schematic form the multiprocessor
integrated circuit of this invention having a single digital
image/graphics processor in color facsimile system.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

FIG. 1 is a block diagram of an image data processing
system including a multiprocessor integrated circuit con-
structed for image and graphics processing according to this
invention. This data processing system includes a host pro-
cessing system 1. Host processing system 1 provides the data
processing for the host system of data processing system of
FIG. 1. Included in the host processing system 1 are a pro-
cessor, at least one input device, a long term storage device, a
read only memory, a random access memory and at least one
host peripheral 2 coupled to a host system bus. Arrangement
and operation of the host processing system are considered
conventional. Because of its processing functions, the host
processing system 1 controls the function of the image data
processing system.

Multiprocessor integrated circuit 100 provides most of the
data processing including data manipulation and computa-
tion for image operations of the image data processing system
of FIG. 1. Multiprocessor integrated circuit 100 is bi-direc-
tionally coupled to an image system bus and communicates
with host processing system 1 by way of this image system
bus. In the arrangement of FIG. 1, multiprocessor integrated
circuit 100 operates independently from the host processing
system 1. The multiprocessor integrated circuit 100, however,
is responsive to host processing system 1.

FIG. 1 illustrates two image systems. Imaging device 3
represents a document scanner, charge coupled device scan-
ner or video camera that serves as an image input device.
Imagine device 3 supplies this image to image capture con-
troller 4, which serves to digitize the image and form it into
raster scan frames. This frame capture process is controlled
by signals from multiprocessor integrated circuit 100. The
thus formed image frames are stored in video random access
memory 5. Video random access memory 5 may be accessed
via the image system bus permitting data transfer for image
processing by multiprocessor integrated circuit 100.

The second image system drives a video display. Multipro-
cessor integrated circuit 100 communicates with video ran-
dom access memory 6 for specification of a displayed image
via a pixel map. Multiprocessor integrated circuit 100 con-
trols the image data stored in video random access memory 6
via the image system bus. Data corresponding to this image is
recalled from video random access memory 6 and supplied to
video palette 7. Video palette 7 may transform this recalled
data into another color space, expand the number of bits per
pixel and the like. This conversion may be accomplished
through a look-up table. Video palette 7 also generates the
proper video signals to drive video display 8. If these video
signals are analog signals, then video palette 7 includes suit-
able digital to analog conversion. The video level signal out-
put from the video palette 7 may include color, saturation, and
brightness information. Multiprocessor integrated circuit 100
controls data stored within the video palette 7, thus control-
ling the data transformation process and the timing of image
frames. Multiprocessor integrated circuit 100 can control the
line length and the number of lines per frame of the video
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display image, the synchronization, retrace, and blanking
signals through control of video palette 7. Significantly, mul-
tiprocessor integrated circuit 100 determines and controls
where graphic display information is stored in the video ran-
dom access memory 6. Subsequently, during readout from the
video random access memory 6, multiprocessor integrated
circuit 100 determines the readout sequence from the video
random access memory 6, the addresses to be accessed, and
control information needed to produce the desired graphic
image on video display 8.

Video display 8 produces the specified video display for
viewing by the user. There are two widely used techniques.
The first technique specifies video data in terms of color, hue,
brightness, and saturation for each pixel. For the second tech-
nique, color levels of red, blue and green are specified for each
pixel. Video palette 7 the video display 8 is designed and
fabricated to be compatible with the selected technique.

FIG. 1 illustrates an addition memory 9 coupled to the
image system bus. This additional memory may include addi-
tional video random access memory, dynamic random access
memory, static random access memory or read only memory.
Multiprocessor integrated circuit 100 may be controlled
either in wholly or partially by a program stored in the
memory 9. This memory 9 may also store various types of
graphic image data. In addition, multiprocessor integrated
circuit 100 preferably includes memory interface circuits for
video random access memory, dynamic random access
memory and static random access memory. Thus a system
could be constructed using multiprocessor integrated circuit
100 without any video random access memory 5 or 6.

FIG. 1 illustrates transceiver 16. Transceiver 16 provides
translation and bidirectional communication between the
image system bus and a communications channel. One
example of a system employing transceiver 16 is video con-
ferencing. The image data processing system illustrated in
FIG. 1 employs imaging device 3 and image capture control-
ler 4 to form a video image of persons at a first location.
Multiprocessor integrated circuit 100 provides video com-
pression and transmits the compressed video signal to a simi-
lar image data processing system at another location via
transceiver 16 and the communications channel. Transceiver
16 receives a similarly compressed video signal from the
remote image data processing system via the communica-
tions channel. Multiprocessor integrated circuit 100 decom-
presses this received signal and controls video random access
memory 6 and video palette 7 to display the corresponding
decompressed video signal on video display 8. Note this is not
the only example where the image data processing system
employs transceiver 16. Also note that the bidirectional com-
munications need not be the same type signals. For example,
in an interactive cable television signal the cable system head
in would transmit compressed video signals to the image data
processing system via the communications channel. The
image data processing system could transmit control and data
signals back to the cable system head in via transceiver 16 and
the communications channel.

FIG. 1 illustrates multiprocessor integrated circuit 100
embodied in a system including host processing system 1.
Those skilled in the art would realize from the following
disclosure of the invention that multiprocessor integrated cir-
cuit 100 may be employed as the only processor of a useful
system. In such a system multiprocessor integrated circuit
100 is programmed to perform all the functions of the system.

This invention is particularly useful in a processor used for
image processing. According to the preferred embodiment,
this invention is embodied in multiprocessor integrated cir-
cuit 100. This preferred embodiment includes plural identical
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processors that embody this invention. Each of these proces-
sors will be called a digital image/graphics processor. This
description is a matter of convenience only. The processor
embodying this invention can be a processor separately fab-
ricated on a single integrated circuit or a plurality of inte-
grated circuits. If embodied on a single integrated circuit, this
single integrated circuit may optionally also include read only
memory and random access memory used by the digital
image/graphics processor.

FIG. 2 illustrates the architecture of the multiprocessor
integrated circuit 100 of the preferred embodiment of this
invention. Multiprocessor integrated circuit 100 includes:
two random access memories 10 and 20, each of which is
divided into plural sections; crossbar 50; master processor 60;
digital image/graphics processors 71, 72, 73 and 74; transfer
controller 80, which mediates access to system memory; and
frame controller 90, which can control access to independent
first and second image memories. Multiprocessor integrated
circuit 100 provides a high degree of operation parallelism,
which will be useful in image processing and graphics opera-
tions, such as in the multi-media computing.

Multiprocessor integrated circuit 100 includes two random
access memories. Random access memory 10 is primarily
devoted to master processor 60. It includes two instruction
cache memories 11 and 12, two data cache memories 13 and
14 and a parameter memory 15. These memory sections can
be physically identical, but connected and used differently.
Random access memory 20 may be accessed by master pro-
cessor 60 and each of the digital image/graphics processors
71,72, 73 and 74. Each digital image/graphics processor 71,
72,73 and 74 has five corresponding memory sections. These
include an instruction cache memory, three data memories
and one parameter memory. Thus digital image/graphics pro-
cessor 71 has corresponding instruction cache memory 21,
data memories 22, 23, 24 and parameter memory 25; digital
image/graphics processor 72 has corresponding instruction
cache memory 26, data memories 27, 28, 29 and parameter
memory 30; digital image/graphics processor 73 has corre-
sponding instruction cache memory 31, data memories 32,
33, 34 and parameter memory 35; and digital image/graphics
processor 74 has corresponding instruction cache memory
36, data memories 37, 38, 39 and parameter memory 40. Like
the sections of random access memory 10, these memory
sections can be physically identical but connected and used
differently. Each of these memory sections of memories 10
and 20 preferably includes 2 K bytes, with a total memory
within multiprocessor integrated circuit 100 of 50 K bytes.

Multiprocessor integrated circuit 100 is constructed to pro-
vide a high rate of data transfer between processors and
memory using plural independent parallel data transfers.
Crossbar 50 enables these data transfers. Each digital image/
graphics processor 71, 72, 73 and 74 has three memory ports
that may operate simultaneously each cycle. An instruction
port (I) may fetch 64 bit data words from the corresponding
instruction cache. A local data port (L) may read a 32 bit data
word from or write a 32 bit data word into the data memories
or the parameter memory corresponding to that digital image/
graphics processor. A global data port (G) may read a 32 bit
data word from or write a 32 bit data word into any of the data
memories or the parameter memories or random access
memory 20. Master Processor 60 includes two memory ports.
An instruction port (I) may fetch a 32 bit instruction word
from either of the instruction caches 11 and 12. A data port (C)
may read a 32 bit data word from or write a 32 bit data word
into data caches 13 or 14, parameter memory 15 of random
access memory 10 or any of the data memories, the parameter
memories of random access memory 20. Transfer controller
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80 can access any of the sections of random access memory
10 or 20 via data port (C) . Thus fifteen parallel memory
accesses may be requested at any single memory cycle. Ran-
dom access memories 10 and 20 are divided into 25 memories
in order to support so many parallel accesses.

Crossbar 50 controls the connections of master processor
60, digital image/graphics processors 71, 72, 73 and 74, and
transfer controller 80 with memories 10 and 20. Crossbar 50
includes a plurality of crosspoints 51 disposed in rows and
columns. Each column of crosspoints 51 corresponds to a
single memory section and a corresponding range of
addresses. A processor requests access to one of the memory
sections through the most significant bits of an address output
by that processor. This address output by the processor travels
along a row. The crosspoint 51 corresponding to the memory
section having that address responds either by granting or
denying access to the memory section. If no other processor
has requested access to that memory section during the cur-
rent memory cycle, then the crosspoint 51 grants access by
coupling the row and column. This supplies the address to the
memory section. The memory section responds by permitting
data access at that address. This data access may be either a
data read operation or a data write operation.

If more than one processor requests access to the same
memory section simultaneously, then crossbar 50 grants
access to only one of the requesting processors. The cross-
points 51 in each column of crossbar 50 communicate and
grant access based upon a priority hierarchy. If two requests
for access having the same rank occur simultaneously, then
crossbar 50 grants access on a round robin basis, with the
processor last granted access having the lowest priority. Each
granted access lasts as long as needed to service the request.
The processors may change their addresses every memory
cycle, so crossbar 50 can change the interconnection between
the processors and the memory sections on a cycle by cycle
basis.

Master processor 60 preferably performs the major control
functions for multiprocessor integrated circuit 100. Master
processor 60 is preferably a 32 bit reduced instruction set
computer (RISC) processor including a hardware floating
point calculation unit. According to the RISC architecture, all
accesses to memory are performed with load and store
instructions and most integer and logical operations are per-
formed on registers in a single cycle. The floating point cal-
culation unit, however, will generally take several cycles to
perform operations when employing the same register file as
used by the integer and logical unit. A register score board
ensures that correct register access sequences are maintained.
The RISC architecture is suitable for control functions in
image processing. The floating point calculation unit permits
rapid computation of image rotation functions, which may be
important to image processing.

Master processor 60 fetches instruction words from
instruction cache memory 11 or instruction cache memory
12. Likewise, master processor 60 fetches data from either
data cache 13 or data cache 14. Since each memory section
includes 2 K bytes of memory, there is 4 K bytes of instruction
cache and 4 K bytes of data cache. Cache control is an integral
function of master processor 60. As previously mentioned,
master processor 60 may also access other memory sections
via crossbar 50.

The four digital image/graphics processors 71, 72, 73 and
74 each have a highly parallel digital signal processor (DSP)
architecture. F1G. 3 illustrates an overview of exemplary digi-
tal image/graphics processor 71, which is identical to digital
image/graphics processors 72, 73 and 74. Digital image/
graphics processor 71 achieves a high degree of parallelism of
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operation employing three separate units: data unit 110;
address unit 120; and program flow control unit 130. These
three units operate simultaneously on different instructions in
an instruction pipeline. In addition each of these units con-
tains internal parallelism.

The digital image/graphics processors 71, 72, 73 and 74
can execute independent instruction streams in the multiple
instruction multiple data mode (MIMD). In the MIMD mode,
each digital image/graphics processor executes an individual
program from its corresponding instruction cache, which
may be independent or cooperative. In the latter case crossbar
50 enables inter-processor communication in combination
with the shared memory. Digital image/graphics processors
71,72, 73 and 74 may also operate in a synchronized MIMD
mode. In the synchronized MIMD mode, the program control
flow unit 130 of each digital image/graphics processor inhib-
its fetching the next instruction until all synchronized proces-
sors are ready to proceed. This synchronized MIMD mode
allows the separate programs of the digital image/graphics
processors to be executed in lock step in a closely coupled
operation.

Digital image/graphics processors 71, 72, 73 and 74 can
execute identical instructions on differing data in the single
instruction multiple data mode (SIMD). In this mode a single
instruction stream for the four digital image/graphics proces-
sors comes from instruction cache memory 21. Digital image/
graphics processor 71 controls the fetching and branching
operations and crossbar 50 supplies the same instruction to
the other digital image/graphics processors 72, 73 and 74.
Since digital image/graphics processor 71 controls instruc-
tion fetch for all the digital image/graphics processors 71, 72,
73 and 74, the digital image/graphics processors are inher-
ently synchronized in the SIMD mode.

Transfer controller 80 is a combined direct memory access
(DMA) machine and memory interface for multiprocessor
integrated circuit 100. Transfer controller 80 intelligently
queues, sets priorities and services the data requests and
cache misses of the five programmable processors. Master
processor 60 and digital image/graphics processors 71, 72,73
and 74 all access memory and systems external to multipro-
cessor integrated circuit 100 via transfer controller 80. Data
cache or instruction cache misses are automatically handled
by transfer controller 80. The cache service (S) port transmits
such cache misses to transfer controller 80. Cache service
port (S) reads information from the processors and not from
memory. Master processor 60 and digital image/graphics pro-
cessors 71, 72, 73 and 74 may request data transfers from
transfer controller 80 as linked list packet requests. These
linked list packet requests allow multi-dimensional blocks of
information to be transferred between source and destination
memory addresses, which can be within multiprocessor inte-
grated circuit 1100 or external to multiprocessor integrated
circuit 100. Transfer controller 80 preferably also includes a
refresh controller for dynamic random access memory
(DRAM) which require periodic refresh to retain their data.

Frame controller 90 is the interface between multiproces-
sor integrated circuit 100 and external image capture and
display systems. Frame controller 90 provides control over
capture and display devices, and manages the movement of
data between these devices and memory automatically. To
this end, frame controller 90 provides simultaneous control
over two independent image systems. These would typically
include a first image system for image capture and a second
image system for image display, although the application of
frame controller 90 is controlled by the user. These image
systems would ordinarily include independent frame memo-
ries used for either frame grabber or frame buffer storage.
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Frame controlled 90 preferably operates to control video
dynamic random access memory (VRAM) through refresh
and shift register control.

Multiprocessor integrated circuit 100 is designed for large
scale image processing. Master processor 60 provides
embedded control, orchestrating the activities of the digital
image/graphics processors 71, 72, 73 and 74, and interpreting
the results that they produce. Digital image/graphics proces-
sors 71, 72, 73 and 74 are well suited to pixel analysis and
manipulation. If pixels are thought of as high in data but low
in information, then in a typical application digital image/
graphics processors 71, 72, 73 and 74 might well examine the
pixels and turn the raw data into information. This informa-
tion can then be analyzed either by the digital image/graphics
processors 71, 72, 73 and 74 or by master processor 60.
Crossbar 50 mediates inter-processor communication. Cross-
bar 50 allows multiprocessor integrated circuit 100 to be
implemented as a shared memory system. Message passing
need not be a primary form of communication in this archi-
tecture. However, messages can be passed via the shared
memories. Each digital image/graphics processor, the corre-
sponding section of crossbar 50 and the corresponding sec-
tions of memory 20 have the same width. This permits archi-
tecture flexibility by accommodating the addition or removal
of digital image/graphics processors and corresponding
memory modularly while maintaining the same pin out.

In the preferred embodiment all parts of multiprocessor
integrated circuit 100 are disposed on a single integrated
circuit. In the preferred embodiment, multiprocessor inte-
grated circuit 100 is formed in complementary metal oxide
semiconductor (CMOS) using feature sizes of 0.6 um. Mul-
tiprocessor integrated circuit 100 is preferably constructed in
a pin grid array package having 256 pins. The inputs and
outputs are preferably compatible with transistor-transistor
logic (TTL) logic voltages. Multiprocessor integrated circuit
100 preferably includes about 3 million transistors and
employs a clock rate of 50 M Hz.

FIG. 3 illustrates an overview of exemplary digital image/
graphics processor 71, which is virtually identical to digital
image/graphics processors 72, 73 and 74. Digital image/
graphics processor 71 includes: data unit 110; address unit
120; and program flow control unit 130. Data unit 110 per-
forms the logical or arithmetic data operations. Data unit 110
includes eight data registers D7-D0, a status register 210 and
a multiple flags register 211. Address unit 120 controls gen-
eration of load/store addresses for the local data port and the
global data port. As will be further described below, address
unit 120 includes two virtually identical addressing units, one
for local addressing and one for global addressing. Each of
these addressing units includes an all “0” read only register
enabling absolute addressing in a relative address mode, a
stack pointer, five address registers and three index registers.
The addressing units share a global bit multiplex control
register used when forming a merging address from both
address units. Program flow control unit 130 controls the
program flow for the digital image/graphics processor 71
including generation of addresses for instruction fetch via the
instruction port. Program flow control unit 130 includes; a
program counter PC 701; an instruction pointer-address stage
IR A 702 that holds the address of the instruction currently in
the address pipeline stage; an instruction pointer-execute
stage IRE 703 that holds the address of the instruction cur-
rently in the execute pipeline stage; an instruction pointer-
return from subroutine IPRS 704 holding the address for
returns from subroutines; a set of registers controlling zero
overhead loops; four cache tag registers TAG3-TAGO collec-
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tively called 708 that hold the most significant bits of four
blocks of instruction words in the corresponding instruction
cache memory.

Digital image/graphics processor 71 operates on a three
stage pipeline as illustrated in FIG. 4. Data unit 110, address
unit 120 and program flow control unit 130 operate simulta-
neously on different instructions in an instruction pipeline.
The three stages in chronological order are fetch, address and
execute. Thus at any time, digital image/graphics processor
71 will be operating on differing functions of three instruc-
tions. The phrase pipeline stage is used instead of referring to
clock cycles, to indicate that specific events occur when the
pipeline advances, and not during stall conditions.

Program flow control unit 130 performs all the operations
that occur during the fetch pipeline stage. Program flow con-
trol unit 130 includes a program counter, loop logic, interrupt
logic and pipeline control logic. During the fetch pipeline
stage, the next instruction word is fetched from memory. The
address contained in the program counter is compared with
cache tag registers to determine if the next instruction word is
stored in instruction cache memory 21. Program flow control
unit 130 supplies the address in the program counter to the
instruction port address bus 131 to fetch this next instruction
word from instruction cache memory 21 if present. Crossbar
50 transmits this address to the corresponding instruction
cache, here instruction cache memory 21, which returns the
instruction word on the instruction bus 132. Otherwise, a
cache miss occurs and transfer controller 80 accesses external
memory to obtain the next instruction word. The program
counter is updated. If the following instruction word is at the
next sequential address, program control flow unit 130 post
increments the program counter. Otherwise, program control
flow unit 130 loads the address of the next instruction word
according to the loop logic or software branch. If the synchro-
nized MIMD mode is active, then the instruction fetch waits
until all the specified digital image/graphics processors are
synchronized, as indicated by sync bits in a communications
register.

Address unit 120 performs all the address calculations of
the address pipeline stage. Address unit 120 includes two
independent address units, one for the global port and one for
the local port. If the instruction calls for one or two memory
accesses, then address unit 120 generates the address(es)
during the address pipeline stage. The address(es) are sup-
plied to crossbar 50 via the respective global port address bus
121 and local port address bus 122 for contention detection/
prioritization. If there is no contention, then the accessed
memory prepares to allow the requested access, but the
memory access occurs during the following execute pipeline
stage.

Data unit 110 performs all of the logical and arithmetic
operations during the execute pipeline stage. All logical and
arithmetic operations and all data movements to or from
memory occur during the execute pipeline stage. The global
data port and the local data port complete any memory
accesses, which are begun during the address pipeline stage,
during the execute pipeline stage. The global data portand the
local data port perform all data alignment needed by memory
stores, and any data extraction and sign extension needed by
memory loads. If the program counter is specified as a data
destination during any operation of the execute pipeline
stage, then a delay of two instructions is experienced before
any branch takes effect. The pipelined operation requires this
delay, since the next two instructions following such a branch
instruction have already been fetched. According to the prac-
tice in RISC processors, other useful instructions may be
placed in the two delay slot positions.
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Digital image/graphics processor 71 includes three internal
32 bit data busses. These are local port data bus Lbus 103,
global port source data bus Gsrc 105 and global port destina-
tion data bus Gdst 107. These three buses interconnect data
unit 110, address unit 120 and program flow control unit 130.
These three buses are also connected to a data port unit 140
having a local port 141 and global port 145. Data port unit 140
is coupled to crossbar 50 providing memory access.

Local data port 141 has a buffer 142 for data stores to
memory. A multiplexer/buffer circuit 143 loads data onto
Lbus 103 from local port data bus 144 from memory via
crossbar 50, from a local port address bus 122 or from global
port data bus 148. Local port data bus Lbus 103 thus carries 32
bit data that is either register sourced (stores) or memory
sourced (loads). Advantageously, arithmetic results in
address unit 120 can be supplied via local port address bus
122, multiplexer buffer 143 to local port data bus Lbus 103 to
supplement the arithmetic operations of data unit 110. This
will be further described below. Buffer 142 and multiplexer
buffer 143 perform alignment and extraction of data. Local
port data bus Lbus 103 connects to data registers in data unit
110. A local bus temporary holding register LTD 104 is also
connected to local port data Lbus 103.

Global port source data bus Gsrc 105 and global port des-
tination data bus Gdst 107 mediate global data transfers.
These global data transfers may be either memory accesses,
register to register moves or command word transfers
between processors. Global port source data bus Gsrc 105
carries 32 bit source information ofa global port data transfer.
The data source can be any of the registers of digital image/
graphics processor 71 or any data or parameter memory cor-
responding to any of the digital image/graphics processors
71, 72,73 or 74. The data is stored to memory via the global
port 145. Multiplexer buffer 146 selects lines from local port
data Lbus 103 or global port source data bus Gsrc 105, and
performs data alignment Multiplexer buffer 146 writes this
data onto global port data bus 148 for application to memory
via crossbar 50. Global port source data bus Gsrc 105 also
supplies data to data unit 110, allowing the data of global port
source data bus Gsrc 105 to be used as one of the arithmetic
logic unit sources. This latter connection allows any register
of digital image/graphics processor 71 to be a source for an
arithmetic logic unit operation.

Global port destination data bus Gdst 107 carries 32 bit
destination data of a global bus data transfer. The destination
is any register of digital image/graphics processor 71. Buffer
147 in global port 145 sources the data of global port desti-
nation data bus Gdst 107. Buffer 147 performs any needed
data extraction and sign extension operations. This buffer 147
operates if the data source is memory, and a load is thus being
performed. The arithmetic logic unit result serves as an alter-
native data source for global port destination data bus Gdst
107. This allows any register of digital image/graphics pro-
cessor 71 to be the destination of an arithmetic logic unit
operation. A global bus temporary holding register GTD 108
is also connected to global port destination data bus Gdst 107.

Buffer 147 performs any needed data extraction and sign
extension operations. This buffer 115 operates if the data
source is memory, and a load is thus being performed. The
arithmetic logic unit result serves as an alternative data source
for global port destination data bus Gdst 107. This allows any
register of digital image/graphics processor 71 to be the des-
tination of an arithmetic logic unit operation. A global bus
temporary holding register GTD 108 is also connected to
global port destination data bus Gdst 107.

Circuitry including multiplexer buffers 143 and 146 con-
nect between global port source data bus Gsrc 105 and global



US RE44,190 E

17

port destination data bus Gdst 107 to provide register to
register moves. This allows a read from any register of digital
image/graphics processor 71 onto global port source data bus
Gsre 105 to be written to any register of digital image/graph-
ics processor 71 via global port destination data bus Gdst 107.

Note that it is advantageously possible to perform a load of
any register of digital image/graphics processor 71 from
memory via global port destination data bus Gdst 107, while
simultaneously sourcing the arithmetic logic unit in data unit
110 from any register via global port source data bus Gsrc
105. Similarly, it is advantageously possible to store the data
in any register of digital image/graphics processor 71 to
memory via global port source data bus Gsrc 105, while
saving the result of an arithmetic logic unit operation to any
register of digital image/graphics processor 71 via global port
destination data bus Gdst 107. The usefulness of these data
transfers will be further detailed below.

Program flow control unit 130 receives the instruction
words fetched from instruction cache memory 21 via instruc-
tion bus 132. This fetched instruction word is advantageously
stored in two 64 bit instruction registers designated instruc-
tion register-address stage IRA 751 and instruction register-
execute stage IRE 752. Each of the instruction registers IRA
and IRE have their contents decoded and distributed. Digital
image/graphics processor 71 includes opcode bus 133 that
carries decoded or partially decoded instruction contents to
data unit 110 and address unit 120. As will be later described,
an instruction word may include a 32 bit, a 15 bit or a 3 bit
immediate field. Program flow control unit 130 routes such an
immediate field to global port source data bus Gsrc 105 for
supply to its destination.

Digital image/graphics processor 71 includes three address
buses 121,122 and 131. Address unit 120 generates addresses
on global port address bus 121 and local port address bus 122.
As will be further detailed below, address unit 120 includes
separate global and local address units, which provide the
addresses on global port address bus 121 and local port
address bus 122, respectively. Note that local address unit 620
may access memory other than the data memory correspond-
ing to that digital image/graphics processor. In that event the
local address unit access is via global port address bus 121.
Program flow control unit 130 sources the instruction address
on instruction port address bus 131 from a combination of
address bits from a program counter and cache control logic.
These address buses 121, 122 and 131 each carry address,
byte strobe and read/write information.

FIG. 5 illustrates details of data unit 110. It should be
understood that FIG. 5 does not illustrate all of the connec-
tions of data unit 110. In particular various control lines and
the like have been omitted for the sake of clarity. Therefore
FIG. 5 should be read with the following description for a
complete understanding of the operation of data unit 110.
Data unit 110 includes a number of parts advantageously
operating in parallel. Data unit 110 includes eight 32 bit data
registers 200 designated D7-D0. Data register D0 may be
used as a general purpose register but in addition has special
functions when used with certain instructions. Data registers
200 include multiple read and write ports connected to data
unit buses 201 to 206 and to local port data bus Lbus 103,
global port source data bus Gsrc 105 and global port destina-
tion data bus Gdst 107. Data registers 200 may also be read
“sideways” in a manner described as a rotation register that
will be further described below. Data unit 110 further includes
a status register 210 and a multiple flags register 211, which
stores arithmetic logic unit resultant status for use in certain
instructions. Data unit 110 includes as its major computa-
tional components a hardware multiplier 220 and a three input
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arithmetic logic unit 230. Lastly, dataunit 110 includes: mul-
tiplier first input bus 201, multiplier second input bus 202,
multiplier destination bus 203, arithmetic logic unit destina-
tion bus 204, arithmetic logic unit first input bus 205, arith-
metic logic unit second input bus 206; bufters 104, 106, 108
and 236; multiplexers Rmux 221, Imux 222, MSmux 225,
Bmux 227, Amux 232, Smux 231, Cmux 233 and Mmux 234;
and product left shifter 224, adder 226, barrel rotator 235,
LMO/RMO/LMBC/RMBC circuit 237, expand circuit 238,
mask generator 239, input A bus 241, input B bus 242, input
C bus 243, rotate bus 244, function signal generator 245, bit 0
carry-in generator 246, and instruction decode logic 250, all
of which will be further described below.

The following description of data unit 110 as well as fur-
ther descriptions of the use of each digital image/graphics
processor 71, 72, 73 and 74 employ several symbols for ease
of expression. Many of these symbols are standard math-
ematical operations that need no explanation. Some are logi-
cal operations that will be familiar to one skilled in the art, but
whose symbols may be unfamiliar. Lastly, some symbols
refer to operations unique to this invention. Table 1 lists some
of these symbols and their corresponding operation.

TABLE 1

Symbol Operation

bit wise NOT

bit wise AND

bit wise OR

bit wise exclusive OR
multiple flags register expand
mask generation
modified mask generation
W rotate left

shift left

shift right zero extend
shift right sign extend
shift right sign extend
default case

I parallel operation
memory contents at
address base register A

+ index register X

or offset X

address unit arithmetic
address base register A

+ index register X

or offset X

memory contents at
address base register A

+ scaled index register X
or offset X

>>u
>>8

&* (A +X)

The implications ofthe operations listed above in Table 1 may
not be immediately apparent. These will be explained in
detail below.

FIG. 6 illustrates the field definitions for status register 210.
Status register 210 may be read from via global port source
data bus Gsrc 105 or written into via global port destination
data bus Gdst bus 107. In addition, status register 210 may
write to or load from a specified one of data registers 200.
Status register 210 is employed in control of operations
within data unit 110.

Status register 210 stores four arithmetic logic unit result
status bits “N”, “C”, “V” and “Z”. These are individually
described below, but collectively their setting behavior is as
follows. Note that the instruction types listed here will be
fully described below. For instruction words including a 32
bit immediate fields, if the condition code field is “uncondi-
tional” then all four status bits are set according to the result
of arithmetic logic unit 230. If the condition code field speci-
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fies a condition other than “unconditional”, then no status bits
are set, whether or not the condition is true. For instruction
words not including a 32 bit immediate field operations and
not including conditional operations fields, all status bits are
set according to the result of arithmetic logic unit 230. For
instruction words not including a 32 bit immediate field that
permit conditional operations, if the condition field is “uncon-
ditional”, or not “unconditional” and the condition is true,
instruction word bits 28-25 indicate which status bits should
be protected. All unprotected bits are set according to the
result of arithmetic logic unit 230. For instruction words not
including a 32 bit immediate field, which allow conditional
operations, if the condition field is not “unconditional” and
the condition is false, no status bits are set. There is no
difference in the status setting behavior for Boolean opera-
tions and arithmetic operations. As will be further explained
below, this behavior, allows the conditional instructions and
source selection to perform operations that would normally
require a branch.

The arithmetic logic unit result bits of status register 210
are as follows. The “N” bit (bit 31) stores an indication of a
negative result. The “N” bit is set to “1” if the result of the last
operation of arithmetic logic unit 230 was negative. This bitis
loaded with bit 31 of the result. In a multiple arithmetic logic
unit operation, which will be explained below, the “N” bit is
set to the AND of the zero compares of the plural sections of
arithmetic logic unit 230. In a bit detection operation per-
formed by LMO/RMO/LMBC/RMBC circuit 237, the “N”
bit is set to the AND of the zero compares of the plural
sections of arithmetic logic unit 230. Writing to this bit in
software overrides the normal arithmetic logic unit result
writing logic.

The “C” bit (bit 30) stores an indication of a carry result.
The “C” bit is set to “1” if the result of the last operation of
arithmetic logic unit 230 caused a carry-out from bit 31 of the
arithmetic logic unit. During multiple arithmetic and bit
detection, the “C” bit is set to the OR of the carry outs of the
plural sections of arithmetic logic unit 230. Thus the “C” bit
is set to “1” if at least one of the sections has a carry out.
Writing to this bit in software overrides the normal arithmetic
logic unit result writing logic.

The “V” bit (bit 29) stores an indication of an overflow
result. The “V”bitis setto “1” if the result of the last operation
of arithmetic logic unit 230 created an overflow condition.
This bit is loaded with the exclusive OR of the carry-in and
carry-out of bit 31 of the arithmetic logic unit 230. During
multiple arithmetic logic unit operation the “V” bit is the
AND of the carry outs of the plural sections of arithmetic
logic unit 230. For left most one and right most one bit
detection, the “V” bit is set to “1” if there were no “1’s” in the
input word, otherwise the “V”’bit is set to “0”. For left most bit
change and right most bit change bit detection, the “V” bit is
set to “1” is all the bits of the input are the same, or else the
“V” bit is set to “0”. Writing to this bit in software overrides
the normal arithmetic logic unit result writing logic.

The “Z” bit (bit 28) stores and indication of a “0” result.
The “Z” bit is set to “1” if the result of the last operation of
arithmetic logic unit 230 produces a “0” result. This “Z” bit is
controlled for both arithmetic operations and logical opera-
tions. In multiple arithmetic and bit detection operations, the
“Z” bit is set to the OR of the zero compares of the plural
sections of arithmetic logic unit 230. Writing to this bit in
software overrides the normal arithmetic logic unit result
writing logic circuitry.

The “R” bit (bit 6) controls bits used by expand circuit 238
and rotation of multiple flags register 211 during instructions
that use expand circuit 238 to expand portions of multiple
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flags register 211. If the “R” bitis “1”, then the bits used in an
expansion of multiple flags register 211 via expand circuit
238 are the most significant bits. For an operation involving
expansion of multiple flags register 211 where the arithmetic
logic unit function modifier does not specify multiple flags
register rotation, then multiple flags register 211 is “post-
rotated left” according to the “Msize” field. If the arithmetic
logic unit function modifier does specify multiple flags reg-
ister rotation, then multiple flags register 211 is rotated
according to the “Asize” field. If the “R” bit is “0”, then
expand circuit 238 employs the least significant bits of mul-
tiple flags register 211. No rotation takes place according to
the “Msize” field. However, the arithmetic logic unit function
modifier may specify rotation by the “Asize” field.

The “Msize” field (bits 5-3) indicates the data size
employed in certain instruction classes that supply mask data
from multiple flags register 211 to the C-port of arithmetic
logic unit 230. The “Msize” field determines how many bits
of multiple flags register 211 uses to create the mask infor-
mation. When the instruction does not specify rotation corre-
sponding to the “Asize” field and the “R” bit is “1”, then
multiple flags register 211 is automatically “post-rotated left”
by an amount set by the “Msize” field. Codings for these bits
are shown in Table 2.

TABLE 2

Msize Data Multiple Flags Register

Field Size Rotate No. of Bit (s) used
5 4 3 bits amount bits used R=1 R=0
0O 0 O 0 64 64 — —
0o 0 1 1 32 32 31-0 31-0
0 1 0 2 16 16 31-16 15-0
0o 1 1 4 8 8 31-24 7-0
1 0 0 8 4 4 31-28 3-0
1 0 1 16 2 2 31-30 1-0
1 1 0 32 1 1 31 0
1 1 1 64 0 0 — —

As noted above, the preferred embodiment supports “Msize”
fields of 1007, “101” and “110” corresponding to data sizes
of' 8, 16 and 32 bits, respectively. Note that rotation for an
“Msize” field of “001” results in no change in data output.

“Msize” fields of “0017, “010” and “011” are possible
useful alternatives. “Msize” fields of “000” and “111” are
meaningless but may be used in an extension of multiple flags
register 211 to 64 bits.

The “Asize” field (bits 2-0) indicate the data size for mul-
tiple operations performed by arithmetic logic unit 230.
Arithmetic logic unit 230 preferably includes 32 parallel bits.
During certain instructions arithmetic logic unit 230 splits
into multiple independent sections. This is called a multiple
arithmetic logic unit operation. This splitting of arithmetic
logic unit 230 permits parallel operation on pixels of less than
32 bits that are packed into 32 bit data words. In the preferred
embodiment arithmetic logic unit 230 supports: a single 32
bit operation; two sections of 16 bit operations; and four
sections of 8 bit operations. These options are called word,
half-word and byte operations. The “Asize” field indicates:
the number of multiple sections of arithmetic logic unit 230;
the number of bits of multiple flags register bits 211 set during
the arithmetic logic unit operation, which is equal in number
to the number of sections of arithmetic logic unit 230; and the
number of bits the multiple flags register should “post-rotate
left” after output during multiple arithmetic logic unit opera-
tion. The rotation amount specified by the “Asize” field domi-
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nates over the rotation amount specified by the “Msize” field
and the “R” bit when the arithmetic logic unit function modi-
fier indicates multiple arithmetic with rotation. Codings for
these bits are shown in Table 3. Note that while the current
preferred embodiment of the invention supports multiple
arithmetic of one 32 bit section, two 16 bit sections and four
8 bit sections the coding of the “Asize” field supports speci-
fication of eight sections of 4 bits each, sixteen sections of 2
bits each and thirty-two sections of 1 bit each. Each of these
additional section divisions of arithmetic logic unit 230 are
feasible. Note also that the coding of the “Asize” field further
supports specification of a 64 bit data size for possible exten-
sion of multiple flags register 211 to 64 bits.

TABLE 3

Asize Data Multiple Flags Register

Field Size Rotate No. of Bit (s)
210 bits amount bits set set
000 0 64 64 —
001 1 32 32 31-0
010 2 16 16 15-0
011 4 8 8 7-0
100 8 4 4 3-0
101 16 2 2 1-0
110 32 1 1 0
111 64 0 0 —

The “Msize” and “Asize” fields of status register 210 con-
trol different operations. When using the multiple flags reg-
ister 211 as a source for producing a mask applied to the
C-port of arithmetic logic unit 230, the “Msize” field controls
the number of bits used and the rotate amount. In such a case
the “R” bit determines whether the most significant bits or
least significant bits are employed. When using the multiple
flags register 211 as a destination for the status bits corre-
sponding to sections of arithmetic logic unit 230, then the
“Asize” field controls the number and identity of the bits
loaded and the optional rotate amount. I[fa multiple arithmetic
logic unit operation with “Asize” field specified rotation is
specified with an instruction that supplies mask data to the
C-port derived from multiple flags register 211, then the
rotate amount of the “Asize” field dominates over the rotate
amount of the combination of the “R” bit and the “Msize”
field.

The multiple flags register 211 is a 32 bit register that
provides mask information to the C-port of arithmetic logic
unit 230 for certain instructions. Global port destination data
bus Gdst bus 107 may write to multiple flags register 211.
Global port source bus Gsrc may read data from multiple flags
register 211. In addition multiple arithmetic logic unit opera-
tions may write to multiple flags register 211. In this case
multiple flags register 211 records either the carry or zero
status information of the independent sections of arithmetic
logic unit 230. The instruction executed controls whether the
carry or zero is stored.

The “Msize” field of status register 210 controls the num-
ber of least significant bits used from multiple flags register
211. This number is given in Table 2 above. The “R” bit of
status register 210 controls whether multiple flags register
211 is pre-rotated left prior to supply of these bits. The value
of the “Msize” field determines the amount of rotation if the
“R” bitis “1”. The selected data supplies expand circuit 238,
which generates a 32 bit mask as detailed below.

The “Asize” field of status register 210 controls the data
stored in multiple flags register 211 during multiple arith-
metic logic unit operations. As previously described, in the
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preferred embodiment arithmetic logic unit 230 may be used
in one, two or four separate sections employing data of 32
bits, 16 bits and 8 bits, respectively. Upon execution of a
multiple arithmetic logic unit operation, the “Asize” field
indicates through the defined data size the number of bits of
multiple flags register 211 used to record the status informa-
tion of each separate result of the arithmetic logic unit. The bit
setting of multiple flags register 211 is summarized in Table 4.

TABLE 4
Data ALU carry-out bits ALU result bits equal to
Size setting MF bits zero setting MF bits
bits 3 2 1 0 3 2 1 0
8 31 23 15 7 31-24  23-16  15-8 7-0
16 — — 31 15 — — 31-16 15-0
32 — — — 31 — — — 31-0

Note that Table 4 covers only the cases for data sizes of 8, 16
and 32 bits. Those skilled in the art would easily realize how
to extend Table 4 to cover the cases of data sizes of 64 bits, 4
bits, 2 bits and 1 bit. Also note that the previous discussion
referred to storing either carry or zero status in multiple flags
register 211. It is also feasible to store other status bits such as
negative and overflow.

Multiple flags register 211 may be rotated left a number of
bit positions upon execution of each arithmetic logic unit
operation. The rotate amount is given above. When perform-
ing multiple arithmetic logic unit operations, the result status
bit setting dominates over the rotate for those bits that are
being set. When performing multiple arithmetic logic unit
operations, an alternative to rotation is to clear all the bits of
multiple flags register 211 not being set by the result status.
This clearing is after generation of the mask data if mask data
is used in that instruction. If multiple flags register 211 is
written by software at the same time as recording an arith-
metic logic unit result, then the preferred operation is for the
software write to load all the bits. Software writes thus domi-
nate over rotation and clearing of multiple flags register 211.

FIG. 7 illustrates the splitting of arithmetic logic unit 230
into multiple sections. As illustrated in FIG. 7, the 32 bits of
arithmetic logic unit 230 are separated into four sections of
eight bits each. Section 301 includes arithmetic logic unit bits
7-0, section 302 includes bits 15-8, section 303 includes bits
23-16 and section 304 includes bits 31-24. Note that FIG. 7
does not illustrate the inputs or outputs of these sections,
which are conventional, for the sake of clarity. The carry paths
within each of the sections 301, 302, 303 and 303 are accord-
ing to the known art.

Multiplexers 311, 312 and 313 control the carry path
between sections 301, 302, 303 and 304. Each of these mul-
tiplexers is controlled to select one of three inputs. The first
input is a carry look ahead path from the output of the previ-
ous multiplexer, or in the case of the first multiplexer 311
from bit 0 carry-in generator 246. Such carry look ahead paths
and their use are known in the art and will not be further
described here. The second selection is the carry-out from the
last bit of the corresponding section of arithmetic logic unit
230. The final selection is the carry-in signal from bit 0
carry-in generator 246. Multiplexer 314 controls the output
carry path for arithmetic logic unit 230. Multiplexer 314
selects either the carry look ahead path from the carry-out
selected by multiplexer 313 or the carry-out signal for bit 31
from section 304.

Multiplexers 311, 312, 313 and 314 are controlled based
upon the selected data size. In the normal case arithmetic
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logic unit 230 operates on 32 bit data words. This is indicated
by an “Asize” field of status register 210 equal to “110”. In
this case multiplexer 311 selects the carry-out from bit 7,
multiplexer 312 selects the carry-out from bit 15, multiplexer
313 selects the carry-out from bit 23 and multiplexer 314
selects the carry-out from bit 31. Thus the four sections 301,
302, 303 and 304 are connected together into a single 32 bit
arithmetic logic unit. If status register 210 selected a half-
word via an “Asize” field of “101”, then multiplexer 311
selects the carry-out from bit 7, multiplexer 312 selects the
carry-in from bit 0 carry-in generator 246, multiplexer 313
selects the carry-out from bit 23 and multiplexer 314 selects
the carry-out from bit 31. Sections 301 and 302 are connected
into a 16 bit unit and sections 303 and 304 are connected into
a 16 bit unit. Note that multiplexer 312 selects the bit 0
carry-in signal for bit 16 just like bit 0, because bit 16 is the
first bit in a 16 bit half-word. If status register 210 selected a
byte via an “Asize” field of “100”, then multiplexers 311,312
and 313 select the carry-in from bit 0 carry-in generator 246.
Sections 301, 302,303 and 304 are split into four independent
8 bit units. Note that selection of the bit 0 carry-in signal at
each multiplexer is proper because bits 8, 16 and 24 are each
the first bit in an 8 bit byte.

FIG. 7 further illustrates zero resultant detection. Each 8 bit
zero detect circuit 321, 322, 323 and 324 generates a “1”
output if the resultant from the corresponding 8 bit section is
all zeros “00000000 AND gate 331 is connected to 8 bit zero
detect circuits 321 and 322, thus generating a “1” when all
sixteen bits 15-0 are “0”. AND gate 332 is similarly con-
nected to 8 bit zero detect circuits 321 and 322 for generating
a “1” when all sixteen bits 31-16 are “0”. Lastly, AND gate
341 is connected to AND gates 331 and 332, and generates a
“1” when all 32 bits 31-0 are “0”.

During multiple arithmetic logic unit operations multiple
flags register 211 may store either carry-outs or the zero
comparison, depending on the instruction. These stored
resultants control masks to the C-port during later operations.
Table 4 shows the source for the status bits stored. In the case
in which multiple flags register 211 stores the carry-out
signal (s), the “Asize” field of status register 210 determines
the identity and number of carry-out signals stored. If the
“Asize” field specifies word operations, then multiple flags
register 211 stores a single bit equal to the carry-out signal of
bit 31. Ifthe “Asize” field specifies half-word operations, then
multiple flags register 211 stores two bits equal to the carry-
out signals of bits 31 and 15, respectfully. If the “Asize” field
specifies byte operations, then multiple flags register 211
stores four bits equal to the carry-out signals of bits 31, 23, 15
and 7, respectively. The “Asize” field similarly controls the
number and identity of zero resultants stored in multiple flags
register 211 when storage of zero resultants is selected. If the
“Asize” field specifies word operations, then multiple flags
register 211 stores a single bit equal to output of AND gate
341 indicating if bits 31-0 are “0”. If the “Asize” field speci-
fies half-word operations, then multiple flags register 211
stores two bits equal to the outputs of AND gates 331 and 332,
respectfully. If the “Asize” field specifies byte operations,
then multiple flags register 211 stores four bits equal to the
outputs of 8 bit zero detect circuits 321, 322, 323 and 324,
respectively.

It is technically feasible and within the scope of this inven-
tion to allow further multiple operations of arithmetic logic
unit 230 such as: eight sections of 4 bit operations; sixteen
sections 2 bit operations; and thirty-two sections single bit
operations. Note that both the “Msize” and the “Asize” fields
of status register 210 include coding to support such addi-
tional multiple operation types. Those skilled in the art can
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easily modify and extend the circuits illustrated in FIG. 7
using additional multiplexers and AND gates. These latter
feasible options are not supported in the preferred embodi-
ment due to the added complexity in construction of arith-
metic logic unit 230. Note also that this technique can be
extended to a data processing apparatus employing 64 bit data
and that the same teachings enable such an extension.

Data registers 200, designated data registers D7-D0 are
connected to local port data bus Lbus 103, global port source
data bus Gsrc 105 and global port destination data bus Gdst
107. Arrows within the rectangle representing data registers
200 indicate the directions of data access. A left pointing
arrow indicates data recalled from data registers 200. A right
pointing arrow indicates data written into data registers 200.
Local port data bus Lbus 103 is bidirectionally coupled to
data registers 200 as a data source or data destination. Global
port destination data bus Gdst 107 is connected to data reg-
isters 200 as a data source for data written into data registers
200. Global port source data bus Gsrc 107 is connected to data
registers 200 as a data destination for data recalled from data
registers 200 in both a normal data register mode and in a
rotation register feature described below. Status register 210
and multiple flags register 211 may be read from via global
port source data bus Gsrc 106 and written into via global port
destination data bus Gdst 107. Data registers 200 supply data
to multiplier first input bus 201, multiplier second input bus
202, arithmetic logic unit first input bus 205 and arithmetic
logic unit second input bus 206. Data registers 200 are con-
nected to receive input data from multiplier destination bus
203 and arithmetic logic unit destination bus 204.

Data registers 200, designated registers D7-D0, are con-
nected to form a 256 bit rotate register as illustrated in FIG. 8.
This rotate register is collectively designated rotation (ROT)
register ROT 208. This forms a 256 bit register comprising
eight 32 bit rotation registers ROT0, ROT1, ... ROT7.FIG. 8
illustrates in part the definitions of the rotation registers
ROTO0, ROT1, . . . ROT7. These rotation registers are defined
sideways with respect to data registers D7-D0. The rotation
register 208 may be rotated by a non-arithmetic logic unit
instruction DROT, as described below. During this rotation
the least significant bit of data register D7 rotates into the
most significant bit of data register D6, etc. The least signifi-
cant bit of data register D0 is connected back to the most
significant bit of data register D7. ROT register 208 may be
read in four 8 bit bytes at a time. The four 8 bit bytes are
respective octets of bits having the same bit number in each of
data registers 200 as shown below in Table 5 and illustrated in
FIG. 8.

TABLE 5

Rotation Register bits Octet of bits from each D7-DO0 Bit

31-24 24
23-16 16
15-8 8

7-0 0

When a DROT instruction is executed the 256 bit rotation
register 208 is rotated right one bit place. The least significant
bit 0 of each byte A, B, C, D of each register such as D7 is
mapped as shown to a particular bit number of the ROT
register output onto the global port source data bus Gsrc 105.
ROT register 208 is read only in the preferred embodiment,
but can be writable in other embodiments.

ROT register 208 is useful in image rotations, orthogonal
transforms and mirror transforms. Performing 32 bit stores to
memory from the rotation register 208 in parallel with eight
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DROT instructions rotates four 8 by 8 bit patches of data
clockwise ninety degrees. The rotated data is stored in the
target memory locations. Various combinations of register
loading, memory address storing, and data size alteration, can
enable a variety of clockwise and counter-clockwise rotations
of'8 by 8 bit patches to be performed. Rotation of larger areas
can then be performed by moving whole bytes. This remark-
able orthogonal structure that provides register file access to
registers D7-D0 in one mode, and rotation register access in
the DROT operation, is only slightly more complex than a
register file alone.

The data register D0 has a dual function. It may be used as
a normal data register in the same manner as the other data
registers D7-D1. Data register D0 may also define certain
special functions when executing some instructions. Some of
the bits of the most significant half-word of data register D0
specifies the operation of all types of extended arithmetic
logic unit operations. Some of the bits of the least significant
half-word of data register D0 specifies multiplier options
during a multiple multiply operation. The 5 least significant
bits of data register D0 specify a default barrel rotate amount
used by certain instruction classes. FIG. 9 illustrates the con-
tents of data register D0 when specifying data unit 110 opera-
tion.

The “FMOD?” field (bits 31-28) of data register D0 allow
modification of the basic operation of arithmetic logic unit
230 when executing an instruction calling for an extended
arithmetic logic unit (EALU) operation. Table 6 illustrates
these modifier options. Note, as indicated in Table 6, certain
instruction word bits in some instruction formats are decoded
as function modifiers in the same fashion. These will be
further discussed below.

TABLE 6
Function
Modifier

Code Modification Performed

0000 normal operation

0001 cin

0010 % ! if mask generation instruction
LMO if not mask generation instruction

0011 (% ! and cin) if mask generation instruction
RMO if not mask generation instruction

0100 A-port=0

0101 A-port =0 and cin

0110 (A-port = 0 and % !) if mask generation instruction
LMBC if not mask generation instruction

0111 (A-port = 0 and % ! and cin) if mask generation
instruction
RMBC if not mask generation instruction

1000 Multiple arithmetic logic unit operations,
carry-out(s) --> multiple flags register

1001 Multiple arithmetic logic unit operations,
zero result(s) --> multiple flags register

1010 Multiple arithmetic logic unit operations,
carry-out(s) --> multiple flags register,
rotate by “Asize” field of status register

1011 Multiple arithmetic logic unit operations,
zero result(s) --> multiple flags register,
rotate by “Asize” field of status register

1100 Multiple arithmetic logic unit operations,
carry-out(s) --> multiple flags register,
clear multiple flags register

1101 Multiple arithmetic logic unit operations,
zero result(s) --> multiple flags register,
clear multiple flags register

1110 Reserved

1111 Reserved

20

25

30

35

40

45

50

55

60

65

TABLE 6-continued
Function
Modifier
Code Modification Performed
Instruction Data
word bit Register DO bit

52 28

54 20

56 30

58 31

The modified operations listed in Table 6 are explained
below. If the “FMOD” field is <0000, the normal, unmodi-
fied operation results. The modification “cin” causes the
carry-in to bit 0 of arithmetic logic unit 230 to be the “C” bit
of status register 210. This allows add with carry, subtract
with borrow and negate with borrow operations. The modifi-
cation “%!” works with mask generation. When the “%!”
modification is active mask generator 239 effectively gener-
ates all “1’s” for a zero rotate amount rather than all “0’s”.
This function can be implemented by changing the mask
generated by mask generator 239 or by modifying the func-
tion of arithmetic logic unit 230 so that mask of all “0’s”
supplied to the C-port operates as if all “1°s” were supplied.
This modification is useful in some rotate operations. The
modifications “LMO”, “RMO”, “LMBC” and “RNBC” des-
ignate controls of the LMO/RMO/LMBC/RNBC circuit 237.
The modification “LMO” finds the left most “1” of the second
arithmetic input. The modification “RMO” finds the right
most “1”. The modification “LMBC” finds the left most bit
that differs from the sign bit (bit 31) . The “RMBC” modifi-
cation finds the right most bit that differs from the first bit (bit
0) . Note that these modifications are only relevant if the
C-port of arithmetic logic unit 230 does not receive a mask
from mask generator 239. The modification “A-port=0" indi-
cates that the input to the A-port of arithmetic logic unit 230
is effectively zeroed. This may take place via multiplexer
Amux 232 providing a zero output, or the operation of arith-
metic logic unit 230 may be altered in a manner having the
same effect. An “A-port=0" modification is used in certain
negation, absolute value and shift right operations. A “mul-
tiple arithmetic logic unit operation” modification indicates
that one or more of the carry paths of arithmetic logic unit 230
are severed, forming in effect two or more independent arith-
metic logic units operating in parallel. The “Asize” field of
status register 210 controls the number of such multiple arith-
metic logic unit sections. The multiple flags register 211
stores a number of status bits equal to the number of sections
of'the multiple arithmetic logic unit operations. In the “carry-
out(s)—multiple flags” modification, the carry-out bit or bits
are stored in multiple flags register 211. In the “zero
result(s)— multiple flags” modification, an indication of the
zero resultant for the corresponding arithmetic logic unit
section is stored in multiple flags register 211. This process is
described above together with the description of multiple
flags register 211. During this storing operation, bits within
multiple flags register 211 may be rotated in response to the
“rotate” modification or cleared in response to the “clear”
modification. These options are discussed above together
with the description of multiple flags register 211.

The “A” bit (bit 27) of data register D0 controls whether
arithmetic logic unit 230 performs an arithmetic or Boolean
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logic operation during an extended arithmetic logic unit
operation. This bit is called the arithmetic enable bit. If the
“A” bit is “17, then an arithmetic operation is performed. If
the “A” bit is “0”, then a logic operation is performed. If the
“A” bit is “0”, then the carry-in from bit 0 carry-in generator
246 into bit 0 of the arithmetic logic unit 230 is generally “0”.
As will be further explained below, certain extended arith-
metic logic unit operations may have a carry-in bit of “1” even
when the “A” bit is “0” indicating a logic operation.

The “BEALU” field (bits 19-26) of data register D0 defines
an extended arithmetic logic unit operation. The eight bits of
the “EALU” field specify the arithmetic logic unit function
control bits used in all types of extended arithmetic logic unit
operations. These bits become the control signals to arith-
metic logic unit 230. They may be passed to arithmetic logic
unit 230 directly, or modified according to the “FMOD” field.
In some instructions the bits of the “EALU” field are inverted,
leading to an “EALUF” or extended arithmetic logic unit
false operation. In this case the eight control bits supplied to
arithmetic logic unit 230 are inverted.

The “C” bit (bit 18) of data register D0 designates the
carry-in to bit 0 of arithmetic logic unit 230 during extended
arithmetic logic unit operations. The carry-in value into bit 0
of the arithmetic logic unit during extended arithmetic logic
unit operations is given by this “C” bit. This allows the carry-
in value to be specified directly, rather than by a formula as for
non-EALU operations.

The “T” bit (bit 17) of data register D0 is designated the
invert carry-in bit. The “I” bit, together with the “C” bit and
the “S” bit (defined below), determines whether or not to
invert the carry-in into bit 0 of arithmetic logic unit 230 when
the function code of an arithmetic logic unit operation are
inverted. This will be further detailed below.

The “S” bit (bit 16) of data register D0 indicates selection
of sign extend. The “S” bit is used when executing extended
arithmetic logic unit operations (“A” bit=1). If the “S” bit is
“17, then arithmetic logic unit control signals F3-F0 (pro-
duced from bits 22-19) should be inverted if the sign bit (bit
31) of the data first arithmetic logic unit input bus 206 is “0”,
and not inverted if this sign bitis “1”. The effect of condition-
ally inverting arithmetic logic unit control signals F3-F0 will
be explained below. Such an inversion is useful to sign extend
a rotated input in certain arithmetic operations. If the
extended arithmetic logic unit operation is Boolean (“A”
bit=0), then the “S” bit is ignored and the arithmetic logic unit
control signals F3-F0 are unchanged.

Table 7 illustrates the interaction of the “C”, “I”” and “S”
bits of data register D0. Note that an “X” entry for either the
“I”” bit or the first input sign indicates that bit does not control

the outcome, i.e. a “don’t care” condition.
TABLE 7
S I First Input Sign Invert C Invert F3-FO
0 X X no no
1 0 0 no no
1 0 1 no yes
1 1 0 no no
1 1 1 yes yes

If the “S” bit equals “1” and the sign bit of the first input
destined for the B-port of arithmetic logic unit 230 equals “0”,
then the value of the carry-in to bit 0 of arithmetic logic unit
230 setby the “C” bit value can optionally be inverted accord-
ing to the value of the “I” bit. This allows the carry-in to be
optionally inverted or not, based on the sign of the input. Note
also that arithmetic logic unit control signals F3-F0 are
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optionally inverted based on the sign ofthe input, if the “S™ bit
is “1”. This selection of inversion of arithmetic logic unit
control signals F3-F0 may be overridden by the “FMOD”
field. If the “FMOD?” field specifies “Carry-in=Status Regis-
ter’s Carry bit”, then the carry-in equals the “C” bit of status
register 210 whatever the value of the “S” and “I” bits. Note
also that the carry-in for bit 0 of arithmetic logic unit 230 may
be set to “1” via the “C” bit for extended arithmetic logic unit
operations even if the “A” bit is “0” indicating a Boolean
operation.

The “N” bit (bit 15) of data register D0 is used when
executing a split or multiple section arithmetic logic unit
operation. This “N” bit is called the non-multiple mask bit.
For some extended arithmetic logic unit operations that
specify multiple operation via the “FMOD” field, the instruc-
tion specifies a mask to be passed to the C-port of arithmetic
logic unit 230 via mask generator 239. This “N” bit deter-
mines whether or not the mask is split into the same number
of sections as arithmetic logic unit 230. Recall that the num-
ber of such multiple sections is set by the “Asize” field of
status register 210. If the “N” bit is “0”, then the mask is split
into multiple masks. Ifthe “N” bitis “1”, then mask generator
239 produces a single 32 bit mask.

The “E” bit (bit 14) designates an explicit multiple carry-
in. This bit permits the carry-in to be specified at run time by
the input to the C-port of arithmetic logic unit 230. If both the
“A”bitand the “E” bit are “1” and the “FMOD” field does not
designate the cin function, then the effects of the “S”, “I” and
“C” bits are annulled. The carry input to each section during
multiple arithmetic is taken as the exclusive OR of the least
significant bit of the corresponding section input to the C-port
and the function signal FO0. If multiple arithmetic is not
selected the single carry-in to bit 0 of arithmetic logic unit 230
is the exclusive OR of the least significant bit (bit 0) the input
to the C-port and the function signal F0. This is particularly
useful for performing multiple arithmetic in which differing
functions are performed in different sections. One extended
arithmetic logic unit operation corresponds to (A"B)&C |
(A"~B)&C. Using a mask for the C-port input, a section with
all “0’s” produces addition with the proper carry-in of “0” and
a section of all “1’s” produces subtraction with the proper
carry-in of “1”.

The “DMS” field (bits 12-8) of data register D0 defines the
shift following the multiplier. This shift takes place in product
left shifter 224 prior to saving the result or passing the result
to rounding logic. During this left shift the most significant
bits shifted out are discarded and zeroes are shifted into the
least significant bits. The “DMS” field is effective during any
multiply/extended arithmetic logic unit operation. In the pre-
ferred embodiment data register DO bits 9-8 select 0,1, 2 or 3
place left shifting. Table 8 illustrates the decoding.

TABLE 8
DMS field
9 8 Left shift amount
0 0 0
0 1 1
1 0 2
1 1 3

The “DMS?” field includes 5 bits that can designate left shift
amounts from 0 to 31 places. In the preferred embodiment
product left shifter 224 is limited to shifts from O to 3 places
for reasons of size and complexity. Thus bits 12-10 of data
register D0 are ignored in setting the left shift amount. How-
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ever, it is feasible to provide a left shift amount within the full
range from 0 to 31 places from the “DMS” field if desired.

The “M” bit (bit 7) of data register D0 indicates a multiple
multiply operation. Multiplier 220 can multiply two 16 bit
numbers to generate a 32 bit result or of simultaneously
multiplying two pair of 8 bit numbers to generate a pair of 16
bit resultants. This “M” bit selects either a single 16 by 16
multiply if “M”=“0", or two 8 by 8 multiplies if “M”=“1".
This operation is similar to multiple arithmetic logic unit
operations and will be further described below.

The “R” bit (bit 6) of data register D0 specifies whether a
rounding operation takes place on the resultant from multi-
plier 220. If the “R” bit is “1”, the a rounding operation,
explained below together with the operation of multiplier
220, takes place. If the “R” bit is “0”, then no rounding takes
place and the 32 bit resultant form multiplier 220 is written
into the destination register. Note that use of a predetermined
bit in data register D0 is merely a preferred embodiment for
triggering this mode. Itis equally feasible to enable the round-
ing mode via a predetermined instruction word bit.

The “DBR” field (bits 4-0) of data register D0 specifies a
default barrel rotate amount used barrel rotator 235 during
certain instructions. The “DBR” field specifies the number of
bit positions that barrel rotator 235 rotates left. These 5 bits
can specify a left rotate of 0 to 31 places. The value of the
“DBR” field may also be supplied to mask generator 239 via
multiplexer Mmux 234. Mask generator 239 forms a mask
supplied to the C-port of arithmetic logic unit 230. The opera-
tion of mask generator 239 will be discussed below.

Multiplier 220 is a hardware single cycle multiplier. As
described above, multiplier 220 operates to multiply a pair of
16 bit numbers to obtain a 32 bit resultant or to multiply two
pairs of 8 bit numbers to obtain two 16 bit resultants in the
same 32 bit data word.

FIGS. 10a, 10b, 10c and 10d illustrate the input and output
data formats for multiplying a pair of 16 bit numbers. FIG.
10a shows the format of a signed input. Bit 15 indicates the
sign of this input, a “0” for positive and a ““1” for negative. Bits
0 to 14 are the magnitude of the input. Bits 16 to 31 of the
input are ignored by the multiply operation and are shown as
adon’t care “X”. FIG. 10b illustrates the format of the result-
ant of a signed by signed multiply. Bits 31 and 30 are usually
the same and indicate the sign of the resultant. If the multi-
plication was of Hex “8000” by Hex “8000”, then bits 31 and
30 become “01”. FIG. 10c illustrates the format of an
unsigned input. The magnitude is represented by bits 0 to 15,
and bits 16 to 31 are don’t care “X”. FIG. 10d shows the
format of the resultant of an unsigned by unsigned multiply.
All 32 bits represent the resultant.

FIG. 11 illustrates the input and output data formats for
multiplying two pair of 8 bit numbers. In each of the two 8 bit
by 8 bit multiplies the two first inputs on multiplier first input
bus 201 are always unsigned. The second inputs on multiplier
second input bus 202 may be both signed, resulting in two
signed products, or both unsigned, resulting in two unsigned
products. FIG. 11a illustrates the format of a pair of signed
inputs. The first signed input occupies bits 0 to 7. Bit 7 is the
sign bit. The second signed input occupies bits 8 to 15, bit 15
being the sign bit. FIG. 11b illustrates the format of a pair of
unsigned inputs. Bits 0 to 7 form the first unsigned input and
bits 8 to 16 form the second unsigned input. FIG. 11c¢ illus-
trates the format of a pair of signed resultants. As noted above,
adual unsigned by signed multiply operation produces such a
pair of signed resultants. The first signed resultant occupies
bits 0 to 15 with bit 15 being the sign bit. The second signed
resultant occupies bits 16 to 31 with bit 31 being the sign
bit.FIG. 11d illustrates the format of a pair of unsigned result-
ants.
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The first unsigned resultant occupies bits 1 to 15 and the
second unsigned resultant occupies bits 16 to 31.

Multiplier first input bus 201 is a 32 bit bus sourced from a
data register within data registers 200 selected by the instruc-
tion word. The 16 least significant bits of multiplier first input
bus 201 supplies a first 16 bit input to multiplier 220. The 16
most significant bits of multiplier first input bus 201 supplies
the 16 least significant bits of a first input to a 32 bit multi-
plexer Rmux 221. This data routing is the same for both the 16
bit by 16 bit multiply and the dual 8 bit by 8 bit multiply. The
5 least significant bits of multiplier first input bus 201 supply
a first input to a multiplexer Smux 231.

Multiplier second input bus 202 is a 32 bit bus sourced from
one of the data registers 200 as selected by the instruction
word or from a 32 bit, 5 bit or 1 bit immediate value imbedded
in the instruction word. A multiplexer Imux. 222 supplies
such an immediate multiplier second input bus 202 via a
buffer 223. The instruction word controls multiplexer Imux
222 to supply either 32 bits, 5 bits or 1 bit from an immediate
field of the instruction word to multiplier second input bus
202 when executing an immediate instruction. The short
immediate fields are zero extended in multiplexer Imux 222
upon supply to multiplier second input bus 202. The 16 least
significant bits of multiplier second input bus 202 supplies a
second 16 bit input to multiplier 220. This data routing is the
same for both the 16 bit by 16 bit multiply and the dual 8 bit
by 8 bit multiply. Multiplier second input bus 202 further
supplies one input to multiplexer Amux 232 and one input to
multiplexer Cmux 233. The 5 least significant bits of multi-
plier second input bus 202 supply one input to multiplexer
Mmux 234 and a second input to multiplexer Smux 231.

The output of multiplier 220 supplies the input of product
left shifter 224. Product left shifter 224 can provide a control-
lable left shift of 3, 2, 1 or O bits. The output of multiply shift
multiplexer MSmux 225 controls the amount of left shift of
product left shifter 224. Multiply shift multiplexer MSmux
225 selects either bits 9-8 from the “DMS” field of data
register D0 or all zeroes depending on the instruction word. In
the preferred embodiment, multiply shift multiplexer
MSmux 225 selects the “0” input for the instructions
MPY%||ADD and MPYx||SUB. These instructions combine
signed or unsigned multiplication with addition or subtrac-
tions using arithmetic logical unit 230. In the preferred
embodiment, multiply shift multiplexer MSmux 225 selects
bits 9-8 of data register DO for the instructions
MPYx|[EALUx. These instructions combine signed or
unsigned multiplication with one of two types of extended
arithmetic logic unit instructions using arithmetic logic unit
230. The operation of data unit 110 when executing these
instructions will be further described below. Product left
shifter 224 discards the most significant bits shifted out and
fills the least significant bits shifted in with zeros. Product left
shifter 224 supplies a 32 bit output connected to a second
input of multiplexer Rmux 221.

FIG. 12 illustrates internal circuits of multiplier 220 in
block diagram form. The following description of multiplier
220 points out the differences in organization during 16 bit by
16 bit multiplies from that during dual 8 bit by 8 bit multiplies.
Multiplier first input bus 201 supplies a first data input to
multiplier 220 and multiplier second input bus 202 supplies a
second data input. Multiplier first input bus 201 supplies 19
bit derived value circuit 350. Nineteen bit derived value cir-
cuit 350 forms a 19 bit quantity from the 16 bit input. Nine-
teen bit derived value circuit 350 includes a control input
indicating whether multiplier 220 executes a single 16 bit by
16 bit multiplication or dual 8 bit by 8 bit multiplication.
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Booth quad re-coder 351 receives the 19 bit value from 19 bit
derived value circuit 350 and forms control signals for six
partial product generators 353, 354, 356, 363, 364 and 366
(PPG5-PPGO). Booth quad re-coder 351 thus controls the
core of multiplier 220 according to the first input or inputs on
multiplier first input bus 201 for generating the desired prod-
uct or products. FIGS. 13 and 14 schematically illustrate the
operation of 19 bit derived value circuit 350 and Booth quad
re-coder 351. For all modes of operation, the 16 most signifi-
cant bits of multiplier first input bus 201 are ignored by
multiplier 220. FIG. 13 illustrates the 19 bit derived value for
16 bit by 16 bit multiplications. The 16 bits of the first input
are left shifted by one place and sign extended by two places.
In the unsigned mode, the sign is “0”. Thus bits 18-17 of the
19 bit derived value are the sign, bits 16-1 correspond to the
16 bit input, and bit 0 is always “0”. The resulting 19 bits are
grouped into six overlapping four-bit units to form the Booth
quads. Bits 3-0 form the first Booth quad controlling partial
product generator PPG0 353, bits 6-3 control partial product
generator PPG1 354, bits 9-6 control partial product genera-
tor PPG2 356, bits 12-9 control partial product generator
PPG3 363, bits 15-12 control partial product generator PPG4
364, and bits 18-15 control partial product generator PPGS
366. FIG. 14 illustrates the 19 bit derived value for dual 8 bit
by 8 bit multiplications. The two inputs are pulled apart. The
first input is left shifted by one place, the second input is left
shifted by two places. Bits 0 and 9 of the 19 bit derived value
are set to “0”, bit 18 to the sign. The Booth quads are gener-
ated in the same manner as in 16 bit by 16 bit multiplication.
Note that placing a “0” in bit 9 of the derived value makes the
first three Booth quads independent of the second 8 bit input
and the last three Booth quads independent of the first 8 bit
input. This enables separation of the two products at the
multiplier output.

The core of multiplier 220 includes: six partial product
generators 353, 354, 356, 363, 364 and 366, which are des-
ignated PPG0 to PPGS5, respectively; five adders 355, 365,
357,267 and 368, designated adders A, B, C, D and E; and an
output multiplexer 369. Partial product generators 353, 354,
356, 363, 364 and 366 are identical. Each partial product
generator 353, 354, 356, 363, 364 and 366 forms a partial
product based upon a corresponding Booth quad. These par-
tial products are added to form the final product by adders
355, 365, 357, 367 and 368.

The operation of partial product generator 353, 354, 356,
363, 364 and 366 is detailed in Tables 9 and 10. Partial
product generators 353, 354, 356, 363, 364 and 366 multiply
the input data derived from multiplier second input bus 202 by
integer amounts ranging from —4 to +4. The multiply amounts
for the partial product generators are based upon the value of
the corresponding Booth quad. This relationship is shown in
Table 9 below.

TABLE 9
Quad Multiply Amount
0000 0
0001 1
0010 1
0011 2
0100 2
0101 3
0110 3
0111 4
1000 -4
1001 -3
1010 -3
1011 -2
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TABLE 9-continued

Quad Multiply Amount
1100 -2
1101 -1
1110 -1
1111 -0

Table 10 lists the action taken by the partial product generator

based upon the desired multiply amount.
TABLE 10
Multiply Amount Partial Product Generator Action
= select all zeros
=1 pass input straight through
2 shift left one place
3 select output of 3x generator
=4 shift left two places

In most cases, the partial product is easily derived. An all “0”
output is selected for a multiply amount of 0. A multiply
amount of 1 results in passing the input unchanged. Multiply
amounts of 2 and 4 are done simply by shifting. A dedicated
piece of hardware generates the multiple of 3. This hardware
essentially forms the addition of the input value and the input
left shifted one place.

Each partial product generator 353, 354, 356, 363, 364 and
366 receives an input value based upon the data received on
multiply second input bus 202. The data on multiply second
input bus 202 is 16 bits wide. Each partial product generator
353, 354,356,363, 364 and 366 needs to be 18 bits to hold the
16 bit number shifted two places left, as in the multiply by 4
case. The output of each partial product generator 353, 354,
356,363, 364 and 366 is shifted three places left from that of
the preceding partial product generator 353, 354, 356, 363,
364 and 366. Thus each partial product generator output is
weighted by 8 from its predecessor. This is shown in FIG. 12,
where bits 2-0 of each partial product generator 353, 354,
356, 363, 364 and 366 is handled separately. Note that adders
A, B, C, D andE are always one bit wider than their input data
to hold any overflow.

The adders 355, 357, 365, 367 and 368 used in the pre-
ferred embodiment employ redundant-sign-digit notation. In
the redundant-sign-digit notation, a magnitude bit and a sign
bit represents each bit of the number. This known format is
useful in the speeding the addition operation in a manner not
important to this invention. However this invention is inde-
pendent of the adder type used, so for simplicity this will not
be further discussed. During multiply operations data from
the 16 least significant bits on multiply second input bus 202
is fed into each of the six partial product generator 353, 354,
356, 363, 364 and 366, and multiplied by the amount deter-
mined by the corresponding Booth quad.

Second input multiplexer 352 determines the data supplied
to the six partial produce generators 353, 354, 356, 363, 364
and 366. This data comes from the 16 least significant bits on
multiply second input bus 202. The data supplied to partial
products generators 353, 354, 356, 363, 364 and 366 differ
depending upon whether multiplier 220 executes a single 16
bit by 16 bit multiplication or dual 8 bit by 8 bit multiplica-
tion. FIG. 15 illustrates the second input data supplied to the
six partial produce generators 353, 354, 356, 363, 364 and
366 during a 16 bit by 16 bit multiply. FIG. 15a illustrates the
case of unsigned multiplication. The 16 bit input is zero
extended to 18 bits. FIG. 15b illustrates the case of signed
multiplication. The data is sign extended to 18 bits by dupli-
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cating the sign bit (bit 15). During 16 bit by 16 bit multipli-
cation and of the six partial produce generators 353, 354, 356,
363, 364 and 366 receives the same second input.

The six partial produce generators 353, 354, 356, 363, 364
and 366 do not receive the same second input during dual 8 bit
by 8 bit multiplication. Partial product generators 353, 345
and 356 receive one input and partial product generators 363,
364 and 366 receive another. This enables separation of the
two inputs when operating in multiple multiply mode. Note
that in the multiple multiply mode there is no overlap of
second input data supplied to the first three partial product
generators 353, 345 and 356 and the second three partial
product generators 363, 364 and 366. FIG. 16 illustrates the
second input data supplied to the six partial produce genera-
tors 353, 354, 356, 363, 364 and 366 during a dual 8 bit by 8
bit multiply. FIG. 16a illustrates the second input data sup-
plied to partial product generators 353, 354 and 356 for an
unsigned input. FIG. 16aillustrates the input zero extended to
18 bits. FIG. 16b illustrates the second input data supplied to
partial product generators 353, 354 and 356 for a signed input,
which is sign extended to 18 bits. FIG. 16c illustrates the
second input data supplied to partial product generators 363,
364 and 366 for an unsigned input. FIG. 16c illustrates the
input at bits 15-8 with the other places of the 18 bits set to “0”.
FIG. 16d illustrates the second input data supplied to partial
product generators 363, 364 and 366 for a signed input. The 7
bit magnitude is at bits 14-8, bits 17-15 hold the sign and bits
7-0 are set to “0”.

Note that it would be possible to have added the partial
products of partial product generators 353, 354, 356, 363, 364
and 366 in series. The present embodiment illustrated in FIG.
12 has two advantages over such a series of additions. This
embodiment offers significant speed advantages by perform-
ing additions in parallel. This embodiment also lends itself
well to performing dual 8 bit by 8 bit multiplies. These can be
very useful in speeding data manipulation and data transfers
where an 8 bit by 8 bit product provides the data resolution
needed.

A further multiplexer switches between the results of a 16
bit by 16 bit multiply and dual 8 bit by 8 bit multiplies. Output
multiplexer 369 is controlled by a signal indicating whether
multiplier 220 executes a single 16 bit by 16 bit multiplication
or dual 8 bit by 8 bit multiplication. FIG. 17 shows the
derivation of each bit of the resultant. FIG. 17a illustrates the
derivation of each bit for a 16 bit by 16 bit multiply. Bits 31-9
of the resultant come from bits 22-0 of adder E 368, respec-
tively. Bits 8-6 come from bits 2-0 of adder C 357, respec-
tively. Bits 5-3 come from bits 2-0 of adder A 355, respec-
tively. Bits 2-0 come from bits 2-0 of partial product generator
353. F1G. 17b illustrates the derivation of each bit for the case
of'dual 8 bitby 8 bit multiplication. Bits 31-16 ofthe resultant
in this case come from bits 15-0 of adder D 367, respectively.
Bits 15-6 of the resultant come from bits 9-0 of adder C 357
respectively. As in the case illustrated in FIG. 17a, bits 5-3
come from bits 2-0 of adder A 355 and bits 2-0 come from bits
2-0 of partial product generator 353.

It should be noted that in the actual implementation of
output multiplexer 369 requires duplicated data paths to
handle both the magnitude and sign required by the redun-
dant-sign-digit notation. This duplication has not been shown
or described in detail. The redundant-sign-digit notation is
not required to practice this invention, and those skilled in the
art would easily realize how to construct output multiplexer
369 to achieve the desired result in redundant-sign-digit nota-
tion. Note also when using the redundant-sign-digit notation,
the resultant generally needs to be converted into standard
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binary notation before use by other parts of data unit 110. This
conversion is known in the art and will not be further
described.

It can be seen from the above description that with the
addition of a small amount of logic the same basic hardware
can perform 16 bit by 16 multiplication and dual 8 bit by 8 bit
multiplications. The additional hardware consists of multi-
plexers at the two inputs to the multiplier core, a modification
to the Booth re-coder logic and a multiplexer at the output of
the multiplier. This additional hardware permits much greater
data through put when using dual 8 bit by 8 bit multiplication.

Adder 226 has three inputs. A first input is set to all zeros.
A second input receives the 16 most significant bits (bits
31-16) of the left shifted resultant of multiplier 220. A carry-
in input receives the output of bit 15 of this left shifter result-
ant of multiplier 220. Multiplexer Rmux 221 selects either the
entire 32 bit resultant of multiplier 220 as shifted by product
left shifter 224 to supply to multiply destination bus 203 via
multiplexer Bmux 227 or the sum from adder 226 forms the
16 most significant bits and the 16 most significant bits of
multiplier first input bus 201 forms the 16 least significant
bits. As noted above, in the preferred embodiment the state of
the “R” bit (bit 6) of data register DO controls this selection at
multiplexer Rmux 221. If this “R” bit is “0”, then multiplexer
Rmux 221 selects the shifted 32 bit resultant. If this “R” bitis
“17, then multiplexer Rmux 221 selects the 16 rounded bits
and the 16 most significant bits of multiplier first input bus
201. Note that it is equally feasible to control multiplexer
Rmux 221 via an instruction word bit.

Adder 226 enables a multiply and round function on a 32
bit data word including a pair of packed 16 bit half words.
Suppose that a first of the data registers 200 stores a pair of
packed half words (a::b), a second data register stores a first
half word coefficient (X::c1) and a third data register stores a
second half word coefficient (X::c2), where X may be any
data. The desired resultant is a pair of packed half words
(a*c2::b*cl)witha*c2 and b*c1 each being the rounded most
significant bits of the product. The desired resultant may be
formed in two instructions using adder 226 to perform the
rounding. The first instruction is:

mdst=msrc1*msrc2

(b*cla)=(ar:b)*(X::cl)

As previously described multiplier first input bus 201 sup-
plies its 16 least significant bits, corresponding to b, to the first
input of multiplier 220. At the same time multiply second
input bus 202 supplies its 16 least significant bits, correspond-
ing to c1, to the second input of multiplier 220. This 16 by 16
bit multiply produces a 32 bit product. The 16 most signifi-
cant bits of the 32 bit resultant form one input to adder 226
with “0” supplied to the other input of adder 226. If bit 15 of
the 32 bit resultant is “1”, then the 16 most significant bits of
the resultant is incremented, otherwise these 16 most signifi-
cant bits are unchanged. Thus the 16 most significant bits of
the multiply operation are rounded in adder 226. Note that
one input to multiplexer Rmux 221 includes the 16 bit result-
ant from adder 226 as the 16 most significant bits and the 16
most significant bits from multiplier first input bus 201, which
is the value a, as the least significant bits. Also note that the 16
most significant bits on multiplier second input bus 202 are
discarded, therefore their initial state is unimportant. Multi-
plexer Rmux selects the combined output from adder 226 and
multiplier first input bus 201 for storage in a destination
register in data registers 200.
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The packed word multiply/round operation continues with
another multiply instruction. The resultant (b*c1::a) of the
first multiply instruction is recalled via multiply first input bus
201. This is shown below:

mdst=msrcl*msrc2

(a*c2::b*cl)=(b*cl:a)*(X::c2)

The multiply occurs between the 16 least significant bits on
the multiplier first input bus 201, the value a, and the 16 least
significant bits on the multiplier second input bus 202, the
value c2. The 16 most significant bits of the resultant are
rounded using adder 226. These bits become the 16 most
significant bits of one input to multiplexer Rmux 221. The 16
most significant bits on multiplier first input bus 201, the
value b*cl, becomes the 16 least significant bits of the input
to multiplexer Rmux 221. The 16 most significant bits on the
multiplier second input bus 202 are discarded. Multiplexer
Rmux 221 then selects the desired resultant (a*c2::b*cl) for
storage in data registers 200 via multiplexer Bmux 227 and
multiplier destination bus 203. Note that this process could
also be performed on data scaled via product left shifter 224,
with adder 226 always rounding the least significant bit
retained. Also note that the factors ¢1 and ¢2 may be the same
or different.

This packed word multiply/round operation is advanta-
geous because the packed 16 bit numbers can reside in a
single register. In addition fewer memory loads and stores are
needed to transfer such packed data than if this operation was
not supported. Also note that no additional processor cycles
are required in handling this packed word multiply/rounding
operation. The previous description of the packed word mul-
tiply/round operation partitioned multiplier first input bus
201 into two equal halves. This is not necessary to employ the
advantages of this invention. As a further example, it is fea-
sible to partition multiplier first input bus 201 into four 8 bit
sections. In this further example multiplier 220 forms the
product of the 8 least significant bits of multiplier first input
bus 201 and the 8 least significant bits of multiplier second
input bus 202. After optional scaling in product left shifter
224 and rounding via adder 226, the 8 most significant bits of
the product form the most significant bits of one input to
multiplexer Mmux 221. In this further example, the least
significant 24 bits of this second input to multiplexer Mmux
221 come from the most significant 24 bits on multiplier first
input bus 201. This further example permits four 8 bit multi-
plies on such a packed word in 4 passes through multiplier
220, with all the intermediate results and the final result
packed into one 32 bit data word. To further generalize, this
invention partitions the original N bit data word into a first set
of M bits and a second set of L bits. Following multiplication
and rounding, a new data word is formed including the [. most
significant bits of the product and the first set of M bits from
the first input. The data order in the resultant is preferably
shifted or rotated in some way to permit repeated multiplica-
tions using the same technique. As in the further example
described above, the number of bits M need not equal the
number of bits L. In addition, the sum of M and L need not
equal the original number of bits N.

In the preferred embodiment the round function selected
by the “R” (bit 6) of data register D0 is implemented in a
manner to increase its speed. Multiplier 220 employs a com-
mon hardware multiplier implementation that employs inter-
nally a redundant-sign-digit notation. In the redundant-sign-
digit notation each bit of the number is represented by a
magnitude bit and a sign bit. This known format is useful in
the internal operation of multiplier 220 in a manner not
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important to this invention. Multiplier 220 converts the result-
ant from this redundant-sign-digit notation to standard binary
notation before using the resultant. Conventional conversion
operates by subtracting the negative signed magnitude bits
from the positive signed magnitude bits. Such a subtraction
ordinarily involves a delay due to borrow ripple from the least
significant bit to the most significant bit. In the packed mul-
tiply/round operation the desired result is the 16 most signifi-
cant bits and the rounding depends upon bit 15, the next most
significant bit. Though the results are the most significant bits,
the borrow ripple from the least significant bit may affect the
result. Conventionally the borrow ripple must propagate from
the least significant bit to bit 15 before being available to
make the rounding decision.

FIG. 18 illustrates in block diagram form hardware for
speeding this rounding determination. In FIG. 18 the 32 bit
multiply resultant from multiplier 220 is separated into a most
significant 16 bits (bits 31-16) coded in redundant-sign-digit
form stored in register 370 and a least significant 16 bits (bits
15-0) coded in redundant-sign-digit form stored in register
380. In FIG. 18 product left shifter 224 is used for scaling as
previously described. Product left shifter 224 left shifts both
the magnitude bit and the sign bit for each bit of the of
redundant-sign-digit form stored in registers 370 and 380 of
multiplier 220 prior to forming the resultant. The shift amount
comes from multiply shift multiplexer MSmux 225 as previ-
ously described above.

Conventionally such redundant-sign-digit notation is con-
verted to standard binary notation by generating carry/borrow
control signals. Carry path control signal generator 382 forms
three carry path control signals, propagate, kill and generate,
from the magnitude and sign bits of the corresponding desired
resultant bit. These signals are easily derived according to
Table 11.

TABLE 11
Carry Path
Magnitude Sign Indicates Control Signal
0 X Zero (0) Propagate (P)
1 0 Plus One (1) Kill (K)

1 1 Minus One (T) Generate (G)

Carry path control signal generator 382 supplies these carry
path control signals to borrow ripple unit 386. Borrow ripple
unit 386 uses the bit wise carry path control signals to control
borrow ripple during the subtraction of the negatively signed
bits from the positively signed bits. Note from Table 11 that
the three signals propagate, kill and generate are mutually
exclusive. One and only one of these signals is active at any
particular time. A propagate signal causes any borrow signal
from the previous less significant bit to propagate unchanged
to the next more significant bit. A kill signal absorbs any
borrow signal from the prior bit and prevents propagation to
the next bit. A generate signal produces a borrow signal to
propagate to the next bit whatever the received borrow signal.
Borrow ripple unit 386 propagates the borrow signal from the
least significant bit to the most significant bit. As illustrated in
FIG. 18, bits 15-0 are converted in this manner. The only part
of the result used is the data of bit 15 d[15] and the borrow
output signal of bit 15 b, [15].

The circuit illustrated in FIG. 18 employs a different tech-
nique to derive the 16 most significant bits. Note that except
for the rounding operation that depends upon bit 15, only the
16 most significant bits are needed in the packed multiply/
round operation. There are two possible resultants for bits
31-16 depending upon the rounding determination. The cir-
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cuit of FIG. 18 computes both these possible resultants in
parallel and the selects the appropriate resultant depending
upon the data of bit 15 d[15] and the borrow output signal of
bit 15 b_,,[15]. This substantially reduces the delay forming
the rounded value. Note that using adder 226 to form the
rounded value as illustrated in FIG. 5 introduces an additional
carry ripple delay within adder 226 when forming the sum.

The circuit illustrated in FIG. 18 forms the minimum and
maximum possible rounded results simultaneously. IfR is the
simple conversion of the 16 most significant bits, then the
rounded final result may be R-1, R or R+1. These are selected
based upon the data of bit 15 d[15] and the borrow output
signal of'bit 15 b_,,,[15] according to Table 12.

TABLE 12
d[15] b, [15] Final Result
0 0 R Neither increment nor decrement
0 1 R-1 Decrement only
1 0 R+1 Increment only
1 1 R Both increment and decrement

The circuit of FIG. 18 computes the value R-1 for the 16 most
significant bits employing carry path control signal generator
372 and borrow ripple unit 376. Carry path control signal
generator 372 is the same as carry path control signal genera-
tor 382 and operates according to Table 11. Borrow ripple unit
376 is the same as borrow ripple unit 386. Borrow ripple unit
376 computes the value R-1 because the borrow-in input is
always supplied with a borrow value of “17, thus always
performing a decrement of the simple conversion value R.
The circuit of FIG. 18 forms the value R+1 by adding 2 to
the value of R-1. Note that a binary number may be incre-
mented by 1 by toggling all the bits up to and including the
right most “0” bit in the original binary number. The circuit of
FIG. 18 employs this technique to determine bits 31-17. This
addition takes place in two stages in a manner not requiring a
carry borrow for the entire 16 bits. In the first stage, mask
ripple unit 374 generates a mask from the carry path control
signals. An intermediate mask is formed with a “1” in any bit
position in which the converted result is known to be “0” or
known to differ from the result of the prior bit. Mask ripple
unit 374 sets other bit positions to “0”. The manner of forming

this intermediate mask is shown in Table 13.
TABLE 13

Final Result Intermediate
Bit[n] Bit[n-1] of Bit[n] Mask Value
T @ T (@) 0 1
o ® T (G) 1 0
1 X T @ 0 1
T (G 0 (P) Different from Bit [n-1] 1
0 (P 0 (P) Same as Bit[n-1] 0
1 (XK 0 (P) Different from Bit [n-1] 1
T @ 1 () 1 0
o ® 1 X) 0 1
1 K 1 (K) 1 0

Review of the results of Table 13 reveal that this operation can
be performed by the function P[n] XNOR K][n-1 ]. Thus a
simple circuit generates the intermediate mask for each bit.
Mask ripple unit 374 ripples through the intermediate mask
until reaching the right most “0”. Those bits including the
right most “0” bit are set to “1”, and all more significant bits
are set to “0”. This toggle mask and the R-1 result from
borrow ripple unit 376 are supplied to exclusive OR unit 378.
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Exclusive OR unit 378 toggles those bits from borrow ripple
unit 376 corresponding to the mask generated by mask ripple
unit 374.

Multiplexer 390 assembles the rounded resultant. This
operation takes place as shown in Tables 14 and 15. Table 14
shows the derivation of bit 16, the least significant rounded bit
of the desired resultant, depending upon the data of bit 15
d[15] and the borrow output signal of bit 15 b, [15]. These
results from the 16 least significant bits of the output of

0 multiplier 220 are available from borrow ripple unit 386.
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TABLE 14
d[15] b,..[15] Final Result for Bit [16]
0 0 ~R-1[16]
0 1 R-1[16]
1 0 R-1[16]
1 1 ~R-1[16]

The data of bit 15 d[15], the borrow output signal of bit 15
b,,[15] and the final result of bit 16 determine bits 31-17
according to Table 15.

TABLE 15

Final Result Final Result

d[1s] b, [15] of Bit[16] Bits 31-17
0 0 0 R+1[31-17]
0 0 1 R-1[31-17]

0 1 X R-1[31-17]

1 0 X R+1[31-17]

1 1 0 R+1[31-17]

1 1 1 R-1[31-17]

Thus multiplexer 390 forms the desired rounded resultant,
which is the same as formed by adder 226. The manner of
generation of the rounded resultant substantially eliminates
the carry ripple delay associated with adder 226. Note that
FIG. 5 contemplates circuits similar to carry path control
signal generators 372 and 382 and borrow ripple units 376
and 386 to generate the output of multiplier 220 in normal
coded form. Thus the circuit illustrated in FIG. 18 substitutes
the delay of exclusive OR unit 378 and multiplexer 390 for the
carry ripple delay of adder 226. The delay of exclusive OR
unit 378 and multiplexer 390 is expected to be considerably
less than the delay of adder 226. This is in a critical path,
because the rounding performed by adder 226 follows the
operation of multiplier 220. Thus this reduction in delay
enables speeding up of the entire execute pipeline stage. This
in turn enhances the rate of operation of multi-processor
integrated circuit 100.

Note that the circuit illustrated in FIG. 18 is employed as
described above only if the “R” bit of data register 200 D0
selects the packed word multiply/rounding operation. In the
event that the “R” bit of data register 200 D0 is “0”, the packed
word multiply/round operation is not enabled. In this event
borrow ripple units 376 and 386 may be connected conven-
tionally, with the signal b,,,[15] from borrow ripple unit 386
coupled to the borrow input b,,, of borrow ripple unit 376.
Borrow ripple units 376 and 386 thus produce the shifted 32
bit resultant of multiplier 220 for selection by multiplexer
Rmux 221.

Arithmetic logic unit 230 performs arithmetic and logic
operations within data unit 110. Arithmetic logic unit 230
advantageously includes three input ports for performing
three input arithmetic and logic operations. Numerous buses
and auxiliary hardware supply the three inputs.
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Input A bus 241 supplies data to an A-port of arithmetic
logic unit230. Multiplexer Amux 232 supplies data to input A
bus 241 from either multiplier second input bus 202 or arith-
metic logic unit first input bus 205 depending on the instruc-
tion. Data on multiplier second input bus 202 may be from a
specified one of data registers 200 or from an immediate field
of the instruction via multiplexer Imux 222 and buffer 223.
Data on arithmetic logic unit first input bus 205 may be from
aspecified one of data registers 200 or from global port source
data bus Gsrc bus 105 via buffer 106. Thus the data supplied
to the A-port of arithmetic logic unit 230 may be from one of
the data registers 200, from an immediate field of the instruc-
tion word or a long distance source from another register of
digital image/graphics processor 71 via global source data
bus Gsrc 105 and buffer 106.

Input B bus 242 supplies data to the B-port of arithmetic
logic unit 230. Barrel rotator 235 supplies data to input B bus
242. Thus barrel rotator 235 controls the input to the B-port of
arithmetic logic unit 230. Barrel rotator 235 receives data
from arithmetic logic unit second input bus 206. Arithmetic
logic unit second input bus 206 supplies data from a specified
one of data registers 200, data from global port source data
bus Gsre bus 105 via buffer 104 or a special data word from
buffer 236. Buffer 236 supplies a 32 bit data constant of
“00000000000000000000000000000001” (also called Hex
“17) to arithmetic logic unit second input bus 206 if enabled.
Note hereinafter data or addresses preceded by “Hex” are
expressed in hexadecimal. Data from global port source data
bus Gsrc 105 may be supplied to barrel rotator 235 as a long
distance source as previously described. When buffer 236 is
enabled, barrel rotator 235 enables generation on input B bus
242 of any constant of the form 2%, where N is the barrel rotate
amount. Constants of this form are useful in operations to
control only a single bit of a 32 bit data word. The data
supplied to arithmetic logic unit second input bus 206 and
barrel rotator 235 depends upon the instruction.

Barrel rotator 235 is a 32 bit rotator that may rotate its
received data from O to 31 positions. It is a left rotator, how-
ever, a right rotate of n bits may be obtained by left rotating
32-n bits. A five bit input from rotate bus 244 controls the
amount of rotation provided by barrel rotator 235. Note that
the rotation is circular and no bits are lost. Bits rotated out the
left of barrel rotator 235 wrap back into the right. Multiplexer
Smux 231 supplies rotate bus 244. Multiplexer Smux 231 has
several inputs. These inputs include: the five least significant
bits of multiplier first input bus 201; the five least significant
bits of multiplier second input bus 202; five bits from the
“DBR” field of data register D0; and a five bit zero constant
“00000”. Note that because multiplier second input bus 202
may receive immediate data via multiplexer Imux 222 and
buffer 223, the instruction word can supply an immediate
rotate amount to barrel rotator 235. Multiplexer Smux 231
selects one of these inputs to determine the amount of rotation
in barrel rotator 235 depending on the instruction. Each of
these rotate quantities is five bits and thus can set a left rotate
in the range from O to 31 bits.

Barrel rotator 235 also supplies data to multiplexer Bmux
227. This permits the rotated data from barrel rotator 235 to be
stored in one of the data registers 200 via multiplier destina-
tion bus 203 in parallel with an operation of arithmetic logic
unit 230. Barrel rotator 235 shares multiplier destination bus
203 with multiplexer Rmux 221 via multiplexer Bmux 227.
Thus the rotated data cannot be saved if a multiply operation
takes place. In the preferred embodiment this write back
method is particularly supported by extended arithmetic logic
unit operations, and can be disabled by specifying the same
register destination for barrel rotator 235 result as for arith-
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metic logic unit 230 result. In this case only the result of
arithmetic logic unit 230 appearing on arithmetic logic unit
destination bus 204 is saved.

Although the above description refers to barrel rotator 235,
those skilled in the art would realize that substantial utility
can be achieved using a shifter which does not wrap around
data. Particularly for shift and mask operations where not all
of'the bits to the B-port of arithmetic logic unit 230 are used,
a shifter controlled by rotate bus 244 provides the needed
functionality. In this event an additional bit, such as the most
significant bit on the rotate bus 244, preferably indicates
whether to form a right shift or a left shift. Five bits on rotate
bus 244 are still required to designate the magnitude of the
shift. Therefore it should be understood in the description
below that a shifter may be substituted for barrel rotator 235
in many instances.

Input C bus 243 supplies data to the C-port of arithmetic
logic unit230. Multiplexer Cmux 233 supplies data to input C
bus 243. Multiplexer Cmux 233 receives data from four
sources. These are LMO/RMO/LMBC/RMBC circuit 237,
expand circuit 238, multiplier second input bus 202 and mask
generator 239.

LMO/RMO/LMBC/RMBC circuit 237 is a dedicated
hardware circuit that determines either the left most “1”, the
right most “1”, the left most bit change or the right most bit
change of the data on arithmetic logic unit second input bus
206 depending on the instruction or the “FMOD” field of data
register D0. LMO/RMO/LMBC/RMBC circuit 237 supplies
to multiplexer Cmux 233 a 32 bit number having a value
corresponding to the detected quantity. The left most bit
change is defined as the position of the left most bit that is
different from the sign bit 32. The right most bit change is
defined as the position of the right most bit that is different
from bit 0. The resultant is a binary number corresponding to
the detected bit position as listed below in Table 16. The
values are effectively the big endian bit number of the
detected bit position, where the result is 31-(bit position).

TABLE 16
bit position result
0 31
1 30
2 29
3 28
4 27
5 26
6 25
7 24
8 23
9 22
10 21
11 20
12 19
13 18
14 17
15 16
16 15
17 14
18 13
19 12
20 11
21 10
22 9
23 8
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TABLE 16-continued

42

238 duplicates some of the least significant bits stored in
multiple flags register 211 to fill 32 bits. Expand circuit 238

bit position result may expand the least significant bit 32 times, expand the two
o Z least significant bits 16 times or expand the four least signifi-
55 6 5 cant bits 8 times. The “Asize” field of status register 210
26 5 controls processes in which the 32 bit arithmetic logic unit
27 4 230 is split into independent sections for independent data
;g g operations. This is useful for operation on pixels sizes less
30 1 than the 32 bit width of arithmetic logic unit 230. This pro-
31 0 10 cess, as well as examples of its use, will be further described
below.
This determination is useful for normalization and for image Ma.sk generator 239 generates .32 bit masks that may be
. . g supplied to the input C bus 243 via multiplexer Cmux 233.
compression to find a left most or right most “1” or changed The mask ted d d S bitinput f ltiol
. . generated depends on a 5 bit input from multiplexer
b.lt as. an edge of an 1me}ge. The LMO/RMO/LMBC/RMBC 15 Mmux 234. Multiplexer Mmux 234 selects either the 5 least
circuit 237 15 a po.tentla.l spepd path, .therefore the source significant bits of multiplier second input bus 202, or the
coupled to arithmetic logic unit second input bus 206 is pref- “DBR” field from data register D0. In the preferred embodi-
erably limited to one of the data registers 200. For the left ment, an input of value N causes mask generator 239 to
most “1” and the right most “1” operations, the “V” bit  generate a mask generated that has N “1°s” in the least sig-
indicating overflow of status register 210 is set to “1” if there ., nificant bits, and 32-N “0’s” in the most significant bits. This
were no “1’s” in the source, and “0” if there were. For the left forms an output having N right justified “1°s”. This is only
most bit change and the right most bit change operations, the one of four possible methods of operation of mask generator
“V”bit is set to “1” if all bits in the source were equal, and “0” 239. In a second embodiment, mask generator 239 generates
if a change was detected. If the “V” bit is set to “1” by any of the mask having N right justified “0’s”, that is N “0’s” in the
these operations, the LMO/RMO/LMBC/RMBC result is 55 least significant bits and N-32 “1°s” in the most significant
effectively 32. Further details regarding the operation of sta- bits. It is equally feasible for mask generator 239 to generate
tus register 210 appear above. the mask having N left justified “1°s” or N left justified “0’s”.
Expand circuit 238 receives inputs from multiple flags Table 17 illustrates the operation of mask generator 239 in
register 211 and status register 210. Based upon the “Msize” accordance with the preferred embodiment when multiple
field of status register 210 described above, expand circuit arithmetic is not selected.
TABLE 17
Mask Generator Input Mask - Nonmultiple Operation
0 0 0 0 0 0000 0000 0000 0000 0000 0000 0000 0000
0 0 0 0 1 0000 0000 0000 0000 0000 0000 0000 0001
0 0 0 1 0 0000 0000 0000 0000 0000 0000 0000 0011
0 0 0 1 1 0000 0000 0000 0000 0000 0000 0000 0111
0 0 1 0 0 0000 0000 0000 0000 0000 0000 0000 1111
0 0 1 0 1 0000 0000 0000 0000 0000 0000 0001 1111
0 0 1 1 0 0000 0000 0000 0000 0000 0000 0011 1111
0 0 1 1 1 0000 0000 0000 0000 0000 0000 0111 1111
0 1 0 0 0 0000 0000 0000 0000 0000 0000 1111 1111
0 1 0 0 1 0000 0000 0000 0000 0000 0001 1111 1111
0 1 0 1 0 0000 0000 0000 0000 0000 0011 1111 1111
0 1 0 1 1 0000 0000 0000 0000 0000 0111 1111 1111
0 1 1 0 0 0000 0000 0000 0000 0000 1111 1111 1111
0 1 1 0 1 0000 0000 0000 0000 0001 1111 1111 1111
0 1 1 1 0 0000 0000 0000 0000 0011 1111 1111 1111
0 1 1 1 1 0000 0000 0000 0000 0111 1111 1111 1111
1 0 0 0 0 0000 0000 0000 0000 1111 1111 1111 1111
1 0 0 0 1 0000 0000 0000 0001 1111 1111 1111 1111
1 0 0 1 0 0000 0000 0000 0011 1111 1111 1111 1111
1 0 0 1 1 0000 0000 0000 0111 1111 1111 1111 1111
1 0 1 0 0 0000 0000 0000 1111 1111 1111 1111 1111
1 0 1 0 1 0000 0000 0001 1111 1111 1111 1111 1111
1 0 1 1 0 0000 0000 0011 1111 1111 1111 1111 1111
1 0 1 1 1 0000 0000 0111 1111 1111 1111 1111 1111
1 1 0 0 0 0000 0000 1111 1111 1111 1111 1111 1111
1 1 0 0 1 0000 0001 1111 1111 1111 1111 1111 1111
1 1 0 1 0 0000 0011 1111 1111 1111 1111 1111 1111
1 1 0 1 1 0000 o0111 1111 1111 1111 1111 1111 1111
1 1 1 0 0 0000 1111 1111 1111 1111 1111 1111 1111
1 1 1 0 1 0001 1111 1111 1111 1111 1111 1111 1111
1 1 1 1 0 0011 1111 1111 1111 1111 1111 1111 1111
1 1 1 1 1 0111 1111 1111 1111 1111 1111 1111 1111
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A value N of “0” thus generates 32 “0’s”. In some situations
however it is preferable that a value of “0” generates 32 “1°s”.
This function is selected by the “%!” modification specified
in the “FMOD” field of status register 210 or in bits 52, 54,56

44

these other data sizes require similar modification to the
operation of mask generator 239 as shown above in Tables 17,
18, and 19.

Data unit 110 includes a three input arithmetic logic unit

and 58 of the instruction when executing an extended arith- 5 230. Arithmetic logic unit 230 includes three input busses:
metic logic unit operation. This function can be implemented input A bus 241 supplies an input to an A-port; input B bus
by changing the mask generated by mask generator 239 or by 242 supplies an input to a B-port; and input C bus 243 supplies
modifying the function of arithmetic logic unit 230 so that an input to a C-port. Arithmetic logic unit 230 supplies a
mask of all “0’s” supplied to the C-port operates as ifall “1°s” resultant to arithmetic logic unit destination bus 204. This
were supplied. Note that similar modifications of the other 10 resultant may be stored in one of the data registers of data
feasible mask functions are possible. Thus the “%!” modifi- registers 200. Alternatively the resultant may be stored in
cation can change a mask generator 239 which generates a another register within digital image/graphics processor 71
mask having N right justified “0’s” to all “0’s” for N=0. via buffer 108 and global port destination data bus Gdst 107.
Similarly, the “%!” modification can change a mask generator This function is called a long distance operation. The instruc-
239 which generates N left justified “1°s” to all “1’s” for N=0, 15 tion specifies the destination of the resultant. Function signals
or change a mask generator 239 which generates N left jus- supplied to arithmetic logic unit 230 from function signal
tified “0’s” to all “0’s” for N=0. generator 245 determine the particular three input function

Selection of multiple arithmetic modifies the operation of executed by arithmetic logic unit 230 for a particular cycle.
mask generator 239. When the “Asize” field of status register Bit 0 carry-in generator 246 forms a carry-in signal supplied
is “1107, this selects a data size of 32 bits and the operation of 20 to bit 0, the first bit of arithmetic logic unit 230. As previously
mask generator 239 is unchanged from that shown in Table described, during multiple arithmetic operations bit 0 carry-
17. When the “Asize” field of status register is “1017, this in generator 246 supplies the carry-in signal to the least sig-
selects a data size of 16 bits and mask generator 239 forms nificant bit of each of the multiple sections.
two independent 16 bit masks. This is shown in Table 18. Note FIG. 19 illustrates in block diagram form the construction
that in this case the most significant bit of the input to mask 25 of an exemplary bit circuit 400 of arithmetic logic unit 230.
generator 239 is ignored. Table 18 shows this bit as a don’t Arithmetic logic unit 230 preferably operates on data words
care “X”. of 32 bits and thus consists of 32 bit circuits 400 in parallel.

TABLE 18

Mask Generator Input Mask - Half Word Operation

X 0 0 0 0 0000 0000 0000 0000 1111 1111 1111 1111

X 0 0 0 1 0000 0000 0000 0001 1111 1111 1111 1111

X 0 0 1 0 0000 0000 0000 0011 1111 1111 1111 1111

X 0 0 1 1 0000 0000 0000 0111 1111 1111 1111 1111

X 0 1 0 0 0000 0000 0000 1111 1111 1111 1111 1111

X 0 1 0 1 0000 0000 0001 1111 1111 1111 1111 1111

X 0 1 1 0 0000 0000 0011 1111 1111 1111 1111 1111

X 0 1 1 1 0000 0000 O111 1111 1111 1111 1111 1111

X 1 0 0 0 0000 0000 1111 1111 1111 1111 1111 1111

X 1 0 0 1 0000 0001 1111 1111 1111 1111 1111 1111

X 1 0 1 0 0000 0011 1111 1111 1111 1111 1111 1111

X 1 0 1 1 0000 0111 1111 1111 1111 1111 1111 1111

X 1 1 0 0 0000 1111 1111 1111 1111 1111 1111 1111

X 1 1 0 1 0001 1111 1111 1111 1111 1111 1111 1111

X 1 1 1 0 o001l 1111 1111 1111 1111 1111 1111 1111

X 1 1 1 1 o1 1111 1111 1111 1111 1111 1111 1111
The function of mask generator 239 is similarly modified for Each bit circuit 400 of arithmetic logic unit 230 receives: the
a selection of byte data via an “Asize” field of “100”. Mask corresponding bits of the three inputs A,, B, and C;; a zero
generator 239 forms four independent masks using only the carry-in signal designated c,,,, from the previous bit circuit
three least significant bits of its input. This is shown in Table 50 400; a one carry-in signal designated c,,, from the previous
19. bit circuit 400; an arithmetic enable signal A _,,; an inverse kill

TABLE 19

Mask Generator Input Mask - Byte Operation

X X 0 0 0 0000 0000 1111 1111 1111 1111 1111 1111

X X 0 0 1 0000 0001 1111 1111 1111 1111 1111 1111

X X 0 1 0 0000 0011 1111 1111 1111 1111 1111 1111

X X 0 1 1 0000 0111 1111 1111 1111 1111 1111 1111

X X 1 0 0 0000 1111 1111 1111 1111 1111 1111 1111

X X 1 o0 1 0001 1111 1111 1111 1111 1111 1111 1111

X X 1 1 0 o0l 1111 1111 1111 1111 1111 1111 1111

X X 1 1 1 ot 1111 1111 1111 1111 1111 1111 1111

As noted above, it is feasible to support multiple operations of 65 signal K, , from the previous bit circuit; a carry sense select

8 sections of 4 bits each, 16 sections of 2 bits each and 32
single bit sections. Those skilled in the art would realize that

signal for selection of carry-in signal c,,, or c,,,; and eight
inverse function signals F7-F0. The carry-in signals c,,, and
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c,,,; Tor the first bit (bit 0) are identical and are generated by a
special circuit that will be described below. Note that the input
signals A, B, and C, are formed for each bit of arithmetic logic
unit 230 and may differ. The arithmetic enable signal A _,, and
the inverted function signals F7-F0 are the same for all of the
32 bit circuits 400. Each bit circuit 400 of arithmetic logic unit
230 generates: a corresponding one bit resultant S;; an early
zero signal Z,; a zero carry-out signal designated c,,,, that
forms the zero carry-in signal ¢, , for the next bit circuit; aone
carry-out signal designated c,,,, that forms the one carry-in
signal c,,; for the next bit circuit; and an inverse kill signal K,
that forms the inverse kill signal K, , for the next bit circuit. A
selected one of the zero carry-out signal ¢, or the one
carry-out signal c_,,, of the last bit in the 32 bit arithmetic
logic unit 230 is stored in status register 210, unless the “C”
bit is protected from change for that instruction. In addition
during multiple arithmetic the instruction may specify that
carry-out signals from separate arithmetic logic unit sections
be stored in multiple flags register 211. In this event the
selected zero carry-out signal C,,,,, or the one carry-out signal
C,.. Will be stored in multiple flags register 211.

Bit circuit 400 includes resultant generator 401, carry out
logic 402 and Boolean function generator 403. Boolean func-
tion generator 403 forms a Boolean combination of the
respective bits inputs A,, B, and C, according to the inverse
function signals F7-F0. Boolean function generator produces
a corresponding propagate signal P,, a generate signal G, and
a kill signal K,. Resultant logic 401 combines the propagate
signal P, with one of the carry-in signal ¢,,,, or carry-in signal
C,,; from a prior bit circuit 400 as selected by the carry sense
select signal and forms the bit resultant S; and an early zero
signal Z,. Carry out logic 402 receives the propagate signal P,,
the generate signal G,, the kill signal K,, the two carry-in
signals c,,, and c,,,; and an arithmetic enable signal A _,,. Carry
out logic 402 produces two carry-out signals ¢ ,,,,toand ¢
that are supplied to the next bit circuit 400.

FIGS. 20 and 21 together illustrate an exemplary bit circuit
400 of arithmetic logic unit 230. FIG. 20 illustrates the details
of a resultant logic 401 and carry out logic 402 of each bit
circuit 400 of arithmetic logic unit 230. FIG. 21 illustrates the
details of the corresponding Boolean function generator 403
of each bit circuit 400 of arithmetic logic unit 230.

Each resultant logic 401 generates a corresponding result-
ant signal S, and an early zero signal Z,. Resultant logic 420
forms these signals from the two carry-in signals, an inverse
propagate signal P, an inverse kill signal K, , from the pre-
vious bit circuit and a carry sense select signal. The carry out
logic 402 forms two carry-out signals and an inverse kill
signal K. These signals are formed from the two carry-in
signals, an inverse propagate signal P,, an inverse generate
signal G, and a kill signal K, for that bit circuit 400. Each
propagate signal indicates whether a “1” carry-in signal
propagates through the bit circuit 400 to the next bit circuit
400 or is absorbed. The generate signal indicates whether the
inputs to the bit circuit 400 generate a “1” carry-out signal to
the next bit circuit 400. The kill signal indicates whether the
input to the bit circuit 400 generate a “0” carry-out signal to
the next bit circuit. Note that the propagate signal P,, the
generate signal G, and the kill signal K, are mutually exclu-
sive. Only one of these signals is generated for each combi-
nation of inputs.

Each bit circuit 400 of arithmetic logic unit 230 employs a
technique to reduce the carry ripple time through the 32 bits.
Arithmetic logic unit 230 is divided into carry sections, pref-
erably 4 sections of 8 bits each. The least significant bit circuit
400 of each such section has its zero carry-in signal c,,,
hardwired to “0” and its one carry-in signal c,,,; hardwired to
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“1”. Each bit circuit 400 forms two resultants and two carry-
out signals to the next bit circuit. Once the carry ripple
through each section is complete, the actual carry output from
the most significant bit of the previous carry section forms the
carry sense select signal. This carry select signal permits
selection of the actual resultant generated by the bits of a
section via a multiplexer. The first carry section receives its
carry select signal from bit 0 carry-in generator 246 described
in detail below. This technique permits the carry ripple
through the carry sections to take place simultaneously. This
reduces the length of time required to generate the resultant at
the cost of some additional hardware for the redundant carry
lines and the carry sense selection.

Carry out logic 402 controls transformation of the carry-in
signals into the carry-out signals. Carry out logic 402 includes
identical circuit operating on the two carry-in signals c,,,, and
C,,.- The inverse propagate signal P, and its inverse, the
propagate signal P, formed by invertor 412, control pass gates
413 and 423. If the propagate signal P, is “1”, then one carry-
in line 410 is connected to one carry-out line 411 via pass gate
413 and zero carry-in line 420 is connected to zero carry-out
line 421 via pass gate 423. Thus the carry-in signal is propa-
gated to the carry-out. If the propagate signal P, is “0”, then
one carry-in line 410 is isolated from one carry-out line 411
and zero carry-in line 420 is isolated from carry-out line 421.
If the generate signal G;, is “1”, that is if the inverse generate
signal G, is “0”, then P-channel MOSFET (metal oxide semi-
conductor field effect transistor) 414 is turned on to couple the
supply voltage to carry-out line 411 and P-channel MOSFET
424 is turned on to couple the supply voltage to carry-out line
421. If the generate signal G, is “07, that is if the inverse
generate signal G, is “1”, then the P-channel MOSFETs 414
and 424 are cut off and do not affect the carry-out lines 411
and 421. If the kill signal K, is “1”, then N-channel MOSFET
415 couples ground to carry-out line 411 and N-channel
MOSFET 425 couples ground to carry-out line 421. Ifthe kill
signal K, is “0”, then the N-channel MOSFETs 415 and 425
are cut off and do not affect the carry-out lines 411 and 421.
Invertor 422 generates the inverse kill signal K, supplied to
the next bit circuit.

Exclusive OR circuits 431 and 433 form the two resultants
of resultant logic 401. Exclusive OR circuits 431 and 433
each receive the propagate signal P, from invertor 427 on an
inverting input and the inverse propagate signal P, from inver-
tor 428 on a noninverting input. Exclusive OR circuit 431
receives the inverse zero carry-in signalc,,, from invertor 426
on a noninverting input and forms the resultant for the case of
a “0” carry-in to the least significant bit of the current carry
section. Likewise, exclusive OR circuit 433 receives the
inverse one carry-in signal c,,; from invertor 416 on a nonin-
verting input and forms the resultant for the case of a “1”
carry-in to the least significant bit of the current carry section.
Invertors 432 and 434 supply inputs to multiplexer 435. Mul-
tiplexer 435 selects one of these signals based upon the carry
sense select signal. This carry sense select signal corresponds
to the actual carry-out signal from the most significant bit of
the previous carry section. The inverted output of multiplexer
435 from invertor 436 is the desired bit resultant S,.

Resultant logic 401 also forms an early zero signal Z, for
that bit circuit. This early zero signal Z, gives an early indi-
cation that the resultant S, of that bit circuit 400 is going to be
“0”. Exclusive OR circuit 437 receives the propagate signal P,
from invertor 427 on an inverting input and the inverse propa-
gate signal P, from invertor 428 on a noninverting input.
Exclusive OR circuit 437 also receives the inverse kill signal
K, ;, from the previous bit circuit 400 on a noninverting input.
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Exclusive OR circuit 437 forms early zero signal Z, for the
case in which the previous bit kill signal K, ; generates a “0”
carry-out signal and the propagate signal P, is also “0”. Note
that if K, ; is “0”, then both the zero carry-out signal ¢, and
the one carry-out signal ¢, are “0” whatever the state of the
carry-insignals ¢, and c,,,, . Note that this early zero signal 7,
is available before the carry can ripple through the carry
section. This early zero signal Z, may thus speed the determi-
nation of a zero output from arithmetic logic unit 230.

Boolean function generator 403 of each bit circuit 400 of
arithmetic logic unit 230 illustrated in FIG. 21 generates the
propagate signal P,, the generate signal G, and the kill signal
K, for bit circuit 400. Boolean function generator 403 consists
of four levels. The first level includes pass gates 451, 452,
453,454, 455,456, 457 and 458. Pass gates 451, 453, 455 and
457 are controlled in a first sense by input C, and inverse input
C, from invertor 459. Pass gates 452, 454, 456 and 458 are
controlled in an opposite sense by input C, and inverse input
C,. Depending on the state of input C,, either pass gates 451,
453, 455 and 457 are conductive or pass gates 452, 454, 456
and 458 are conductive. The second level includes pass gates
461,462, 463 and 464. Pass gates 461 and 463 are controlled
in a first sense by input B, and inverse input B, from invertor
465. Pass gates 462 and 464 are controlled in the opposite
sense. Depending on the state of input B,, either pass gates
461 and 463 are conductive or pass gates 462 and 464 are
conductive. The third level includes pass gates 471, 472 and
473. Pass gates 471 is controlled in a first sense by input A,
and inverse input A, from invertor 473. Pass gates 472 and 473
are controlled in the opposite sense. Depending on the state of
input A,, either pass gates 471 is conductive or pass gates 472
and 473 are conductive. The first level includes invertors 441,
442, 443, 444, 445, 446, 447 and 448 that are coupled to
corresponding inverted function signals F7-F0. Invertors 441,
442, 443, 444, 445, 446, 447 and 448 provide input drive to
Boolean function generator 403 and determine the logic func-
tion performed by arithmetic logic unit 230.

Boolean function generator 403 forms the propagate signal
P, based upon the corresponding input signals A,, B, and C,
and the function selected by the state of the inverted function
signals F7-F0. The propagate signal P, at the input to invertor
476 is “1” if any path through pass gates 451, 452, 453, 454,
455, 456, 457, 458, 461, 462, 463, 464, 471 or 472 couples a
“1” from one of the invertors 441, 442, 443, 444, 445, 446,
447 or 448. In all other cases this propagate signal P, is “0”.
Invertor 476 forms the inverse propagate signal P,, which is
connected to resultant logic 401 illustrated in FIG. 20.

Each pass gate 451, 452, 453,454, 455, 456, 457, 458, 461,
462, 463, 464, 471, 472 and 473 consists of an N-channel
MOSFET and a P-channel MOSFET disposed in parallel.
The gate of the N-channel MOSFET receives a control signal.
This field effect transistor is conductive if its gate input is
above the switching threshold voltage. The gate of the
P-channel MOSFET is driven by the inverse of the control
signal via one of the invertors 459, 465 or 474. This field
effect transistor is conductive if its gate input is below a
switching threshold. Because the P-channel MOSFET oper-
ates in inverse to the operation of N-channel MOSFET, the
corresponding invertor 459, 467 or 474 assures that these two
field effect transistors are either both conducting or both
non-conducting. The parallel N-channel and P-channel field
effect transistors insure conduction when desired whatever
the polarity of the controlled input.

20

30

35

40

45

50

55

60

65

48

Tri-state AND circuit 480 forms the generate signal G, and
the kill signal K. The generate signal G, the kill signal K| and
the propagate signal P, are mutually exclusive in the preferred
embodiment. Therefore the propagate signal P, controls the
output of tri-state AND circuit 480. If the propagate signal P,
is “17, then tri-state AND circuit 480 is disabled and both the
generate signal G, and the kill signal K, are “0”. Thus neither
the generate signal G, nor the kill signal K, change the carry
signal. Pass gate 473 couples the output from part of Boolean
function generator 403 to one input of tri-state AND circuit
480. The gate inputs of pass gate 473 are coupled to the first
input bit A, in the first sense. An N-channel MOSFET 475
conditionally couples this input of tri-state AND circuit 480
to ground. The inverse of the first input bit A, supplies the gate
input to N-channel MOSFET 475. Pass gate 473 and N-chan-
nel MOSFET 475 are coupled in a wired OR relationship,
however no OR operation takes place because their gate
inputs cause them to be conductive alternately. N-channel
MOSFET 475 serves to force a “0” input into tri-state AND
circuit 480 when A, “0”. An arithmetic enable signal supplies
the second input to tri-state AND circuit 480.

The tri-state AND gate 480 operates as follows. If the
propagate signal P, is “1”, then both P-channel MOSFET 481
and N-channel MOSFET 482 are conductive and pass gate
483 is non-conductive. This cuts off P-channel MOSFETs
414 and 424 and N-channel MOSFETs 415 and 425 so that
none of these field effect transistor conducts. The output of
tri-state AND circuit 480 thus is a high impedance state that
does not change the signal on the carry-out lines 411 and 421.
If the propagate signal P, is “0”, then both P-channel MOS-
FET 481 and N-channel MOSFET 482 are non-conductive
and pass gate 483 is conductive. The circuit then forms a
logical AND of the two inputs. If either arithmetic enable or
the signal at the junction of N-channel MOSFET 475 and pass
gate 473 is “0” or both are “0”, then at least one of P-channel
MOSFET 484 or P-channel MOSFET 485 connects the sup-
ply voltage V+ (a logic “17) as the inverse generate signal G,
to the gates of P-channel MOSFETs 414 and 424 of carry out
logic 402. Thus P-channel MOSFETs 414 and 424 are non-
conductive. At the same time pass gate 483 is conductive and
supplies this “1” signal as kill signal K, to the gates of N-chan-
nel MOSFETs 415 and 425 of carry out logic 402. This
actively pulls down the signal on zero carry-out line 421
forcing the zero carry-outsignal ¢, to “0” and one carry-out
to “0”. If both
the inputs are “1”, then the series combination of N-channel
MOSFET 486 and N-channel MOSFET 487 supplies ground
(a logic “0”) to the gates of N-channel MOSFETs 415 and
425. N-channel MOSFETs 415 and 425 of carry out logic 402
are cut off and non-conductive. At the same time pass gate 483
couples this “0” to the gates of P-channel MOSFETs 414 and
424. Thus P-channel MOSFETs 414 and 424 of carry out
logic 402 are conductive. This actively pulls up the signal on

line 411 forcing the one carry-out signal ¢

outl

zero carry-out line 421 forcing the zero carry-out signal ¢,
to “1” and one carry-out line 411 forcing the one carry-out
signal c_,,,, to “1”.

The bit circuit construction illustrated in FIGS. 20 and 21
forms a propagate term, a generate term, a resultant term and
two carry-out terms. Bit circuit 400 forms the propagate term
P, as follows:
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P; = FO&(~A; &~B; &~C;) |Fl &(A; &~B; &~C))

|F3 &(A; & B; &~C)) | F4 &(~A; &~B; & C))

|F6 &(~A; & B; & C;)  |F7 &(A; & B; & C))

Bit circuit 400 forms the generate term G, as follows:

Gi = A; &[F0 &~F1 &~B; &~C;) | (F2 &~I3 &B; &~C;)

| (F4 &~F5 &~B; & C;) | (F6 &~F7 &B; & C))]

Bit circuit 400 forms the kill term K, as follows:
K~G,&~P;

Bit circuit 400 forms the resultant term S, as follows:

S=P, (Ce&CSSlc,, &~CSS)

where: CSS is the carry sense select signal. Bit circuit 400
forms the two carry-out signals ¢, and ¢, ,, as follows:

out.

Couro=(Pi8e;n0) (Gi&A,,) ~K&A,,)

Coun=(Pe, ) (G&A, )I~K&A,,)

Note that for any particular bit i the propagate signal P,, the
generate signal G, and the kill signal K, are mutually exclu-
sive. No two of these signals occurs simultaneously.

The construction of each bit circuit 400 enables arithmetic
logic unit 230 to perform any one of 256 possible 3 input
Boolean functions or any one of 256 possible 3 input mixed
Boolean and arithmetic functions depending upon the
inverted function signals F7-F0. The nine inputs including the
arithmetic enable signal and the inverted function signals F7-
FO permit the selection of 512 functions. As will be further
described below the data paths of data unit 110 enable advan-
tageous use of three input arithmetic logic unit 230 to speed
operations in many ways.

Table 20 lists the simple Boolean logic functions of bit
circuit 400 in response to single function signals F7-F0. Since
these are Boolean logic functions and the arithmetic enable
signal is “0”, both the generate and kill functions are disabled.
Note that for Boolean extended arithmetic logic unit opera-
tions it is possible to specify the carry-in signals ¢,,, and c;,,;
from bit 0 carry-in generator 246 as previously described,
thus permitting a carry ripple.

TABLE 20

8-bit ALU code field Function Signal Logical Operation

58 F7 A&B&C
57 F6 ~A&B&C
56 Fs A&~B&C
55 F4 ~A&~B&C
54 F3 A&B&~C
53 F2 ~A&B&~C
52 F1 A&~B&~C
51 FO ~A&~B&~C

These functions can be confirmed by inspecting FIGS. 20 and
21. For the example of F7=“1" and F6-F0 all equal to “0”,
invertors 441, 442, 443, 444, 446, 447 and 448 each output a
“0”. Only invertor 445 produces a “1” output. The propagate
signal is “1” only if C,=1” turning on pass gate 455, B,=1”
turning on pass gate 463 and A, =1 turning on pass gate 472.
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|F2 &(~A; & B; &~C;)

| F5 &(A; &~B; & C))

All other combinations result in a propagate signal of “0”.
Since this is a logical operation, both the zero carry-in signal
C,,0 and the one carry-in signal C,,, are “0”. Thus S,=1”
because both exclusive OR circuits 431 and 433 return the
propagate signal. The other entries on Table 20 may be simi-
larly confirmed.

A total of 256 Boolean logic functions of the three inputs A,
B and C are enabled by proper selection of function signals
F7-F0. Note that the state table of three inputs includes 8
places, thus there are 28=256 possible Boolean logic func-
tions of three inputs. Two input functions are subset functions
achieved by selection of function signals F7-F0 in pairs.
Suppose that a Boolean function of B and C, without relation
to input A, is desired. Selection of F7=F6, F5=F4, F3=F2 and
F1=F0 assures independence from input A. Note that the
branches of Boolean function generator 403 connected to
pass gates 471 and 472 are identically driven. This ensures
that the result is the same whether A;=“1” or “A,=“0". Such
a selection still provides 4 controllable function pairs permit-
ting specification of all 16 Boolean logic functions of inputs
B and C. Note that the state table of two inputs includes four
places, thus there are 2*=16 possible Boolean logic functions
of three inputs. Similarly, selection of F7=F5, F6=F4, F3=F1
and F2=F0 ensures independence from input B and provides
4 controllable function pairs for specification of 16 Boolean
logic functions of inputs A and C. Selection of F7=F3, F6=F2,
F5=F1 and F4=F0 permits selection via 4 controllable func-
tion pairs of 16 Boolean logic functions of inputs A and B
independent of input C.

The instruction word determines the function performed
by arithmetic logic unit 230 and whether this operation is
arithmetic or Boolean logic. As noted in Table 20, the instruc-
tion word includes a field coded with the function signals for
Boolean logic operations. This field, the “8 bit arithmetic
logic unit” field (bits 58-51) of the instruction word, is
directly coded with the function signals when the instruction
specifies a Boolean logic operation for arithmetic logic unit
230.

The “8 bit arithmetic logic unit” field is differently coded
when the instruction specifies arithmetic operations. Study of
the feasible arithmetic functions indicates that a subset of
these arithmetic functions specify the most often used opera-
tions. Ifthe set of function signals F7-F0 is expressed as a two
place hexadecimal number, then these most often used func-
tions are usually formed with only the digits a, 9, 6 and 5. In
these sets of function signals F7=~F6, F5=~F4, F3=~F2 and
F1=~F0. Bits 57, 55, 53 and 51 specify fifteen operations,
with an “8 bit arithmetic logic unit” field of all zeros reserved
for the special case of non-arithmetic logic unit operations.
Non-arithmetic logic unit operations will be described below.
When executing an arithmetic operation function signal
Fé6=bit 57, function signal F4=bit 55, function signal F4=bit
53 and function signal F2=bit 51. The other function signals
are set by F7=F6, F5=~F4, F3=F2 and F1=~F0. These
operations and their corresponding function signals are
shown in Table 21. Table 21 also shows the modifications to
the default coding.
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TABLE 21
8-bit ALU Derived
code field Function Signal
5555 FFFFFFFF
7531 76543210 Hex  Description of operation
0000 10101010 AA  reserved for non-arithmetic
logic unit operations
0001 10101001 A9 A-B shift left “1” extend
0010 10100110 A6 A+B shift left “0” extend
0011 10100101 A5 A-C
0100 10011010 9A A-B shift right “1” extend
if sign=0 flips to 95
A-B shift right sign
extend
0101 10011001 99 A-B
0110 10010110 96 A+B/A-B depending on C
if ~@MF flips to 99 A-B
if sign=1 A+IBl|
0111 10010101 95 A-B shift right “0” extend
1000 01101010 6A A+B shift right “0” extend
1001 01101001 69 A-B/A+B
if ~@MF flips to 66 A+B
if sign=1 A-IBl|
1010 01100110 66 A+B
1011 01100101 65 A+B shift right “1” extend
if sign=0 flips to 6A
A+B shift right sign
extend
1100 01011010 SA A+C
1101 01011001 39 A-B shift left “0” extend
1110 01010110 56 A+B shift left “1” extend
1111 01100000 60 (A&C) + (B&C), field A+B

Several codings of instruction word bits 57, 55, 53 and 51 are
executed in modified form as shown in Table 21. Note that the
functions that list left or right shifts are employed in conjunc-
tion with barrel rotator 235 and mask generator 238. These
operations will be explained in detail below. The “sign”
referred to in this description is bit 31 of arithmetic logic unit
second input bus 206, the bus driving barrel rotator 235. This
is the sign bit of a signed number. A “0” in this sign bit
indicates a positive number and a “1” in this sign bit indicates
a negative (two’s complement) number. A bit 57, 55, 53 and
51 state of “0100” results in a normal function of A-B with
shift right “1” extend. If bit 31 of arithmetic logic unit second
input bus 206 is “0”, then the operation changes to A-B with
shift right sign extend. A bit 57, 55, 53 and 51 state of “0110”
results in a normal function of A-B or A+B depending on the
bit wise state of C. If the instruction does not specify a
multiple flags register mask operation (@MF) then the opera-
tion changes to A-B. If bit 31 of arithmetic logic unit second
input bus 206 is “1”, then the operation changes to A+IBl (A
plus the absolute value of B). A bit 57, 55, 53 and 51 state of
“1011” results in a normal function of A+B or A-B depending
on the bit wise state of C. If the instruction does not specify a
multiple flags register mask operation (~@MF) then the
operation changes to A+B. If bit 31 of arithmetic logic unit
second input bus 206 is “1”, then the operation changes to
A-IBI (A minus the absolute value of B). A bit 57,55, 53 and
51 state of “1001” results in a normal function of A+B with
shift right “1” extend. If bit 31 of arithmetic logic unit second
input bus 206 is “0”, then the operation changes to A+B with
shift right sign extend.

Two codes are modified to provide more useful functions.
A bit 57, 55, 53 and 51 state of “0000” results in a normal
function of ~A (not A), which is reserved to support nona-
rithmetic logic unit operations as described below. A bit 57,
55, 53 and 51 state of “1111” results in a normal function of
A. This is modified to (A&C)+(B&C) or a field add of A and
B controlled by the state of C.
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The base set of operations listed in Table 21 may be speci-
fied in arithmetic instructions. Note that instruction word bits
58, 56, 54 and 52 control modifications of these basic opera-
tions as set forth in Table 6. These modifications were
explained above in conjunction with Table 6 and the descrip-
tion of status register 210. As further described below certain
instructions specify extended arithmetic logic unit opera-
tions. It is still possible to specify each of the 256 arithmetic
operations via an extended arithmetic logic unit (EALU)
operation. For these instructions the “A” (bit 27) of data
register DO specifies either an arithmetic or Boolean logic
operation, the “EALU” field (bits 26-19) specifies the func-
tion signals F7-F0 and the “FMOD” field (bits 31-28) speci-
fies modifications of the basic function. Also note that the
“C”, “T7, “S”, “N” and “E” fields of data register D0 permit
control of the carry-in to bit 0 of arithmetic logic unit 230 and
to the least significant bit of each section if multiple arith-
metic is enabled. There are four forms of extended arithmetic
logic unit operations. Two of these specify parallel multiply
operations using multiplier 220. In an extended arithmetic
logic unit true (EALUT) operation, the function signals
F7-F0 equal the corresponding bits of the “EALU” field of
data register D0. In an extended arithmetic logic unit false
(EALUF) operation, the individual bits of the “EALU” field
of data register D0 are inverted to form the function signals
F7-F0. The extended arithmetic logic unit false operation is
useful because during some algorithms the inverted functions
signals perform a useful related operation. Inverting all the
function signals typically specifies an inverse function. Thus
this related operation may be accessed via another instruction
without reloading data register 208. In the other extended
arithmetic logic unit operations the function signals F7-F0
equal the corresponding bits of the “EALU” field of data
register D0, but differing data paths to arithmetic logic unit
230 are enabled. These options will be explained below.

Data unit 110 operation is responsive to instruction words
fetched by program flow control unit 130. Instruction decode
logic 250 receives data corresponding to the instruction in the
execute pipeline stage via opcode bus 133. Instruction decode
logic 250 generates control signals for operation of multi-
plexers Fmux 221, Imux 222, MSmux 225, Bmux 227, Amux
232, Cmux 233, Mmux 234 and Smux 231 according to the
received instruction word. Instruction decode logic 250 also
controls operation of buffers 104, 106, 108, 223 and 236
according to the received instruction word. Control lines for
these functions are omitted for the sake of clarity. The par-
ticular controlled functions of the multiplexers and buffers
will be described below on description of the instruction word
formats in conjunction with FIG. 43. Instruction decode logic
250 also supplies partially decoded signals to function signal
generator 245 and bit 0 carry-in generator 246 for control of
arithmetic logic unit 230. Particular hardware for this partial
decoding is not shown, however, one skilled in the art would
be able to provide these functions from the description of the
instruction word formats in conjunction with FIG. 43.
Instruction decode logic 250 further controls the optional
multiple section operation of arithmetic logic unit 230 by
control of multiplexers 311, 312, 313 and 314, previously
described in conjunction with FIG. 7.

FIG. 22 illustrates details of the function signal selector
245a. Function signal selector 245a forms a part of function
signal generator 245 illustrated in FIG. 5. For a full picture of
function signal generation, FIG. 22 should be considered with
the function signal modifier 245b illustrated in FIG. 23. Mul-
tiplexers are shown by rectangles having an arrow represent-
ing the flow of bits from inputs to outputs. Inputs are desig-
nated with lower case letters. Control lines are labeled with
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corresponding upper case letters drawn entering the multi-
plexer rectangle perpendicular to the arrow. When a control
line designated with a particular upper case letter is active,
then the input having the corresponding lower case letter is
selected and connected to the output of the multiplexer.

Input “a” of multiplexer Omux 500 receives an inputintwo
parts. Bits 57, 55, 53 and 51 of the instruction word are
connected to bit lines 6, 4, 2 and 0 of input “a”, respectively.
Invertor 501 inverts the respective instruction word bits and
supplies them to bit lines 7, 5, 3 and 1 of input “a”. Input “a”
is selected if control line “A” goes active, and when selected
the eight input bit lines are connected to their eight corre-
sponding numbered output bit lines 7-4 and 3-0. Control line
“A” is fed by AND gate 502. AND gate 503 receives a first
input indicating execution of an instruction in any of the
instruction classes 7-0. Instruction word bit 63 indicates this.
These instruction classes will be further described below.
AND gate 502 has a second input fed by bit 59 of the instruc-
tion word. As will be explained below, a bit 59 equal to “1”
indicates an arithmetic operation. NAND gate 503 supplies a
third input to AND gate 502. NAND gate 503 senses when
any of the four instruction word bits 57, 55, 53 or 51 is low.
Control input “AA” is thus active when any of the instruction
classes 7-0 is selected, and arithmetic bit 59 of the instruction
word is “1”” and instruction word bits 57, 55, 53 and 51 are not
all “1”. Recall from Table 21 that a bit 57, 55, 53 and 51 state
of “1111” results in the modified function signals Hex “60”
rather than the natural function signals.

Input “b” to multiplexer Omux 500 is a constant Hex “60”.
Multiplexer Omux 500 selects this input if AND gate 504
makes the control “B” active. AND gate 504 makes control
“B”active if the instruction is within classes 7-0 as indicate by
instruction word bit 63, the instruction word bit 59 is <17
indicating an arithmetic operation, and a bit 57, 55, 53 and 51
state of “1111”. As previously described in conjunction with
Table 21, under these conditions the function Hex “60” is
substituted for the function signals indicated by the instruc-
tion.

Input “c” to multiplexer Omux 500 receives all eight
instruction word bits 58-51. Multiplexer Omux 500 selects
this input if AND gate 505 makes control “C” active. AND
gate 505 receives instruction word bit 59 inverted via invertor
506 and an indication of any of the instruction classes 7-0.
Thus instruction word bits 58-51 are selected to perform any
of the 256 Boolean operations in instruction classes 7-0.

Instruction words for the operations relevant to control
inputs “D”, “E”, “F”, “G” and “H” have bits 63-61 equal to
“0117. If this condition is met, then bits 60-57 define the type
of operation. These operations are further described below in
conjunction with Table 35.

Input “d” to multiplexer Omux 500 is a constant Hex “66”.
This input is selected for instructions that execute a parallel
signed multiply and add (MPYS||ADD) or a parallel unsigned
multiply and add (MPYU||ADD). These instructions are col-
lectively referred to by the mnemonic MPYx||ADD.

Input “e” to multiplexer Omux 500 is a constant Hex “99”.
This input is selected for instructions that execute a parallel
signed multiply and subtract (MPYS||SUB) or a parallel
unsigned multiply and subtract (MPYU]||SUB). These
instructions are collectively referred to by the mnemonic
MPYX||ISUB.

Input “f to multiplexer Omux 500 is a constant Hex “A6”.
This input is selected for the DIVI operation. The operation of
this DIVI operation, which is employed in division, will be
further described below.

Input “g” to multiplexer Omux 500 is supplied from the
“EALU” field (bits 26-19) of data register D0 according to an
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extended arithmetic logic unit function code from bits 26-19
therein. Control input “G” goes active to select this “EALU”
field from data register D0 if OR gate 507 detects either a
MPYX|[EALUT operation or and an EALU operation. As
previously described, the T suffix in EALUT signifies EAL.U
code true in contrast to the inverse (false) in EALUF. The
EALU input is active to control input ““G” when the “EALU”
field of data register D0 indicates either EALU or EALU %.

Invertor 508 inverts the individual bits of the “EALU” field
of data register D0 for supply to input “h” of multiplexer
Omux 500. Input “h” of multiplexer Omux 500 is selected in
response to detection ofa MPYx||[EALUF operation at control
input “H”. As previously described, the F suffix of EALUF
indicates that the individual bits of the “EALU” field of
register D0 are inverted for specification of function signals
F7-Fo.

Multiplexer AEmux 510, which is also illustrated in FIG.
22, generates the arithmetic enable signal. This arithmetic
enable signal is supplied to tri-state AND gate 480 of every bit
circuit 400. The “a” input to multiplexer AEmux 510 is the
“A”bit (bit 27) of data register D0. OR gate 511 receives three
inputs: MPYx|[EALUT, EALU, and MPYx|[EALUF. If the
instruction selects any of these three operations, then control
input “A” to multiplexer AEmux selects the “A” bit (bit 27) of
data register D0. The “b” input to multiplexer AEmux 510 is
the “ari” bit (bit 59) of the instruction word; As will be
described below, this “ari” bit selects arithmetic operations
for certain types of instructions. This input is selected if the
instruction is any of the instruction classes 7-0. In this case the
“ari” bit signifying an arithmetic operation (“ari”=“1") or a
Boolean operation (“ari”="0") is passed directly to the arith-
metic logic unit 230. The “c” input of multiplexer AEmux 510
is a constant “1”. The gate 512 selects this input if the instruc-
tion is neither an extended arithmetic logic unit instruction
nor within instruction classes 7-0. Such instructions include
the DIVI operation and the MPYx%||JADD and MPY%||SUB
operations. OR gate 513 provides an arithmetic or EALU
signal when the instruction is either an arithmetic operation as
indicated by the output of multiplexer AEmux 510 or an “any
EALU” operation as indicated by OR gate 511.

FIG. 23 illustrates function signal modifier 245b. Function
signal modifier 245b modifies the function signal set from
function signal generator 245a according to the “FMOD”
field of data register D0 or the instruction bits 58, 56, 54 and
52 depending on the instruction. Multiplexer Fmux 520
selects the function modifier code.

The “a” input to multiplexer Fmux 520 is all “0’s” (Hex
“07). NOR gate 521 supplies control line “A” of multiplexer
Fmux 520. NOR gate 521 has a first input receiving the “any
EALU” signal from OR gate 511 illustrated in FIG. 22 and a
second input connected to the output of AND gate 522. AND
gate 522 receives a first input from the “ari” bit (bit 59) of the
instruction word and a second input indicating the instruction
is in instruction classes 7-0. Thus NOR gate 521 generates an
active output that selects the Hex “0” input to Fmux 520 if the
instruction is not any extended arithmetic logic unit operation
and either the “ari” bit of the instruction word is “0” or the
instruction is not within instruction classes class 7-0.

The “b” input to multiplexer Fmux 520 receives bits 58, 56,
54 and 52 of the instruction word. The control input “B”
receives the output of AND gate 522. Thus multiplexer Fmux
520 selects bits 58, 56, 54 and 52 of the instruction word when
the instruction is in any instruction class 7-0 and the “ari” bit
of the instruction is set.

The “c” input of multiplexer Fmux 520 receives bits of the
“FMOD” field (bits 31-28) of data register D0. The control
input “C” receives the “any EALU” signal from OR gate 511.
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Multiplexer Fmux 520 selected the “FMOD” field of data
register D0 if the instruction calls for any extended arithmetic
logic unit operation.

Multiplexer Fmux 520 selects the active function modifi-
cation code. The active function modification code modifies
the function signals supplied to arithmetic logic unit 230 as
described below. The function modification code is decoded
to control the operations specified in Table 6. As explained
above, these modified operations include controlled splitting
of arithmetic logic unit 230, setting one or more bits of mul-
tiple flags register 211 by zero(es) or carry-out(s) from arith-
metic logic unit 230, rotating or clearing multiple flags reg-
ister 211, operating LMO/RMO/LMBC/RMBC circuit 237
in one of its four modes, operating mask generation 239 and
operating bit 0 carry-in generator 246. The operations per-
formed in relation to a particular state of the function modi-
fication code are set forth in Table 6.

Three circuit blocks within function modifier 245b may
modify the function signals F7-F0 from multiplexer Omux
500 illustrated in FIG. 22. Mmux block 530 may operate to
effectively set the input to the C-port to all “1°s”. A-port block
540 may operate to effectively set the input to the A-port to all
“0’s”. Sign extension block 550 is a sign extension unit that
may flip function signals F3-F0.

Mmux block 530 includes a multiplexer 531 that normally
passes function signals F3-F0 without modification. To effec-
tively set the input to the C-port of arithmetic logic unit 230 to
“1’s”, multiplexer 531 replicates function signals F7-F4 onto
function signals F3-F0. Multiplexer 531 is controlled by
AND gate 533. AND gate 533 is active to effectively set the
input to the C-port to all “1’s” provided all three of the
following conditions are present: 1) the function modifier
code multiplexer Fmux 520 is any of the four codes “0010”,
“00117, “0110” or “0111” as detected by “0X1X” match
detector 532 (X=don’t care); 2) the instruction calls for a
mask generation operation; and 3) the output from multi-
plexer Mmux 234 is “0”. As previously described above,
duplication of functions signals F7-F4 onto function signals
F3-F0, that is selection of F7=F3, F6=F2, F5=F1 and F4=F0,
enables selection of the 16 Boolean logic functions of inputs
A and B independent of input C. Note from Table 6 that the
four function modifier codes “0X1X” include the “%!”” modi-
fication. According to FIG. 23, the “%!” modification is
achieved by changing the function signals sent to arithmetic
logic unit 230 rather than by changing the mask generated by
mask generator 239.

A-port block 540 includes multiplexer 541 and connection
circuit 542 that normally pass function signals F7-F0 without
modification. To effectively set the input to the A-port of
arithmetic logic unit 230 to all “0’s”, multiplexer 541 and
connection circuit 541 replicates function signals Fé, F4, F2
and F0 onto function signals F7, F5, F3 and F1, respectively.
Multiplexer 541 and connection circuit 542 make this substi-
tution when activated by OR gate 544. OR gate 544 has a first
input connected to “010X” match detector 543, and a second
input connected to AND gate 546. AND gate 546 has a first
input connected to “010X” match detector 545. Both match
detectors 543 and 545 determine whether the function modi-
fier code matches their detection state. AND gate 546 has a
second input that receives a signal indicating whether the
instruction calls for a mask generation operation. The input to
the A-port of arithmetic logic unit 230 is effectively zeroed by
swapping function signals F6, F4, F2 and F0 for function
signals F7, F5, F3 and F1, respectively. As previously
described, this substitution makes the output of arithmetic
logic unit 230 independent of the A input. This substitution
takes place if: 1) the function modifier code finds a match in
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“010X” match detector 543; or 2) the instruction calls for a
mask generation operation and the function modifier code
find a match in “010X” match detector 545 and the instruction
calls for a mask generation operation.

Sign extension block 550 includes exclusive OR gate 551,
which normally passes function signals F3-F0 unmodified.
However, these function signals F3-F0 are inverted for arith-
metic logic unit sign extension and absolute value purposes
under certain conditions. Note that function signals F7-F4
from A-port block 540 are always passed unmodified by sign
extension block 550. AND gate 552 controls whether exclu-
sive OR gate 551 inverts function signals F3-F0. AND gate
552 has a first input receiving the arithmetic or extended
arithmetic logic unit signal from OR gate 513 illustrated in
FIG. 22. The second input to AND gate 552 is from multi-
plexer 553.

Multiplexer 553 is controlled by the “any EALU” signal
from OR gate 511 of FIG. 22. Multiplexer 553 selects a first
signal from AND gate 554 when the “any EALU” signal is
active and selects a second signal from compound AND/OR
gate 556 when the “any EALU” signal is inactive. The output
of AND gate 554 equals “1”” when the data on arithmetic logic
unit second input bus 206 is positive, as indicated by the sign
bit (bit 31) as inverted by invertor 555, and the “S” bit (bit 16)
of data register D0 is “1”. The output of compound AND/OR
gate 556 is active if: 1) the data on arithmetic logic unit second
input bus 206 is positive, as indicated by the sign bit (bit 31)
as inverted by invertor 555; 2) the instruction is within
instruction classes 7-0; and 3) either a) instruction bits 57, 55,
53 and 51 find a match in “0100”/1011” match detector 557
or b) AND gate 560 detects that instruction word bits 57, 55,
53 and 51 find a match in “10017°/0110” match detector 558,
and the instruction does not call for a multiple flags register
mask operation (@MF) as indicated by invertor 559.

Sign extension block 550 implements the exceptions noted
in Table 21. An inactive “any EALU” signal, which indicates
that the instruction specified an arithmetic operation, selects
the second input to multiplexer 553. Compound AND/OR
gate 556 determines that the instruction is within instruction
classes 7-0 and that the sign bit is “0”. Under these conditions,
if instruction word bits 57, 55, 53 and 51 equal “0100” and
then the function signal flips from Hex “9a” to Hex “95” by
inverting function signal bits F3-F0. Similarly, if instruction
word bits 57, 55, 53 and 51 equal “1011” and then the func-
tion signal flips from Hex “65” to Hex “6a” by inverting
function signal bits F3-F0. If instruction word bits 57, 55, 53
and 51 equal “1001” and the instruction does not call for a
multiple flags register mask operation as indicated by invertor
599, then the function signal flips from Hex “69” to Hex “66”.
This set of function signals causes arithmetic logic unit 230 to
implement A-IBI, A minus the absolute value of B. If instruc-
tion word bits 57, 55, 53 and 51 equal “0110” and the instruc-
tion does not call for a multiple flags register mask operation,
then the function signal flips from Hex “96” to Hex ““99”. This
executes the function A+IBI, A plus the absolute value of B.
Note that these flips of the function signals are based on the
sign bit (bit 31) of the data on arithmetic logic unit second
input bus 206.

FIG. 24 illustrates bit 0 carry-in generator 246. As previ-
ously described bit, 0 carry-in generator 246 produces the
carry-in signal C,,, supplied to the first bit of arithmetic logic
unit 230. In addition this carry-in signal c,,, from bit 0 carry-in
generator 246 is generally supplied to the first bit of each of
the multiple sections, if the instruction calls for a multiple
arithmetic logic unit operation. Multiplexer Zmux 570 selects
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one of six possible sources for this bit 0 carry-in signal C,,
based upon six corresponding controls inputs from instruc-
tion decode logic 250.

Input “a” of multiplexer Zmux 570 is supplied with bit 31
of multiple flags register 211. Multiplexer Zmux 570 selects
this input as the bit 0 carry-in signal c,, if the instruction calls
for a DIVI operation.

Inputs “b”, “c” and “d” to multiplexer Zmux 570 are
formed of compound logic functions. Input “b” of multi-
plexer Zmux 570 receives a signal that is a Boolean function
of the function signals F6, F2 and F0. This Boolean expres-
sion, which is formed by circuit 571, is (FO & ~F6)I(F0 &
~F2)I(~F2 & ~F6). Input “c” of multiplexer Zmux 570 is fed
by exclusive OR gate 572, which has a first input supplied by
exclusive OR gate 573 and a second input supplied by AND
gate 574. The exclusive OR gate 573 has as a first input the
“C” bit (bit 18) of data register D0, which indicates whether
the prior operation of arithmetic logic unit 230 produced a
carry-out signal c_,, bit 31, the last bit. The second input of
XOR gate 573 receives a signal indicating the instruction
calls fora MPYx|[EALUF operation. AND gate 574 has a first
input from invertor 575 inverting the sign bit (bit 31) present
on arithmetic logic unit second input bus 206 for detecting a
positive sign. AND gate 574 has a second input from the “I”
bit (bit 17) of data register D0 and a third input from the “S”
bit (bit 16) of data register D. As explained above, the “T” bit
causes inversion of carry-in when the “S” bit indicates sign
extend is enabled. This operation complements the sign
extend operation of AND gate 554 and XOR gate 551 of the
function modifier 246b illustrated in FIG. 23. Input “d” of
multiplexer Zmux 570 comes from XOR gate 576. XOR gate
576 has a first input supplied the function signal F0 and a
second input supplied bit 0 of the data on input C bus 243.

Input “b” of multiplexer Zmux 570 is selected when AND
gate 581 sets control input “B” active. This occurs when the
“arithmetic or EALU” from OR gate 513 is active, the instruc-
tion does not call for an extended arithmetic logic unit opera-
tion as indicated by invertor 582 and no other multiplexer
Zmux 570 input is applicable as controlled by invertors 583,
584 and 585.

Input “c” of multiplexer Zmux 570 is selected when AND
gate 586 supplies an active output to control input “C”. AND
gate 586 is responsive to a signal indicating the instruction
calls for “any EALU” operation. The rest of the inputs to
AND gate 586 assure that AND gate 586 is not active if any of
inputs “d”, “e” or “f” are active via invertors 584, 585 and 595.

Input “d” of multiplexer Zmux 570 is selected when con-
trol line “D” is from AND gate 587. AND gate 587 is active
when the instruction is an arithmetic operation or an extended
arithmetic logic unit operation, AND gate 589 is active and
input “e” is not selected as indicated by invertor 585. AND
gate 589 is active when the instruction specifies a multiple
flags register mask operation (@MF) expansion and instruc-
tion word bits 57, 55, 53 and 51 find a match in “0110”/
“1001” match circuit 588. These instruction word bits corre-
spond to function signals Hex “69” and Hex “96”, which
cause addition or subtraction between ports A and B depend-
ing on the input to port C. No function signal flipping is
involved since the instruction class involves multiple flags
register expansion. FIG. 7 illustrates providing this carry-in
signal to plural sections of a split arithmetic logic unit in
multiple mode.

Input “e” of multiplexer Zmux 570 comes from the “C” bit
(bit 30) of status register 210. As previously described, this
“C”bit of status register 210 is set to “1” if the result of the last
operation of arithmetic logic unit 230 caused a carry-out from
bit 31. AND gate 594 supplies control input “E”. AND gate
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594 goes active when the instruction specifies an arithmetic
operation or an extended arithmetic logic unit operation and
the following logic is true: 1) the function modifier code finds
a match in “0X01” match detector 591; or (OR gate 590) 2)
the instruction calls for a mask generation operation and
(AND gate 593) the function modifier code finds a match in
“0X11” match detector 592.

Input “f” of multiplexer Zmux 570 is supplied with a con-
stant “0”. Multiplexer Zmux 570 selects this input when the
“arithmetic or EAL.U” signal from OR gate 513 indicates the
instruction specifies a Boolean operation as inverted by inver-
tor 595.

The output of Zmux 570 normally passes through Ymux
580 unchanged and appears at the bit 0 carry-in output. In a
multiple arithmetic operation in which data register D0 “A”
bit (bit 27) and “E” bit (bit 14) are not both “1”, Ymux
produces plural identical carry-in signals. Selection of half
word operation via “Asize” field of status register 210 causes
Ymux to produce the supply the output of Zmux 570 to both
the bit 0 carry-in output and the bit 16 carry-in output. Like-
wise, upon selection of byte operation Ymux 580 supplies the
output of Zmux 570 to the bit 0 carry-in output, the bit 8
carry-in output, the bit 16 carry-in output and the bit 24
carry-in output.

The operation of Ymux 580 differs when data register D0
“A” bit (bit 27) and “E” bit (bit 14) are both “1”. AND gate
577 forms this condition and controls the operation of Ymux
580. This is the only case in which the carry-in signals sup-
plied to different sections of arithmetic logic unit 230 during
multiple arithmetic differ. If AND gate 577 detects this con-
dition, then the carry-in signals are formed by the exclusive
OR of function signal F0 and the least significant bit of the C
input of the corresponding section of arithmetic logic unit
230. If the “Asize” field selects word operation, that is if
arithmetic logic unit 230 forms a single 32 bit section, then
the bit 0 carry-in output formed by Ymux 580 is the exclusive
OR of function signal F0 and input C bus bit 0 formed by
XOR gate 596. No other carry-in signals are formed. If the
“Asize” field selects half word operation forming two 16 bit
sections, then the bit 0 carry-in output formed by Ymux 580 is
the output of XOR gate 596 and the carry-in to bit 16 is the
exclusive OR of function signal F0 and input C bus bit 16
formed by XOR gate 598. Lastly, for byte multiple arithmetic
the bit 0 carry-in output formed by Ymux 580 is the output of
XOR gate 596, the bit 8 carry-in is formed by XOR gate 597,
and the bit 16 carry-in is formed by XOR gate 598 and the bit
24 carry-in is formed by XOR gate 599.

FIGS. 22, 23 and 24 not only represent specific blocks
implementing the Tables but also illustrates the straightfor-
ward process by which the Tables and Figures compactly
define logic circuitry to enable the skilled worker to construct
the preferred embodiment even when a block diagram of
particular circuitry may be absent for conciseness. Note that
the circuits of FIGS. 22 and 23 do not cover control for the
various multiplexers and special circuits via instruction
decode logic 250 that are a part of data unit 110 illustrated in
FIG. 5. However, control of these circuits is straight forward
and within the capability of one of ordinary skill in this art.
Therefore these will not be further disclosed for the sake of
brevity.

Arithmetic logic unit 230 includes three 32 bit inputs hav-
ing differing hardware functions preceding each input. This
permits performance of many different functions using arith-
metic logic unit 230 to combine results from the hardware
feeding each input. Arithmetic logic unit 230 performs Bool-
ean or bit by bit logical combinations, arithmetic combina-
tions and mixed Boolean and arithmetic combinations of the
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3 inputs. Mixed Boolean and arithmetic functions will here-
after be called arithmetic functions due to their similarity of
execution. Arithmetic logic unit 230 has one control bit that
selects either Boolean functions or arithmetic functions.
Boolean functions generate no carries out of or between bit
circuits 400 of arithmetic logic unit 230. Thus each bit circuit
400 of arithmetic logic unit 230 combines the 3 inputs to that
bit circuit independently forming 32 individual bit wise
results. During arithmetic functions, each bit circuit 400 may
receive a carry-in from the adjacent lesser significant bit and
may generate a carry-out to the next most significant bit
location. An 8 bit control signal (function control signals
F7-F0) control the function performed by arithmetic logic
unit 230. This enables selection of one of 256 Boolean func-
tions and one 0f 256 arithmetic functions. The function signal
numbering of function signals F7-F0 is identical to that used
in Microsoft® Windows. Bit 0 carry-in generator 246 sup-
plies carry-in signals when in arithmetic mode. In arithmetic
mode, arithmetic logic unit 230 may be split into either two
independent 16 bit sections or four independent 8 bit sections
to process in parallel multiple smaller data segments. Bit 0
carry-in generator 246 supplies either one, two or four carry-
in signals when arithmetic logic unit 230 operates in one, two
or four sections, respectively. In the preferred embodiment,
an assemblier for data unit 110 includes an expression evalu-
ator that selects the proper set of function signals based upon
an algebraic input syntax.

The particular instruction being executed determines the
function of arithmetic logic unit 230. As will be detailed
below, in the preferred embodiment the instruction word
includes a field that indicates either Boolean or arithmetic
operations. Another instruction word field specifies the func-
tion signals supplied to arithmetic logic unit 230. Boolean
instructions specify the 8 function signals F7-F0 directly. In
arithmetic instructions a first subset of this instruction word
field specifies a subset of the possible arithmetic logic unit
operations according to Table 21. A second subset of this
instruction word field specifies modifications of instruction
function according to Table 6. All possible variations of the
function signals and the function modifications for both Bool-
ean and arithmetic instructions may be specified using an
extended arithmetic logic unit (EALU) instruction. In this
case the predefined fields within data register D0 illustrated in
FIG. 9 specify arithmetic logic unit 230 operation.

Though arithmetic logic unit 230 can combine all three
inputs, many useful functions don’t involve some of the
inputs. For example the expression A&B treats the C input as
a don’t care, and the expression AIC treats the B input as a
don’t care. Because different data path hardware precedes
each input, the ability to use or ignore any the inputs supports
the selection of data path hardware needed for the desired
function. Table 22 shows examples of useful three input
expressions where the C-input is treated as a mask or a merg-
ing control. Because data unit 110 includes expand circuit
238 and mask generator 239 in the data path of the C-input of
arithmetic logic unit 230, itis natural to employ the C-input as
a mask.

TABLE 22

Logical

Function Typical use

(A&C) | (B&~C) Bit by bit multiplexing (merge) of
A and B based on C. A chosen if

corresponding bit in C is 1
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TABLE 22-continued
Logical
Function Typical use

(A&~C) | (B&C) Bit by bit multiplexing (merge) of
A and B based on C. B chosen if

corresponding bit in C is 1

(AIB)&~C Logic OR of A and B and then force
to 0 everywhere that Cisa 1l

(A&B)&~C Logic AND of A and B and then force
to 0 everywhere Cisa 1l

Al (B&C) If C is O then force the B-input to
0 before logical ORing with A

Al BI~C) If C is O then force the B-input to

1 before logical ORing with A

The three input arithmetic logic unit 230 can perform
mixed Boolean and arithmetic functions in a single pass
through arithmetic logic unit 230. The mixed Boolean and
arithmetic functions support performing Boolean functions
prior to an arithmetic function. Various compound functions
such as shift and add, shift and subtract or field masking prior
to adding or subtracting can be performed by the appropriate
arithmetic logic unit function in combination with other data
path hardware. Note arithmetic logic unit 230 supports 256
different arithmetic functions, but only a subset of these will
be needed for most programming. Additionally, further
options such as carry-in and sign extension need to be con-
trolled. Some examples expected to be commonly used are
listed below in Table 23.

TABLE 23
Func
Code Default
Hex Function Carry-In Common Use
66 A+B 0 A+B ignore C
9 A-B 1 A-B ignore C
5A  A+C 0 A+C ignore B
A5 A-C 1 A-Cignore B
6A  A+(B&C) 0 A+B shift right
“0” extend
C shift mask
95  A-(B&C) 1 A-B shift right
“0” extend
C shift mask
56  A+(BIC) 0 A+B shift left
“0” extend
C shift mask
A9 A-(BIO) 1 A-B shift left
“1” extend
C shift mask
A6 A+(B&-~C) 0 A+B shift left
“0” extend
C shift mask
59  A-(B&~C) 1 A-B shift left
“0” extend
C shift mask
65  A+(BI~C) 0 A+B shift right
sign extend
C shift mask
9A A-(BI~C) 1 A-B shift right
sign extend
C shift mask
60  (A&C)+(B&C) 0 A+B mask by C
9F (A&C)-(B&C) 1 A-B mask by C
06 (A&~C)+(B&~C) 0 A+B mask by ~C
F9 (A&~C)-(B&~C) 1 A-B mask by ~C
96  A+((-B&C) | (B&~C)) LSBofC A+BorA-B
based on ~C
69  A+((B&C) | (-B&~C)) LSBof~C A+BorA-B
based on C
CcC B 0 B ignore A and C
33 -B 1 Negative B
ignore A and C
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TABLE 23-continued
Func
Code Default
Hex Function Carry-In Common Use
FO C 0 C ignore A and B
0F -C 1 Negative C
ignore A and B
C0 (B&C) 0 B shift right
“0” extend
C shift mask
3F —-(B&C) 1 Negative B shift
right “0” extend
C shift mask
FC (BIC) 0 B shift left
“1” extend
C shift mask
03 -(BIO) 1 Negative B shift
left “1” extend
C shift mask
0Cc  (B&C) 0 B shift left
“0” extend
C shift mask
F3 —-(B&-C) 1 Negative B shift
left “0” extend
C shift mask
CF (BI~C) 0 B shift right
sign extend
C shift mask
30 -(BI~C) 1 Negative B shift
right sign extend
C shift mask
3C (-B&C) | (B&~C) LSBofC  -BorB based on ~C
C3  (B&C) | (-B&~C) LSBof~C Bor-Bbased onC

The most generally useful set of arithmetic functions com-
bined with default carry-in control and sign extension options
are available directly in the instruction set in a base set of
operations. These are listed in Table 21. This base set include
operations that modify the arithmetic logic unit’s functional
controls based on sign bits and that use default carry-in selec-
tion. Some examples of these are detailed below.

All 256 arithmetic functions along with more explicit
carry-in and sign extension control are available via the
extended arithmetic logic unit (EALU) instruction. In
extended arithmetic logic unit instructions the function con-
trol signals, the function modifier and the explicit carry-in and
sign extension control are specified in data register D0. The
coding of data register D0 during such extended arithmetic
logic unit instructions is described above in relation to FIG. 9.

Binary numbers may be designated as signed or unsigned.
Unsigned binary numbers are non-negative integers within
the range of bits employed. An N bit unsigned binary number
may be any integer between 0 and 2¥-1. Signed binary num-
bers carry an indication of sign in their most significant bit. If
this most significant bit is “0” then the number is positive or
zero. If the most significant bit is “1”, then the number is
negative or zero. An N bit signed binary number may be any
integer from -2¥"'-1 to 2*'-1 Knowing how and why num-
bers produce a carry out or overflow is important in under-
standing operation of arithmetic logic unit 230.

The sum of two unsigned numbers overflows if the sum can
no longer be expressed in the number of bits used for the
numbers. This state is recognized by the generation of a
carry-out from the most significant bit. Note that arithmetic
logic unit 230 may be configured to operation on numbers of
8 bits, 16 bits or 32 bits. Such carry-outs may be stored in
Mflags register 211 and employed to maintain precision. The
difference of two unsigned numbers underflows when the
difference is less than zero. Note that negative numbers can-
not be expressed in the unsigned number notation. The
examples below show how carry-outs are generated during
unsigned subtraction.
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The first example shows 7 “00000111” minus 5
“00000110”. Arithmetic logic unit 230 performs subtraction
by two’s complement addition. The two’s complement of an
unsigned binary number can be generated by inverting the
number and adding 1, thus —-X=~X+1. Arithmetic logic unit
230 negates a number by logically inverting (or one’s comple-
menting) the number and injecting a carry-in of 1 into the
least significant bit. First the 5 is bit wise inverted producing
the one’s complement “11111001”. Arithmetic logic unit 230
adds this to 7 with a “1” injected into the carry-in input of the
first bit. This produces the following result.

00000111 7

+ L1100 =5
1

T 100000010 2

Note that this produces a carry-out of “1” from the most
significant bit. In two’s complement subtraction, such a
carry-out indicates a not-borrow. Thus there is no underflow
during this subtraction. The next example shows 7-5. Note
that the 8 bit one’s complement of “00000111” is
“11111000™.

00000101 5

+ 11111000 -7
1

To e -2

In this case the carry-out of “0” indicates a borrow, thus the
resultis less than zero and an underflow has occurred. The last
example of unsigned subtraction is 0-0. Note that the 8 bit
one’s complement of 0 1s “111111111”.

00000000 0O

+ 11111 -0
1

T 100000000 O

The production of a carry-out of “1” indicates no underflow.

The situation for signed numbers is more complex. An
overflow on a signed add occurs if both operands are positive
and the sign bit of the result is a 1 (i.e., negative) indicating
that the result has rolled over from positive to negative. Over-
flow on an add also occurs if both operands are negative and
the result has a O (i.e., positive) sign bit. Or in other words
overflow on addition occurs if both of the sign bits of the
operands are the same and the result has a different sign bit.
Similarly a subtraction of can overflow if the operands have
the same sign and the result has a different sign bit.

When setting the carry bit in status register 210 or in the
Mflags register 211, the bit or bits are always the “natural”
carry outs generated by arithmetic logic unit 230 Most other
microprocessors set “carry status” based upon the carry-out
bit during addition but set it based upon not-carry-out (or
borrow) during subtraction. These other microprocessors
must re-invert the not-carry when performing subtract with
borrow to get the proper carry-in to the arithmetic logic unit.
This difference results in a slightly different set of conditional
branch equations using this invention than other processors to
get the same branch conditions. Leaving the sense of carries/
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not-borrows the same as those generated by arithmetic logic
unit 230 simplifies many ways in which each digital image/
graphics processor can utilize them.

In the base set of arithmetic instructions, the default carry-
in is “0” for addition and “1” for subtraction. The instruction
set and the preferred embodiment of the assembler will auto-
matically set the carry-in correctly for addition or subtraction
in 32-bit arithmetic operations. The instruction set also sup-
ports carry-in based on the status registers carry-out to sup-
port multiple precision add-with-carry or subtract-with-bor-
row operations.

As will be explained in more detail later, some functions
arithmetic logic unit 230 support the C-port controlling
whether the input to the B-port is added to or subtracted from
the input to the A-port. Combining these arithmetic logic unit
functions with multiple arithmetic permits the input to the
C-port to control whether each section of arithmetic logic unit
230 adds or subtracts. The base set of operations controls the
carry-in to each section of arithmetic logic unit 230 to supply
a carry-in of “0” that section is performing addition and a
carry-in of “1” if that section is performing subtraction. The
hardware for supplying the carry-in to these sections is
described above regarding F1G. 24.

The following details the full range of arithmetic functions
possible using digital image/graphics processor 71 3-input
arithmetic logic unit 230. For most algorithms, the subset of
instructions listed above will be more than adequate. The
more-detailed description following is included for com-
pleteness.

Included in the description below is information about how
to derive the function code for arithmetic logic unit 230. Some
observations about function code F7-F0 will be helpful in
understanding how arithmetic logic unit 230 can be used for
various operations and how to best use extended arithmetic
logic unit instructions. The default carry-in is equal to F0, the
least significant bit of the function code, except for the cases
where the input to the C-port controls selection of addition or
subtraction between A and B. Inverting all the function code
bits changes the sign of the operation. For example the func-
tion codes Hex “66”, which specifies A+B, and Hex “99”,
which specifies A-B, are bit wise inverses. Similarly, func-
tion code Hex “65” (A+(BI~C)) and Hex “9A” (A-(BI~C))
are bit wise inverses. Extended arithmetic logic unit instruc-
tions come in the pairs of extended arithmetic logic unit true
(EALUT) and extended arithmetic logic unit false (EALUF).
The extended arithmetic logic unit false instruction inverts the
arithmetic logic unit control code stored in bits 26-19 of data
register D0. As noted above, this inversion generally selects
between addition and subtraction. Inverting the 4 least sig-
nificant bits of the function code Hex “6A” for A+(B&C)
yields gives Hex “65” that is the function A+(BI~C). Simi-
larly, inverting the 4 least significant bits of function code Hex
“95” for A-(B&C) yields the function code Hex “9A” that is
A-(BI~C). The B&C operation zero’s bits in B where Cis “0”
and the operation BI~C forces bits in B to “1” where C is “0”.
This achieves the opposite masking function with respect to
C. As will be explained below selectively inverting the 4 least
significant bits of the function code based on a sign bit per-
forms sign extension before addition or subtraction.

All the 256 arithmetic functions available employing arith-
metic logic unit 230 can be expressed as:

S=A&F1(B,C)+F2(B,C)

where: S is the arithmetic logic unit resultant; and F1(B,C)
and F2(B,C) can be any of the 16 possible Boolean functions
of B and C shown below in Table 24.
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TABLE 24
F1 F2
Code Code  Subfunction Common Use

00 00 0 Zeros term

AA FF all1’s =-1 Sets term to all 1’s

88 cC B B

22 33 -B-1 Negate B

A0 FO C C

0A OF -C-1 Negate C

80 Co B&C Force bits in B to 0
where C is 0

2A 3F -(B&C)-1 Force bits in B to 0
where C is 0
and negate

A8 FC BIC Force bits in B to 1
where Cis 1

02 03 -(BIC)-1 Force bits in B to 1
where Cis 1
and negate

08 0C B&~C Force bits in B to 0
where Cis 1

A2 F3 -(B&~C)-1 Force bits in B to 0
where Cis 1
and negate

8A CF BI~C Force bits in B to 1
where C is 0

20 30 -(BI~C)-1 Force bits in B to 1
where C is 0
and negate

28 3C (B&~C) | ((-B-1)&C) Choose B if C=all 0’s
and -B if C=all 1’s

82 C3 (B&C) | ((-B-1)&~C) Choose B is C=all 1’s

and -B if C=all 0’s

FIG. 25 illustrates this view of arithmetic logic unit 230 in
block diagram form. Arithmetic unit 491 forms the addition
of'the equation. Arithmetic unit 491 receives a carry input for
bit 0 from bit 0 carry-in generator. The AND gate 492 forms
A AND F1(B,C). Logic unit 493 forms the subfunction F1(B,
C) from the function signals as listed in Table 24. Logic unit
494 forms the subfunction F2(B,C) from the function signals
as listed in Table 24. This illustration of arithmetic logic unit
230 shows that during mixed Boolean and arithmetic opera-
tions the Boolean functions are performed before the arith-
metic functions. A set of the bit circuits 400 illustrated in
FIGS. 19, 20 and 21 together with the function generator
illustrated in FIG. 22, the function modifier illustrated in FIG.
23 and the bit 0 carry-in generator illustrated in FI1G. 24 form
the preferred embodiment of the arithmetic logic unit 230
illustrated in FIG. 25. Those skilled in the art would recognize
that there are many other feasible ways to implement arith-
metic logic unit 230 illustrated in FIG. 25.

As clearly illustrated in FIG. 25, the subfunctions F1(B,C)
and F2(B,C) are independent and may be different subfunc-
tions for a single operation of arithmetic logic unit 230. The
subfunction F2(B,C) includes both the negative of B and the
negative of C. Thus either B or C may be subtracted from A by
adding its negative. The codes for the subfunctions F1(B,C)
and F2(B,C) enable derivation of the function code F7-F0 for
arithmetic logic unit 230 illustrated in FIGS. 20 and 21. The
function code F7-F0 for arithmetic logic unit 230 is the exclu-
sive OR of the codes for the corresponding subfunctions
F1(B,C) and F2(B,C). Note the codes for the subfunctions
have been selected to provide this result, thus these subfunc-
tions do not have identical codes for the same operation.

The subfunctions of Table 24 are listed with the most
generally useful ways of expression. There are other ways to
represent or factor each function. For example by applying
DeMorgan’s Law, the function BI~C is equivalent to
~(~B&C). Because ~X=-X-1, ~(~B&C) is equivalent
—(~B&C)-1 and BI~C is equivalent to BI(-C-1). Note that
the negative forms in Table 24 each have a trailing “~1"" term.
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As explained above negative numbers are two’s comple-
ments. These are equivalent to the bit wise logical inverse,
which forms the 1’s complement, minus 1. A carry-in of “1”
may be injected into the least significant bit to cancel out the
-1 and form the two’s complement. In the most useful func-
tions with a negative subfunction, only the F2(B,C) subfunc-
tion produces a negative.

Often it will be convenient to think of the Boolean subfunc-
tions in Table 24 as performing a masking operation. As noted
in Table 24, the subfunction B&C can be interpreted as forc-
ing the B input value to “0” where the corresponding bit in C
is “0. The subfunction BI~C can be interpreted as forcing the
B input value to “1” for every bit where the C input is “0”.
Because mask generator 234 and expand circuit 238 feed the
C-port of arithmetic logic unit 230 via multiplexer 233, in
most cases the C-port will be used as a mask in subfunctions
that involve both B and C terms. Table 24 has factored the
expression of each subfunction in terms assuming that the
input to the C-port is used as a mask. The equation above
shows that the A-input cannot be negated in the arithmetic
expression. Thus arithmetic logic unit 230 cannot subtract A
from either B or C. On the other hand, either B or C can be
subtracted from A because the subfunctions F1(B,C) and
F2(B,C) support negation/inversion of B and C.

The subfunctions of Table 24 when substituted into the
above equation produces all of the 256 possible arithmetic
functions that arithmetic logic unit 230 can perform. Occa-
sionally, some further reduction in the expression of the
resultant yields an expression that is equivalent to the original
and easier to understand. When reducing such expressions,
several tips can be helpful. The base instruction set defaults to
a carry-in of “0” for addition and a carry-in of “1”” when the
subfunction F2(B,C) has a negative B or C term as expressed
in Table 24. This carry-in injection has the effect of turning
the one’s complement (logical inversion) into a two’s
complement by effectively canceling the -1 on the right hand
side of the expression of these subfunctions. The logic AND
of'A all “1’s” equals A. Thus subfunction F1 (B,C) may be set
to yield all “1°s to get A on the left side of the equation. Note
also that all “1’s” equals two’s complement signed binary
number minus 1 (-1).

The examples below show how to use the equation and the
subfunctions of Table 24 to derive any of the possible arith-
metic logic unit functions and their corresponding function
codes. The arithmetic function A+B can be expressed as
A&(all “1’s”)+B. This requires F1(B,C)=all “1°s” and F2(B,
C)=B. The F1 code forall “1’s” is Hex “AA” and the F2 code
for B is Hex “CC”. Bit-wise XORing Hex “AA” and Hex
“CC” gives Hex “66”. Table 23 shows that Hex “66” is func-
tion code for A+B.

The arithmetic function A-B can be expressed as A&(all
“1’s”)+(-B-1)+1. This implies F1(B,C)=all “1’s” (F1 code
Hex “AA”) and F2(B,C)=-B-1 (F2 code Hex “33”) with a
carry-in injection of “1”. Recall that a carry-in of “1” is the
default for subfunctions F2 that include negation. Bit-wise
XORing the F1 code of Hex “AA” and with the F2 code of
Hex “33” gives Hex “99”. Table 23 shows that Hex “99” is the
function code for A-B assuming a carry-in of “1”.

The arithmetic function A+C is derived similarly to A+B.
Thus A+C=A&(all “1’s”)+C. This can be derived by choos-
ing F1(B,C)=all “1’s” and F2(B,C)=C. The exclusive OR of
the F1 code of Hex “AA” and the F2 code of Hex “F0”
produces Hex “SA” the function code for A+C. Likewise,
A-C is the same as A&(all “1°s”)+(-C-1)+1. The exclusive
OR of the F1 code of Hex “AA” and the F2 code of Hex “OF”
produces Hex “A5” the function code for A-C.
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Three input arithmetic logic unit 230 provides a major
benefit by providing masking and/or conditional functions
between two of the inputs based on the third input. The data
path of data unit 110 enables the C-port to be most useful as
a mask using mask generator 234 or conditional control input
using expand circuit 238. Arithmetic logic unit 230 always
performs Boolean functions before arithmetic functions in
any mixed Boolean and arithmetic function. Thus a carry
could ripple out of unmasked bits into one or more bits that
were zeroed or set by a Boolean function. The following
examples are useful in masking and conditional operations.

The function A+(B&C) can be expressed as A&(all “1°s”)+
(B&C). Choosing F1(B,C)=all “1’s” (F1 code of Hex “AA”)
and F2(B,C)=B&C (F2 code of Hex “C0”) gives A+(B&C).
The bit-wise exclusive OR of HEX “AA” and Hex “C0” gives
the arithmetic logic unit function code of Hex “6A” listed in
Table 23. This function can strip off bits from unsigned num-
bers. As shown below, this function can be combined with
barrel rotator 235 and mask generator 234 in performing right
shift and add operations. In this case C acts as a bit mask that
zeros bits of B everywhere C is “0”. Since mask generator 234
can generate a mask with right justified ones, selection of
mask generator 234 via multiplexer Cmux 233 permits this
function to zero some of the most significant bits in B before
adding to A. Another use ofthis function is conditional addi-
tion of Bto A. Selection of expand circuit 238 via multiplexer
Cmux 233 enables control of whether B is added to A based
upon bits in Mflags register 211. During multiple arithmetic,
bits in Mflags register 211 can control corresponding sections
of arithmetic logic unit 230.

The function A+(BI18 C) can be expressed as A&(all
‘1°S”)+(BI~C). Choosing F1(B,C)=all “1’s” (F1 code of Hex
“AA”) and F2(B,C)=BI~C (F2 code of “CF”) yields this
expression. The bit-wise exclusive OR of Hex “AA” and Hex
“C0” obtains the function code of Hex “65” as listed in Table
23.

The function A-(B&C) can be expressed as A&(all “1°s”)+
(-(B&-C)-1)+1. Choosing F1(B,C)=all “1°S” (F1 code Hex
“AA”) and F2(B,C)=—(B&C)-1 (F2 code Hex “3F”) with a
carry-in injection of “1” yields this expression. The bit-wise
exclusive OR of Hex “AA” and Hex “3F” yields the function
code Hex “95” as listed in Table 23. This function can strip of
for mask bits in the B input by the C input before subtracting
from A.

There are 16 possible functions where the subfunction
F1(B,C)=0. These functions are commonly used with other
hardware to perform negation, absolute value, bit masking,
and/or sign extension of the B-input by the C-input. When
subfunction F1(B,C)=0 then the arithmetic logic unit func-
tion is given by subfunction F2(B,C).

The function -(B&C) may be expressed as (A&“0”)+(-
(B&CQ)). This expression can be formed by choosing F1(B,
C)=0 (F1 code Hex “00”) and F2(B,C)=—(B&C)-1 (F2 code
Hex “3F”) with a carry-in injection of “1”. The exclusive OR
of Hex “00” and Hex “3F” yields the function code Hex “3F”
as shown in Table 23. This function masks bits in B by a mask
C and then negates the quantity. This function can be used as
part of a shift right and negate operation.

Several functions support masking both terms of the sum in
the equation above in a useful manner. The function (A&C)+
(B&C) can be achieved by choosing F1(B,C)=C (F1 code
Hex “A0”) and F2(B,C)=B&C (F2 code Hex “C0”). The
exclusive OR of Hex “A0” and Hex “F0” yields the function
code Hex “60” as shown in Table 23. This function will
effectively zero the corresponding bits of the A and B inputs
where C is “0” before adding. It should be noted that the
Boolean function is applied before the addition and that one
or more carries can ripple into the bits that have been zeroed.
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When using multiple arithmetic such carries do not cross the
boundaries between the split sections of arithmetic logic unit
230. A common use for this function is to sum multiple
smaller quantities held in one register. The B-port receives a
rotated version of the number going to the A-port and the
C-port provides a mask for the bits that overlap. Four 8 bit
numbers can be summed into two 16 bit numbers or two 16 bit
numbers summed into one 32 bit number in a single instruc-
tion.

The similar function (A&C)-(B&C) is achieved by choos-
ing F1(B,C)=C (F1 code Hex A0”) and F2(B,C)=—(B&C)-1
and injecting a carry-in of “1”. The exclusive OR of Hex “A0”
and Hex “3F” yields the function code Hex “9F” as shown in
Table 23. This function can produce negative sums with the
C-port value acting as a mask of the A and B inputs.

The function (A&B)+B is achieved by choosing F1(B,C)=
C (F1 code Hex “A0”) and F2(B,C)=B (F2 code Hex “CC”).
The exclusive OR of Hex “A0” and Hex “CC” yields the
function code Hex “6C”. This function can conditionally
double B based on whether A is all “1’s” or all “0’s”.

FIG. 26 illustrates in block diagram form an alternative
embodiment of arithmetic logic unit 230. The arithmetic logic
unit 230 of FIG. 26 forms the equation:

S=F3(A,B,C+F4(A,B,C)

where: S is the arithmetic logic unit resultant; and F3(A,B,C)
and F4(A,B,C) can be any of the 256 possible Boolean func-
tions of A, B and C. Adder 495 forms the addition of this
equation and includes an input for a least significant bit carry
input from bit 0 carry-in generator 246. Boolean function
generator 496 forms the function F3(A,B,C) as controlled by
input function signals. Boolean function generator 497 simi-
larly forms the function F4(A,B,C) as controlled by input
function signals. Note that Boolean function generators 496
and 497 independently form selected Boolean combinations
of A, B and C from a set of the 256 possible Boolean combi-
nations of three inputs. Note that it is clear from this construc-
tion that arithmetic logic unit 230 forms the Boolean combi-
nations before forming the arithmetic combination. The
circuit in FIG. 21 can be modified to achieve this result. The
generate/kill function illustrated in FIG. 21 employs a part of
the logic tree used in the propagate function. This consists of
pass gates 451, 452, 453, 454, 461 and 462. Providing a
separate logic tree for this function that duplicates pass gates
451, 452, 453, 454, 461 and 462 and eliminating the NOT A
gate 475 results in a structure embodying FIG. 26. Note in this
construction one of the generate or kill terms may occur
simultaneously with the propagate term. This construction
provides even greater flexibility than that illustrated in FIG.
25.

The three input arithmetic logic unit 230, the auxiliary data
path hardware and knowledge of the binary number system
can be used to form many useful elementary functions. The
instruction set of the digital image/graphics processors makes
more of the hardware accessible to the programmer than
typical in microprocessors. Making hardware more acces-
sible to the programmer exposes some aspects of architecture
that are hidden on most other processors. This instruction set
supports forming custom operations using the elemental
functions as building blocks. This makes greater functionality
accessible to the programmer beyond the hardware functions
commonly found within other processors, the digital image/
graphics processors have hardware functions that can be very
useful for image, graphics, and other processing. This com-
bination of hardware capability and flexibility allows pro-
grammers to perform in one instruction what could require
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many instructions on most other architectures. The following
describes some key elemental functions and how two or more
of them can be combined to produce a more complex opera-
tion.

The previous sections described the individual workings of
each functional block of data unit 110. This section will
discuss how these functions can be used in combination to
perform more complex operations. Barrel rotator 235, mask
generator 239 and 3-input arithmetic logic unit 230 can work
together to perform shift left, unsigned shift right, and signed
shift right either alone or combination with addition or sub-
traction in a single arithmetic logic unit instruction cycle. An
assembler produces program code for digital image/graphics
processors 71, 72, 73 and 74. This assemblier preferably
supports the symbols “>>u’ for unsigned (logical) right shift,
“>>" or “>>s” for arithmetic (signed) right shift, and “<<” for
a left shift. These shift notations are in effect macro functions
that select the appropriate explicit functions in terms of
rotates, mask generation, and arithmetic logic unit function.
The assemblier also preferably supports explicitly specifying
barrel rotation (“\\”), mask generation (“%” and “%!”), and
the arithmetic logic unit function. The explicit notation will
generally be used only when specifying a custom function not
expressible by the shift notation.

Data unit 110 performs left shift operations in a single
arithmetic logic unit cycle. Such a left shift operation includes
barrel rotator via barrel rotator 235 by the number of bits of
the left shift. As noted above during such rotation, bits that
rotate out the left wrap around into the right and thus need to
be stripped off to perform a left shift. The rotated output is
sent to the B-port of arithmetic logic unit 230. Mask generator
239 receives the shift amount and forms a mask with anumber
of right justified ones equal to the shift amount. Note that the
same shift amount supplies the rotate control input of barrel
rotator 235 from second input bus 202 via multiplexer Smux
231 and mask generator 239 from second input bus 202 via
multiplexer Mmux 234. Mask generator 239 supplies the
C-port of arithmetic logic unit 230. Arithmetic logic unit 230
combines the rotated output with the mask with the Boolean
function B&~C. Left shifts are expressed in the assemblier
below:

Left_Shift=Input<<Shift_Amount

This operation is equivalent to the explicit notation:
Left_Shift=(Input\\Shift_ Amount)&~%Shift_Amount
The following example shows of a left shift of Hex
“53FFFFA7” by 4 bits. While shown in several steps, data unit
110 performs this in a single pass arithmetic logic unit cycle

The original number in binary notation is:

0101 0011 1111 111111111111 10100111
Rotation by 4 places in barrel rotator 235 yields:

0011 111111111111 1111 10100111 0101
Mask generator 239 forms the following mask:

0000 0000 0000 0000 0000 0000 0000 1111
Arithmetic logic unit 230 forms the logical combination
B&~C. This masks bits in the rotated amount causing them to
be “0” and retains the other bits. This yields the left shift
result:

0011 111111111111 1111 10100111 0000
The left shift of the above example results in an arithmetic
overflow, because some bits have “overflowed”. During a
shift left, arithmetic overflow occurs for unsigned numbers if
any bits are shifted out. Arithmetic overflow may also occur
for signed numbers if the resulting sign bit differs from the
original sign bit. Arithmetic logic unit 230 of this invention
does not automatically detect arithmetic overflow on left
shifts. Left shift overflow can be detected by subtracting the
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left-most-bit-change amount of the original number gener-
ated by LMO/RMO/LMBC/RMBC circuit 237 from the left
shift amount. If the difference is less than or equal to zero,
then no bits will overflow during the shift. If the difference is
greater than zero, this difference is the number of bits that
overflow.

The assemblier further controls data unit 110 to perform
left shift and add operations and left shift and subtract opera-
tions. The assemblier translates the A+(B<<n) function into
control of barrel rotator 235, mask generator 239, and arith-
metic logic unit 230 to performed the desired operation. A
shift left and add operation works identically to the above
example of a simple shift except for the operation of arith-
metic logic unit 230. Instead of performing the logical func-
tion B&~C as in a simple shift, the arithmetic logic unit
performs the mixed arithmetic and logical function
A+(B&~C) . A left shift and add operation is expressed in the
assemblier notation as:

LShift Add=Inputl+Input2<<Shift Amount

This operation is equivalent to:

LShift Add=Inputl+[(Input2\\Shift_
Amount) &~%Shift_Amount]

The following example shows a left shift of Hex “5S3FFFFA7”
by 4 bits followed by addition of Hex “000000AA”. Note that
all these steps require only a single arithmetic logic unit cycle.
The original Input2 in binary notation is:

01010011 1111 11111111111110100111
Rotation by 4 places in barrel rotator 235 yields:

0011 1111 11111111111110100111 0101
Mask generator 239 forms the mask:

0000 0000 0000 0000 0000 0000 0000 1111
Arithmetic logic unit 230 forms the logical combination
B&~C producing a left shift result:

0011 1111 11111111111110100111 0000
The other operand Inputl in binary notation is:

0000 0000 0000 0000 0000 0000 1010 1010
Finally the sum is:

0011 1111 11111111111110110001 1010

Note that arithmetic logic unit 230 forms the logical com-
bination and the arithmetic combination in a single cycle and
that the left shift result shown above is not available as an
intermediate result. Note also that the sum may overflow even
if the left shift does not produce an overflow. Overflow of the
sum is detected by generation of a carry-out from the most
significant bit of arithmetic logic unit 230. This condition is
detected and stored in the “V” bit of status register 210.

The shift left and subtract operation also breaks down into
a set of functions performed by barrel rotator 235, mask
generator 237, and arithmetic logic unit 230 in a single arith-
metic logic unit cycle. The left shift and subtract operation
differs from the previously described left shift operation and
left shift and add operation only in the function of arithmetic
logic unit 230. During left shift and subtract arithmetic logic
unit 230 performs the mixed arithmetic and logical function
A+BI~C)+1. Arithmetic logic unit 230 performs the “+1”
operation by injection of a “1” into the carry input of the least
significant bit. This injection of a carry-in takes place at bit 0
carry-in generator 246. Most subtraction operations with this
invention take place using such a carry-in of “1” to the least
significant bit. The assemblier notation expresses left shift
and subtract operations as follows:

LShift Sub=Inputl-Input2<<Shift Amount
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This operation is equivalent to:

LShift Sub=Inputl-[(Input2\\Shift_
Amount) &~%Shift_Amount]+1

The following example shows a left shift of Hex “5S3FFFFA7”
by 4 bits followed by subtraction of Hex “000000AA”. Note
that all these steps require only a single arithmetic logic unit
cycle. The original Input2 in binary notation is:

0101 0011 1111 111111111111 10100111
Rotation by 4 places in barrel rotator 235 yields:

0011 111111111111 1111 10100111 0101
Mask generator 239 forms the mask:

0000 0000 0000 0000 0000 0000 0000 1111
The result of the logical combination ~BIC is as follows:

1100 0000 0000 0000 0000 0101 1000 1111
The other operand Inputl in binary notation is:

0000 0000 0000 0000 0000 0000 1010 1010
The sum A+(~BIC) is:

1100 0000 0000 0000 0000 0110 0011 1001
Finally the addition of the “1” injected into the least signifi-
cant bit carry-in yields:

1100 0000 0000 0000 0000 0110 0011 1010

Note that arithmetic logic unit 230 forms the logical com-
bination and the arithmetic combination in a single cycle and
that neither the left shift result nor the partial sum shown
above are available as intermediate results.

The assemblier of the preferred embodiment can control
data unit 110 to perform an unsigned right shift with zeros
shifted in from the left in a single arithmetic logic unit cycle.
Since barrel rotator 235 performs a left rotate, at net right
rotate may be formed with a rotate amount of 32-n, where n is
the number of bits to rotate right. Note, only the 5 least
significant bits of the data on second input bus 202 are used by
barrel rotator 235 and mask generator 239. Therefore the
amounts 32 and 0 are equivalent in terms of controlling the
shift operation. The assembler will automatically make the
32-n computation for shifts with an immediate right shift
amount. The assemblier of the preferred embodiment
requires the programmer form the quantity 32-n on register
based shifts.

Once the accommodation for right rotation is made, the
unsigned shift right works the same as the shift left except that
arithmetic logic unit 230 performs a different function. This
operation includes rotation by the quantity 32-n via barrel
rotator 235. The result of this net rotate right will to have bits
wrapped around from the least significant to the most signifi-
cant part of the word. The same quantity (32-n) controls mask
generator 239, which will generate 32-n right justified ones.
Mask generator 239 is controlled with the “!”” option so thata
shift amount of zero produces a mask of all “1°s”. In this case
no bits are to be stripped off Arithmetic logic unit 230 then
forms a Boolean combination of the outputs of barrel rotator
235 and mask generator 239.

An example of an unsigned right shift operation is shown
below. The assemblier notation for an unsigned right shift is:

Unsigned_Right Shift=Input>>u(32-Shift_Amount)
The equivalent operation explicitly showing the functions
performed is:
Unsigned_Right Shift=(Input\\(32-Shift_
Amount)) &%!(32-Shift Amount)

Note in the equation above the mask operator “%!” specifies
that if the shift amount is zero, an all “1” mask will be
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generated. The example below shows the unsigned shifting
the number Hex “53FFFFA7” right by 4 bit positions. The
original number in binary form is:

01010011 1111 11111111111110100111
This number when left rotated by 32-4=28 places becomes:

011101010011 1111 111111111111 1010
Mask generator 239 forms a mask from the input 32-4=28,
which is:

0000 1111 11111111 111111111111 1111
Lastly arithmetic logic unit 230 forms the Boolean combina-
tion B&C yielding the result:

000001010011 1111 111111111111 1010

Data unit 110 may perform either unsigned right shift and
add or unsigned right shift and subtract operations. In the
preferred embodiment the assemblier translates the notation
A+B>>u(n) into an instruction that controls barrel rotator
235, mask generator 239 and arithmetic logic unit 230 to
performed an unsigned right shift and add operation. The
unsigned shift right and add works identically to the previous
example of a simple unsigned shift right except that arith-
metic logic unit 230 performs the function A+(B&C). In the
preferred embodiment the assemblier translates the notation
A-B>>u(n) into an instruction that controls barrel rotator
235, mask generator 239 and arithmetic logic unit 230 to
performed an unsigned right shift and subtract operation. The
unsigned shift right and subtract works similarly to the pre-
vious example of a simple unsigned shift right except that
arithmetic logic unit 230 performs the function A-(~BIC)+1.
As with left shift and subtract the “+1” operation involves
injection of a “1” carry-in into the least significant bit via bit
0 carry-in generator 246.

The assemblier of the preferred embodiment can control
data unit 110 to perform a signed right shift with sign bits
shifted in from the left in a single arithmetic logic unit cycle.
The assembler will automatically make the 32-n computation
for such shifts with an immediate right shift amount. Data unit
110 includes hardware that detects that state of the most
significant bit, called the sign bit, of the input into barrel
rotator 235. This sign bit may control the 4 least significant
bits of the function code. When using this hardware, the 4
least significant bits of the function code are inverted if the
sign bit is “0”. Signed right shift operations use this sign
detection hardware to control the function arithmetic logic
unit 230 performs based on the sign of the input to barrel
rotator 235. This operation can be explained using the follow-
ing elemental functions. Barrel rotator 235 performs a net
rotate right by rotating left by 32-minus the number of bits of
the desired signed right shift (32-n). This shift amount (32-n)
is supplied to mask generator 237, which will thus generate
32-n right justified “1’s”. The “1’s” of this mask will select
the desired bits of the number that is right shifted. The “0°s”
of this mask will generate sign bits equal to the of the most
significant bit input to barrel rotator 235. Arithmetic logic unit
230 then combines the rotated number from barrel rotator 235
and the mask from mask generator 237. The Boolean function
performed by arithmetic logic unit 230 depends upon the sign
bit at the input to barrel rotator 235. If this sign bit is “0”, then
arithmetic logic unit 230 receives function signals to perform
B&C. While selecting the rotated number unchanged, this
forces “0” any bits that are “0” in the mask. Thus the most
significant bits of the result are “0” indicating the same sign as
the input to barrel rotator 235. If the sign bit is “1”, then
arithmetic logic unit 230 received function signal to perform
BI~C. This function selects the rotated amount unchanged
while forcing to “1” any bits that are “0” in the mask. The
change in function code involves inverting the 4 least signifi-
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cant bits if the detected sign bit is “0”. Thus the most signifi-
cant bits of the result are “1”, the same sign indication as the
input to barrel rotator 235.

Two examples of the unsigned right shift operation are
shown below. Signed right shift is the default assemblier
notation for right shifts. The two permitted assemblier nota-
tions for a signed right shift are:

Signed_Right Shift=Input>>s(32-Shift_Amount)

Signed_Right Shift=Input>>(32-Shift Amount)

Because this operation uses the sign detection hardware, there
is no explicit way in the notation of the preferred embodiment
of'the assemblier to specify this operation in terms of rotation
and masking. In the preferred embodiment the sign of the
input to barrel rotator 235 controls inversion of the function
signals F3-F0. The first example shows a 4 place signed right
shift of the negative number Hex “SCFFFFA7”. The original
number in binary notation is:

11101100 1111 1111 1111 1111 10100111
Left rotation by 28 (32-4) places yields:

0111 111011001111 111111111111 1010
Mask generator 237 forms this mask:

0000 1111 1111 1111 1111 1111 1111 1111
Because the most significant bit of the input to barrel rotator
235 is “1”, arithmetic logic unit 230 forms the Boolean com-
bination of BI~C. This yields the result:

1111 11101100 1111 1111 1111 1111 1010
In this example “1°s” are shifted into the most significant bits
of the shifted result, matching the sign bit of the original
number. The second example shows a 4 place signed right
shift of the positive number Hex “SCFFFFA7”. The original
number in binary notation is:

0101 110011111111 11111111 10100111
Left rotation by 28 (32-4) places yields:

0111 0101 1100 1111 111111111111 1010
Mask generator 237 forms this mask:

0000 1111 1111 1111 1111 1111 1111 1111
Because the most significant bit of the input to barrel rotator
235 is “0”, arithmetic logic unit 230 forms the Boolean com-
bination of B&C by inversion of the four least significant bits
of the function code. This yields the result:

0000 0101 1100 1111 111111111111 1010
Note that upon this right shift “0’s” are shifted in the most
significant bits, matching the sign bit of the original number.

Data unit 110 may perform either signed right shift and add
or signed right shift and subtract operations. In the preferred
embodiment the assemblier translates the notations A+B>>
(n) or A+B>>s(n) into an instruction that controls barrel rota-
tor 235, mask generator 239 and arithmetic logic unit 230 to
perform a signed right shift and add operation. The signed
shift right and add works identically to the previous example
of'the signed shift right except for the function performed by
arithmetic logic unit 230. In the signed right shift and add
operation arithmetic logic unit 230 performs the function
A+(B&C) if the sign bit of the input to barrel rotator 235 is
“0”. If this sign bit is “17, then arithmetic logic unit 230
performs the function A+(BI~C) . In the preferred embodi-
ment the assemblier translates the notations A-B>>s(n) or
A-B>>(n) into an instruction that controls barrel rotator 235,
mask generator 239 and arithmetic logic unit 230 to perform
a signed right shift and subtract operation. The signed shift
right and subtract operation works similarly to the previous
example of a simple signed shift right except for the function
of arithmetic logic unit 230. When the sign bit is “1”, arith-
metic logic unit 230 performs the function A-(B&C)+1.
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When the sign bit is “0”, arithmetic logic unit 230 performs
the alternate function A-(BI~C)+1. As in the case of left shift
and subtract the “+1” operation involves injection of a “1”
carry-in into the least significant bit via bit 0 carry-in genera-
tor 246.

Barrel rotator 235, mask generator 237 and arithmetic logic
unit 230 can perform field extraction in a single cycle. A field
extraction takes a field of bits in a word starting at any arbi-
trary bit position, strips off the bits outside the field and right
justifies the field. Such a field extraction is performed by
rotating the word left the number of bits necessary to right
justify the field and masking the result of the rotation by the
number of bits in the size of the field. Unlike the cases for
shifting, the rotation amount, which is based on the bit posi-
tion, and the mask input, which is based on the field size, are
not necessarily the same amount. The assemblier of the pre-
ferred embodiment employs the following notation for field
extraction:

Field_Extract=(Value\\(32-starting _bit))&%!Field
S1Z¢

The “%!” operator causes mask generator 237 to form a
mask having anumber of right justified “1’s” equal to the field
size, except for an input of zero. In that case all bits of the
generated mask are “1” so that no bits are masked by the
logical AND operation. This rotation and masking may pro-
duce wrapped around bits if the field size is greater than the
starting bit position. These parameters specify an anomalous
case in which the specified field extends beyond the end of the
original word. Data unit 110 provides no hardware check to
for this case. It is the responsibility of the programmer to
prevent this result. The example below demonstrates field
extraction of a 4bit field starting at bit 24, which is the eight bit
from the left, of the number Hex “SCFFFFA7”. The number
in binary form is:

0101 11001111 111111111111 10100111
The number must be rotated left by 32-24 or 8 bits to right
justify the field. The output from barrel rotator 235 is:

111111111111 1111 10100111 0101 1100
Mask generator 237 forms the following mask from the field
size of 4 bits:

0000 0000 0000 0000 0000 0000 0000 1111
Lastly, arithmetic logic unit 230 forms the Boolean combina-
tion B&C. This produces the extracted field as follows:

0000 0000 0000 0000 0000 0000 0000 1100

Mflags register 211 is useful in a variety of image and
graphics processing operations. These operations fall into
two classes. The first class of Mflags operations require a
single pass through arithmetic logic unit 230. A number is
loaded into Mflags register 211 and controls the operation of
arithmetic logic unit 230 via expand circuit 238, multiplexer
Cmux 233 and the C-port of arithmetic logic unit 230. Color
expansion is an example of these single pass operations. The
second class of Mflags operations require two passes through
arithmetic logic unit 230. During a first pass certain bits are
set within Mflags register 211 based upon the carry of zero
results of arithmetic logic unit 230. During a second pass the
contents of Mflags register 211 control the operation of arith-
metic logic unit 230 via expand circuit 238, multiplexer
Cmux 233 and the C-port of arithmetic logic unit 230. Such
two pass Mflags operations are especially useful when using
multiple arithmetic. Numerous match and compare, transpar-
ency, minimum, maximum and saturation operations fall into
this second class.

A basic graphics operation is the conversion of one bit per
pixel shape descriptors into pixel size quantities. This is often
called color expansion. In order to conserve memory space
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the shape of bit mapped text fonts are often stored as shapes
of'one bit per pixel. These shapes are then “expanded” into the
desired color(s) when drawn into the display memory. Gen-
erally “1’s” in the shape descriptor select a “one color” and
“0’s” in the shape descriptor select a “zero color”. A com-
monly used alternative has “0’s” in the shape descriptor serv-
ing as a place saver or transparent pixel.

The following example converts 4 bits of such shape
descriptor data into 8 bit pixels. In this example the data size
of the multiple arithmetic operation is 8 bits. Thus arithmetic
logic unit 230 operates in 4 independent 8 bit sections. The
four bits of descriptor data “0110” are loaded into Mflags
register 211:

XXXXXXXX XXXXXXXX XXXXXXXX XXXX0110
The bits listed as “X” are don’t care bits that are not involved
in the color expansion operation. Expand circuit 238 expands
these four bits in Mflags register 211 into blocks of 8 bit “1°s”
and “0’s” as follows:

00000000 11111111 11111111 00000000
The one color is supplied to the A-port of arithmetic logic unit
230 repeated for each of the 4 pixels within the 32 bit data
word:

11110000 11110000 11110000 11110000
The zero color is supplied to the B-port of arithmetic logic
unit 230, also repeated for each of the 4 pixels:

10101010 10101010 10101010 10101010
Arithmetic logic unit 230 forms the Boolean combination
(A&O)I(B&~C) which yields:

10101010 11110000 11110000 10101010

Color expansion is commonly used with a PixBlt algo-
rithm. To perform a complete PixBlt, the data will have to be
rotated and merged with prior data to align the bits in the data
to be expanded with the pixel alignment of the destination
words. Barrel rotator 235 and arithmetic logic unit 230 can
align words into Mflags register 211. This example assumed
that the shape descriptor data was properly aligned to keep the
example simple. Note also that Mflags register 211 has its
own rotation capability upon setting bits and using bits. Thus
a 32 bit word can be loaded into Mflags register 211 and the
above instruction repeated 8 times to generate 32 expanded
pixels.

Simple color expansion as in the above example forces the
result to be one of two solid colors. Often, particularly with
kerned text letters whose rectangular boxes can overlap, it is
desirable to expand “1’s” in the shape descriptor to the one
color but have “0’s” serve as place saver or transparent pixels.
The destination pixel value is unchanged when moving such
a transparent color. Data unit 110 can perform a transparent
color expand by simply using a register containing the origi-
nal contents of the destination as the zero value input. An
example of this appears below. Arithmetic logic unit 230
performs the same function as the previous color expansion
example. The only difference is the original destination
becomes one of the inputs to arithmetic logic unit 230. The
four bits of descriptor data “0110” are loaded into Mflags
register 211:

XXXXXXXX XXXXXXXX XXXXXXXX XXXX0110
Expand circuit 238 expands these four bits in Mflags register
211 into blocks of 8 bit “1°s” and “0’s” as follows:

00000000 11111111 11111111 00000000
The one color is supplied to the A-port of arithmetic logic unit
230 repeated for each of the 4 pixels within the 32 bit data
word:

11110000 11110000 11110000 11110000
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The original destination data is supplied to the B-port of
arithmetic logic unit 230, original destination data including
4 pixels:

11001100 10101010 11101110 11111111
Arithmetic logic unit 230 again forms the Boolean combina-
tion (A&C)I(B&~C) which yields:

11001100 11110000 11110000 11111111
Note that the result includes the one color for pixels corre-
sponding to a “1”” in Mflags register 211 and the original pixel
value for pixels corresponding to a “0” in Mflags register 211.

Data unit 110 can generate a 1 bit per pixel mask based on
an exact match ofa series of 8 bit quantities to a fixed compare
value. This is shown in the example below. The compare value
is repeated four times within the 32 bit word. Arithmetic logic
unit 230 subtracts the repeated compare value from a data
word having four of the 8 bit quantities. During this subtrac-
tion, arithmetic logic unit 230 is split into 4 sections of 8 bits
each. The zero detectors 321, 322, 323 and 324 illustrated in
FIG. 7 supply are data to be stored in Mflags register 211. This
example includes two instructions in a row to demonstrate
accumulating by rotating Mflags register 211. Initially Mflags
register 211 stores don’t care data:

XXXXXXXX XXXXXXXX

XXXXXXXX
The first quantity for comparison is:

00000011 00001111 00000001 00000011
The compare value is “00000011”. This is repeated four times
in the 32 bit word as: p1 00000011 00000011 00000011
00000011
Arithmetic logic unit 230 subtracts the compare value from
the first quantity. The resulting difference is:

00000000 00001100 11111110 00000000
This forms the following zero compares “1001” that are
stored in Mflags register 211. In this example Mflags register
211 is pre-cleared before storing the zero results. Thus Mflags
register 211 is:

00000000 00000000 00000000 00001001
The second quantity for comparison is:

00000111 11111100 00000011 00000000
The result of a second subtraction of the same compare value
is:

00000100 11111001 00000000 11111101
This forms the new zero compares “0010” that are stored in
Mflags register 211 following rotation of four places:

00000000 00000000 00000000 10010010
Additional compares may be made in the same fashion until
Mflags register 211 stores 32 bits. Then the contents of Mflags
register 211 may be moved to another register or written to
memory.

Threshold detection involves comparing pixel values to a
fixed threshold. Threshold detection sets a 1 bit value for each
pixel which signifies the pixel value was greater than or less
than the fixed threshold. Depending on the particular appli-
cation, the equal to case is grouped with either the greater than
case or the less than case. Data unit 110 may be programmed
to from the comparison result in a single arithmetic logic unit
cycle. Arithmetic logic unit 230 forms the difference between
the quantity to be tested and the fixed threshold. The carry-
outs from each section of arithmetic logic unit 230 are saved
in Mflags register 211. If the quantity to be tested I has the
fixed threshold T subtracted from it, a carry out will occur
only if I is greater than or equal to T. As stated above, arith-
metic logic unit 230 performs subtraction by two’s comple-
ment addition and under these circumstances a carry-out indi-
cates a not-borrow. Below is an example of this process for
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four 8 bit quantities in which the threshold value is
“00000111”. Let four 8 bit quantities I to be tested be:

00001100 00000001 00000110 00000111
The threshold value T repeated four times within the 32 bit
word is:

00000111 00000111 00000111 00000111
The difference is:

00000101 11111010 11111111 00000000
which produces the following carry-outs “1001”. This results
in a Mflags register 211 of:

XXXXXXXX XXXXXXXX XXXXXXXX XXXX1001
As in the case of match detection, this single instruction can
be repeated for new data with Mflags resister rotation until 32
bits are formed.

When adding two unsigned numbers, a carry-out indicates
that the result is greater than can be expressed in the number
of bits of the result. This carry-out represents the most sig-
nificant bit of precision of the result. Thus saving the carry-
outs in Mflags register 211 can be used to maintain precision.
These carry-out bits may be saved for later addition to main-
tain precision. Particularly when used with multiple arith-
metic, limiting the precision to fewer bits often enables the
same process to be performed in fewer arithmetic logic unit
cycles.

Mtlags operations of the second type employ both setting
bits within Mflags register 211 and employing bits stored in
Mflags register 211 to control the operation of arithmetic
logic unit 230. Multiple arithmetic can be used it in combi-
nation with expands of Mflags register 211 to perform mul-
tiple parallel byte or half-word operations. Additionally, the
setting of bits in Mflags register 211 and expanding Mflags
register 211 to arithmetic logic unit 230 are inverse space
conversions that can be used in a multitude of different ways.

The example below shows a combination of an 8 bit mul-
tiple arithmetic instruction followed by an instruction using
expansion to perform a transparency function. Transparency
is commonly used when performing rectangular PixBlts of
shapes that are not rectangular. The transparent pixels are
used as place saver pixels that will not affect the destination
and thus are transparent so the original destination shows
through. With transparency, only the pixels in the source that
are not equal to the transparent code are replaced in the
destination. In a first instruction the transparent color code is
subtracted from the source and Mflags register 211 is set
based on equal zero. If a given 8 bit quantity matches the
transparent code, a corresponding “1” will be set in Mflags
register 211. The second instruction uses expansion circuit
238 to expand Mflags register 211 to control selection on a
pixel by pixel basis of the source or destination. Arithmetic
logic unit 230 performs the function (A&C)I(B&~C) to make
this selection. While this Boolean function is performed bit
by bit, Mflags register 211 has been expanded to the pixel size
of 8 and thus it selects between pixels. The pixel source is:

00000011 01110011 00000011 00000001
The transparent code TC is “00000011”. Repeated 4 times to
fill the 32 bit word this becomes:

00000011 00000011 00000011 00000011
The difference SRC-TC is:

00000000 01110000 00000000 11111110
which produces the zero detection bits “1010”. Thus Mflags
register 211 stores:

XXXXXXXX XXXXXXXX XXXXXXXX XXXX1010
In the second instruction, expand circuit 238 expands Mflags
register 211 to:

11111111 00000000 11111111 00000000
The original destination DEST is:

11110001 00110011 01110111 11111111
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The original source SRC forms a third input to arithmetic
logic unit 230. Arithmetic logic unit 230 then forms the Bool-
ean combination (DEST&@MF)I(SRC&~@MF) which is:

11110001 00010011 01110111 00000001
Note that the resultant has the state of the source where the
source was not transparent, otherwise it has the state of the
destination. This is the transparency function.

Data unit 110 can perform maximum and minimum func-
tions using Mflags register 211 and two arithmetic logic unit
cycles. The maximum function takes the greater of two
unsigned pixel values as the result. The minimum function
takes the lesser of two unsigned pixel values as the result. In
these operations the first instruction performs multiple sub-
tractions, setting Mf lags register 211 based on carry-outs.
Thus for status setting arithmetic logic unit 230 forms OP1-
OP2. This first instruction only sets Mflags register 211 and
the resulting difference is discarded. When performing the
maximum function the second instruction, arithmetic logic
unit 230 performs the operation (OP1&@MF) |
(OP2&~@MF). This forms the maximum of the individual
pixels. Let the first operand OP1 be:

00000001 11111110 00000011 00000100
and the second operand OP2 be:

00000011 00000111 00000111 00000011
The difference OP1-OP2 is:

11111110 11110111 11111100 00000000
This produces carry-outs (not-borrows) “0101” setting
Mflags register 211 as:

XXXXXXXX XXXXXXXX XXX XXXXX XXXX0101
In the second instruction the four least significant bits in
Mflags register 211 are expanded via expand circuit 238
producing:

00000000 11111111 00000000 11111111
Arithmetic logic unit 230 performs the Boolean function
(OP1&@MF)I(OP2&~@MF). This produces the result:

00000011 11111110 00000111 00000100
Note that each 8 bit section of the result has the state of the
greater of the corresponding sections of OP1 and OP2. This is
the maximum function. The minimum function operates
similarly to the maximum function above except that in the
second instruction arithmetic logic unit 230 performs the
Boolean function (OP1&~MF)|(OP2&@MF). This Boolean
function selects the lesser quantity rather than greater quan-
tity for each 8 bit section.

Data unit 110 may also perform an add-with-saturate func-
tion. The add-with-saturate function operates like a normal
add unless an overflow occurs. In that event the add-with-
saturate function clamps the result to all “1’s”. The add-with-
saturate function is commonly used in graphics and image
processing to keep small integer results from overflowing the
highest number back to a low number. The example below
shows forming the add-with-saturate function using multiple
arithmetic on four 8 bit pixels in two instructions. First the
addition takes place with the carry-outs stored in Mflags
register 211. A carry-out of “1” indicates an overflow, thus
that sum should be set to all “1’s”, which is the saturated
value. Then expand circuit 238 expands Mf lags register 211
to control selection of the sum or the saturated value. The first
operand OP1 is:

00000001 11111001 00000011 00111111
The second operand OP2 is:

11111111 00001011 00000111 01111111
Arithmetic logic unit 230 forms the
OP2=RESULT resulting in:

00000000 00000100 00001010 10111110
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with corresponding carry-outs of “1100”. These are stored in
Mflags register 211 as:

XXXXXXXX XXXXXXXX XXXXXXXX XXXX1100
In the second instruction expand circuit 238 expands the four
least significant bits of Mflags register 211 to:

11111111 11111111 00000000 00000000
Arithmetic logic unit 230 performs the Boolean function
RESULTI@MF forming:

11111111 11111111 00001010 10111110
Note the result of the second instruction equals the sum when
the sum did not overflow and equals “11111111” when the
sum overflowed.

Data unit 110 can similarly perform a subtract-with-satu-
rate function. The subtract-with-saturate function operates
like a normal subtract unless an underflow occurs. In that
event the subtract-with-saturate function clamps the result to
all “0’s”. The subtract-with-saturate function may also be
commonly used in graphics and image processing. The data
unit 110 performs the subtract-with-saturate function simi-
larly to the add-with-saturate function shown above. First the
subtraction takes place with the carry-outs stored in Mflags
register 211. A carry-out of “0” indicates a borrow and thus an
underflow. In that event the difference should be set to all
“0’s”, which is the saturated value. Then expand circuit 238
expands Mflags register 211 to control selection of the differ-
ence or the saturated value. During this second instruction
arithmetic logic unit 230 performs the Boolean function
RESULT&@MF. This forces the combination to “0” if the
corresponding carry-out was “0”, thereby saturating the dif-
ference at all “0’s”. On the other hand if the corresponding
carry-out was “1”, then the Boolean combination is the same
as RESULT.

FIG. 27 illustrates in block diagram form the construction
of address unit 120 of digital image/graphics processor 71
according to the preferred embodiment of this invention. The
address unit 120 includes: a global address unit 610; a local
address unit 620; a global/local multiplexer control register
GLMUX 631; a pair of zero detectors 631 and 632; a multi-
plexer 641; four control circuits 642, 643, 653, 654; a global
temporary address register GTA 651; a local temporary
address register LTA 652; a pair of address unit arithmetic
buffers 655 and 656; an instruction decode logic 660; a global
address port 121; and a local address port 122. As illustrated
in F1G. 27, global/local address multiplexer register GLMUX
630 is coupled to global port source data bus Gsrc 105 and to
global port destination data bus Gdst 107. Global/local
address multiplexer register GLMUX 630 is in the register
space of digital image/graphics processor 71 and may be
written to or read from as any other register. Global temporary
address register GTA 651 is connected to global port source
data bus Gsrc 105 only. Though global temporary address
register GTA is within the register space of digital image/
graphics processor 71, the preferred embodiment allows
reads from but not writes to this register. An attempted write
to global temporary address register GTA 651 is ignored.
Note that local temporary address register LTA 652 is coupled
to neither global port source data bus Gsrc 105 nor global port
destination data bus Gdst 107. This register is not within the
register space of digital image/graphics processor 71 and
cannot be accessed. As previously described each digital
image/graphics processor 71, 72, 73 and 74 includes both a
global data port and a local data port, which may operate
simultaneously. Separate global and local address units allow
generation of independent addresses for these independent
data transfers. In addition, some combined addresses are per-
mitted as will be further described below. Note that all the
functions of address unit 120 are controlled by instruction
decode logic 660, which is responsive to the instruction cur-
rently in the address pipeline stage via opcode bus 133. The
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details of these control lines are omitted from FIG. 27 for the
sake of clarity. However, these control functions are within
the capability of one skilled in the art from this description
and the description of the instruction word formats in con-
junction with FIG. 43.

Tables 25 and 26 detail the permitted addresses generated
by the respective global and local data ports of digital image/
graphics processors 71, 72, 73 and 74. Table 25 indicates the
permitted data space addresses in hexadecimal according to
the form Hex “00007???”, where the range of the final four
digits “??7??” is shown in Table 25.

TABLE 25

Global Local Ports

Ports DIGP 71 DIGP 72 DIGP 73 DIGP 74
0000-3FFF  0000-OFFF 1000-1FFF  2000-2FFF 3000-3FFF
8000-8FFF  8000-87FF 9000-97FF  A000-A7FF  BO000-B7FF
9000-97FF
A000-A7FF
B000-B7FF

In a similar fashion, Table 26 indicates the permitted param-
eter space addresses in hexadecimal according to the form
Hex “0100?7??”, where the range of the final four digits
“??277” is shown in Table 26.

TABLE 26
Global Local Ports
Ports DIGP 71 DIGP 72 DIGP 73 DIGP 74
0000-07FF 0000-07FF  1000-17FF  2000-27FF  3000-37FF
1000-17FF
2000-27FF
3000-37FF

Tables 25 and 26 show the limitations on addressing of the
local data ports. As previously described, the global data ports
(G) of the four digital image/graphics processors 71, 72, 73
and 74 may address any location within a data memory or a
parameter memory. At the same time the local data ports (L)
of each digital image/graphics processor 71, 72, 73 and 74
may only address the data and parameter memories corre-
sponding to that digital image/graphics processor.

FIG. 28 illustrates in block diagram form the construction
of global address unit 610. In accordance with the preferred
embodiment, local address unit 620 is constructed identically.
Global address unit 610 includes: a set of address registers
611; a set of index registers 612; multiplexers 613 and 616; an
index scaler circuit 614; and an addition/subtraction unit 615.
According to the preferred embodiment the addresses include
32 bits, therefore address registers 611 and index registers
612 store data words of 32 bits and addition/subtraction unit
615 operates on data words of 32 bits.

Table 27 lists the address register assignments. Note that
address registers 611 are coupled to both global port source
data bus Gsrc 105 and global port destination data bus Gdst
107. These connections allow register loads from memory,
register stores to memory, and register to register data transfer
with other registers within that digital image/graphics proces-
sor, such as data registers 200 within data unit 110. Various
uses of these connections will be described below.
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TABLE 27
Address
Register Register Assignment
A0 Local address unit
Al Local address unit
A2 Local address unit
A3 Local address unit
A4 Local address unit
AS reserved
A6 Global/Local address units
shared stack pointer
A7 Local address unit
read only, all zeros
A8 Global address unit
A9 Global address unit
Al0 Global address unit
All Global address unit
Al2 Global address unit
Al3 reserved
Al4 Global/Local address units
shared stack pointer
AlS Global address unit

read only, all zeros

Address registers A0, A1, A2, A3 and A4 are within local
address unit 620 and are available for general use. Address
register A5 is not supported in the current embodiment, but its
address is reserved for future expansion of the local address
unit 620. Address registers A8, A9, A10, A11 and A12 are
within global address unit 620 and are available for general
use. Address register A13 is not supported in the current
embodiment, but its address is reserved for future expansion
of'the global address unit 610. Address registers A6 and A14
are embodied by a single register accessible by local address
unit 620 at address A6 and by address unit 610 ataddress A14.
This combined register A14/A6 will generally be used as a
stack pointer. Note that stack operations are only allowed on
aligned 32 bit word boundaries. Consequently the two least
significant bits of combined register A14/A6 are hardwired to
“00”. Writing to these two bits has no effect and they are
always read as “00”. Registers A7 and A15 are also embodied
by the same hardware and both global address sun-unit 610
and local address unit 620 may use this combined register in
the same instruction. Register A7 is accessible to local
address unit 620 and register A15 is accessible to global
address unit 610. Combined register A15/A7 is hardwired to
all “0’s”. Writing to either of these two registers has no effect
and they are always read as all “0’s”. In the preferred embodi-
ment these two registers are embodied by the same hardware
accessible at differing addresses.

Table 28 lists the index register assignments. Index regis-
ters 612 are coupled to both global port source data bus Gsrc
105 and global port destination data bus Gdst 107. These
connections permits register loads from memory, register
stores to memory, and register to register data transfer with
other registers within that digital image/graphics processor,
such as data registers 200 within dataunit 110. Various uses of
these connections will be described below.

TABLE 28
Index
Register Register Assignment
X0 Local address unit
X1 Local address unit
X2 Local address unit
X3 reserved
X4 reserved
X5 reserved
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TABLE 28-continued
Index
Register Register Assignment
X6 reserved
X7 reserved
X8 Global address unit
X9 Global address unit
X10 Global address unit
X11 reserved
X12 reserved
X13 reserved
X14 reserved
X15 reserved

Index registers X0, X1 and X2 are within local address unit
620 and are available for general use. Index registers X3, X4,
X5, X6 and X7 are not supported in the current embodiment,
but their addresses are reserved for future expansion of the
local address unit 620. Index registers X8, X9 and X10 are
within global address unit 620 and are available for general
use. Index registers X11, X12, X13, X14 and X15 are not
supported in the current embodiment, but their addresses are
reserved for future expansion of the global address unit 610.

Global address unit 610 generates a 32 bit address. Either
an index stored in a specified index register within index
registers 612 or an offset field from the instruction word is
selected at multiplexer 613. This selection is controlled by the
instruction via instruction decode logic 660 (FI1G. 27). Mul-
tiplexer 613 also selects the size of the offset field again based
on the instruction. As will be further discussed below, global
address unit 610 may receive a 15 bit offset field or a 3 bit
offset field. Whether the offset field is 15 bits or 3 bits, this
value is zero extended to 32 bits before use.

Index scaler 614 optionally left shifts the data selected by
multiplexer 613. This optional left shift is selected by a
scaled/unscaled input that corresponds to the function of the
instruction. This left shift is 0, 1 or 2 bits depending on the
indicated data size. As previously described the pixel data
may be specified as 8 bits (byte), 16 bits (half word) or 32 bits
(word). If scaling is selected, then the data is left shifted with
zero filling 0 bit places for byte data, 1 bit place for half word
data and 2 bit places for word data. Since no scaling ever
occurs for byte data transfers, the instruction word bit speci-
fying scaling is available for other purposes. In the preferred
embodiment this instruction word bit is used as an additional
offset bit. Thus if the data size is 8 bits, the instruction can
supply a 16 bit offset index rather than a 15 bit offset index or
a 4 bit offset index rather than a 3 bit offset index. This address
index scaling feature permits addressing that is independent
from the data size. This feature is useful in certain applica-
tions such as look up table operations.

Addition/subtraction unit 615 receives a base address from
an address register selected by the instruction and the index.
The instruction selects either addition of the index to the base
address or subtraction of the index from the base address. The
resultant forms one input to multiplexer 616. The base
address from the selected address register forms the other
input to multiplexer 616. Multiplexer 616 selects one of these
addresses depending on whether the instruction specifies pre-
indexing or post-indexing. If the instruction specifies pre-
indexing, then the resultant of addition/subtraction unit 615 is
selected by multiplexer 616 as the output address. If the
instruction specified post-indexing, then the base address
from address registers 611 is selected by multiplexer 616 as
the output address.

The modified address may be written into the selected
address register. In pre-indexing, then instruction selects
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whether to write the modified address into the source address
register within address registers 611. In post-indexing, then
the modified address is always written into the source address
register within address registers 611. In the preferred embodi-
ment, the instruction word specifies one of 12 modes for each
of the global address unit 610 and the local address unit 620.
These twelve modes include: pre-addition of an offset index
without base address modification; pre-addition of an offset
index with base address modification; post-addition of an
offset index with base address modification; pre-subtraction
of an offset index without base address modification; pre-
subtraction of an offset index with base address modification;
post-subtraction of an offset index with base address modifi-
cation; pre-addition from an index register without base
address modification; pre-addition from an index register
with base address modification; post-addition from an index
register with base address modification; pre-subtraction from
an index register without base address modification; pre-
subtraction from an index register with base address modifi-
cation; and post-subtraction from an index register with base
address modification.

Special read only zero value address registers A15/A7 per-
mit special functions. Specification of the corresponding one
of'these registers as the source of the base address converts the
index address into an absolute address. Specification of one of
these zero value address registers may also load an offset
index.

Hardware associated with each address unit permits speci-
fication of the base address of the data memories and the
parameter memory corresponding to each digital image/
graphics processor. This specification occurs employing two
pseudo address registers. Specification of “PBA” as the
address register produces the address of the parameter
memory corresponding to that digital image/graphics proces-
sor. The parameter memory base address register of each
digital image/graphics processor permanently stores the base
address of the corresponding parameter memory. The param-
eter memory 25 corresponds to digital image/graphics pro-
cessor 71, parameter memory 30 corresponds to digital
image/graphics processor 72, parameter memory 35 corre-
sponds to digital image/graphics processor 73, and parameter
memory 40 corresponds to digital image/graphics processor
74. Specification of “DBA” as the address register produces
the address of the base data memory corresponding to that
digital image/graphics processor. The data memory 22
includes the lowest address corresponding to digital image/
graphics processor 71, data memory 27 includes the lowest
address corresponding to digital image/graphics processor
72, data memory 32 includes the lowest address correspond-
ing to digital image/graphics processor 73 and data memory
37 includes the lowest address corresponding to digital
image/graphics processor 74.

These pseudo address registers may be used in global
address unit 610 and local address unit 620 and with indices
in any of the 12 permitted combinations of pre- and post-
addition or subtraction, except that these may not be address
destinations. There are restrictions on the permitted data
transfers when using these pseudo address registers. These
are called pseudo address registers because no actual address
register corresponds to these designations. Instead each
address unit employs hardware in conjunction with an iden-
tifier in a command register (to be later described) to produce
the required address.

The particular addresses for the preferred embodiment of
this invention are listed below in Table 29. The pseudo
address register PBA produces an address of the form Hex
“0100#000” and the pseudo address register DBA produces



US RE44,190 E

83
an address of the form Hex “0000#000”, where # is the digital
image/graphics processor number.

TABLE 29
Digital Parameter Data
Image/Graphics Memory Memory
Processor Number Base Address Base Address
0 01000000 00000000
1 01001000 00001000
2 01002000 00002000
3 01003000 00003000

These pseudo address registers are advantageously used in
programs written independent of the particular digital image/
graphics processor. These pseudo address registers allow pro-
gram specification of addresses that correspond to the par-
ticular digital image/graphics processor. Thus programs may
be written which are independent of the particular digital
image/graphics processor executing the programs.

Referring back to FIG. 27, address unit 120 forms respec-
tive addresses on global address port 121 and local address
port 122. In the least complex case, the global address gen-
erated by global address unit 610 passes through multiplexer
641 and is stored in global temporary address register GTA
651. Global address port 121 passes this address together with
byte strobe, read/write and select signals to crossbar 50. Simi-
larly the local address generated by local address unit 620 is
stored in local temporary address register LTA 652 for supply
to crossbar 50 via local address port 122 together with accom-
panying byte strobe, read/write and select signals. Global
temporary address register 651 and local temporary address
register 652 hold the generated addresses for reuse in case of
crossbar contention. This is more convenient than recomput-
ing the address for reuse because the possibility of address
register modification would require conditional recomputa-
tion.

Sometimes an address generated by local address unit 620
passes to crossbar 50 via global address port 121 rather than
by local address port 122. Control circuit 654 determines if
the address generated by local address unit 620 is a legal local
address. Note that the local ports may only address the cor-
responding data or parameter memory. If local address unit
620 generates an address outside its permitted range, and no
global portaccess is specified, then control circuit 654 signals
control circuit 642 to cause multiplexer 641 to select the local
address generated by local address unit 620. This address is
then stored in global temporary address register GTA 651. If
a global port access is specified, this is serviced first and then
control circuit 654 signals control circuit 642 to cause multi-
plexer 641 to select the address stored in local temporary
address register LTA 652. In either case global temporary
address register GTA 653 supplies the address to the global
address port 121.

Global/local address multiplexer register GLMUX 630
permits a single address to be formed from parts of the
addresses generated by global address unit 610 and local
address unit 620. This is known as XY patching that forms a
patched address. Global/local address multiplexer register
GLMUX 630 is coupled to both global port source data bus
Gsre 105 and global port destination data bus Gdst 107 and
can be accessed within the register space of digital image/
graphics processor 71. Global/local address multiplexer reg-
ister GLMUX 630 includes 30 bits. For each bit position of
global/local address multiplexer register GLMUX 630 a “1”
selects the corresponding bit from global address unit 610 and
a “0” selects the corresponding bit from local address unit
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620. Global/local address multiplexer register GLMUX 630
signals control circuit 642 to make the corresponding bit
selections within multiplexer 641. The patched address from
multiplexer 641 is stored in global temporary address register
GTA 651 for application to global address port 121 in the
manner previously described.

In the preferred embodiment XY patched addressing only
supports post-indexing due to speed considerations. Note that
XY patch address selection must occur following address
generation by both global address unit 610 and local address
unit 620. Thus XY patch address selection takes more time
than normal addressing. Limiting XY patch addressing to
post-indexing insures that this address is available not later
than other addresses. Note that if the timing of this address
generation is not an problem, then XY patch addressing may
support all the address modes listed in Tables 45 and 47.

When executing an instruction calling for global/local
address multiplexing, the instruction can specify XY patch
detection. XY patch detection determines when the address
specified by the global or local address unit is outside a
defined boundary or patch. A one bit patch option field in the
instruction word (bit 34) enables XY patch detection. If this
patch option field is “1”, then specified operations are per-
formed when the generated address is outside the XY patch.
If'this patch option field is “0”, then these specified operations
are performed if the generated address is inside the XY patch.
Zero detectors 631 and 632 perform the patch detection. Zero
detector 631 masks the global port address generated by
global address unit 610 with the contents of global/local
address multiplexer register 630. If this masked address is
non-zero, then the global address from global address unit
610 includes a “1” in a data position assigned to local address
unit 620. This indicates the global address is outside the
patch. Similarly zero detector 633 masks the local port
address generated by local address unit 620 with the inverse
of the contents of global/local address multiplexer register
GLMUX 630. If this masked address is non-zero, then the
local address is outside the patch. The logical OR of these two
outputs indicates whether the patched address is inside or
outside the patch.

The instruction word specifies alternative actions to be
taken based upon whether the patched address is inside or
outside the patch. A conditional access one bit field specifies
conditional memory access. If this conditional access field is
“17, then memory access is unconditional and is performed
whether the address is inside or outside the XY patch. If the
conditional access field is “0”, then the memory access, either
a load or a store, is conditional based upon the state of the
patch option field. An interrupt one bit field indicates whether
to issue an interrupt upon patch detection. When the interrupt
field is “1”, address unit 120 issues an interrupt upon patch
detection in the sense specified by the patch option field.
When the interrupt field is “0”, no interrupt issues regardless
of patch detection.

These XY patched address modes have several uses. A
display screen can be addressed in rows and columns by
segregating the address between global address unit 610 and
local address unit 620. Thus the name XY patch addressing.
The conditional memory accessing or interrupt generation
can then signal branch operations for window clipping. It is
also feasible to use this addressing mode in software
“pseudo” data caching to detect cache hit or cache miss.

Control circuits 653 and 654 control interface between data
unit 120 and crossbar 50. Each unit generates byte strobe
signals, a read/write signal and select signals. These signals
control the data transfer operation. In addition each control
circuit 653 and 654 receives from crossbar 50 a grant signal.
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Receipt of this grant signal indicates that the contention cir-
cuits of crossbar 50 have granted access to the corresponding
port. This could be either because there is no contention for
memory access Or any memory access contention has been
resolved by granting access to the corresponding port. Upon
retry after an access failure due to memory contention, these
signals are reconstituted from the instruction word stored in
the instruction register-address stage IRA 751 and the gener-
ated address stored in either global temporary address register
GTA 651 or local temporary address register LTA 652.

The byte strobe signals handle the cases for writing data
less than 32 bits wide. The data size for data transfers of byte
(8 bits), half-word (16 bits) or word (32 bits) is set by the
instruction. If the data size is 8 bits, then the data is replicated
4 times to fill a 32 bit word. Similarly if the data size is 16 bits,
this data is duplicated to fill 32 bits. There are four byte strobe
signals corresponding to the four bytes in the 32 bit data word.
Each of these four byte strobes may be active (“1”) indicating
write that byte or inactive (“0”) indicating do not write that
byte. The byte strobes are set according to the 2 least signifi-
cant bits (bits 1-0) of the generated address and the current
endian mode.

The endian mode indicates the byte order employed in
multi-byte data. F1G. 29a illustrates the byte order within a 32
bit data word according to the little endian mode. In the little
endian mode the least significant byte has a byte address of
“0” and the most significant byte has a byte address of “3”.
FIG. 290 illustrates the byte order within a 32 bit data word
according to the big endian mode. In the big endian mode the
most significant byte has a byte address of “0” and the least
significant byte has abyte address of““3”. Master processor 60
sets the endian mode, which is not expected to change
dynamically. Note that the bit order within bytes does not
change based upon the endian mode. The convention for bit
order within bytes would generally be set by the connections
between the external data bus of transfer controller 80 and the
host data bus. Table 30 lists the byte strobes for the various
combinations of address bits 1-0, data size and the endian
mode.

TABLE 30
Little Endian Big Endian
Address bits Data size in bits Data size in bits
1 0 8 16 32 8 16 32
0 0 0001 0011 1111 1000 1100 1111
0 1 0010 0011 1111 0100 1100 1111
1 0 0100 1100 1111 0010 0011 1111
1 1 1000 1100 1111 0001 0011 1111

As indicated in Table 30, if the two least significant address
bits are “00”, and the data size is 8 bits, then the last byte
strobe for bits 7-0 is active in the little endian mode and the
first byte strobe for bits 31-24 is active in the big endian mode.
When the data size is less than 32 bits, a write cycle is
accomplished by a read-modify-write operation. The byte
strobes determine the bytes modified by the data to be written
into memory. As previously described, it is technically fea-
sible to support data sizes of 4 bits, 2 bits and 1 bit besides the
data sizes noted above. Those skilled in the art would under-
stand how to extend the byte strobe concept explained above
to support these other data sizes.

Each control circuit 653 and 654 generates a read/write
signal. The read/write signal indicates that the memory access
is amemory read or memory write operation. A single bit field
in the instruction field for each active port indicates whether
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the data transfer is a load operation, which is a memory read,
orastore operation, which is a memory write. Control circuits
653 and 654 generate the corresponding read/write signal to
crossbar 50 based upon the corresponding single bit field in
the instruction word.

Each control circuit 653 and 654 generates two strobe
signals. An active data-space select signal indicates that the
memory transfer is to data memory. An active parameter-
space select signal indicates that the memory transfer is to
parameter memory. Neither select signal is active during
execution of an instruction not specifying a data transfer
operation via that port. Bit 24 of the generated address con-
trols these select signals due to the address partitioning. The
data-space select signal is active when bit 24 of the address is
“0” and the parameter-space select signal is active when bit 24
of the address is “1”.

Global address unit 610 and local address unit 620 may be
used for additional arithmetic operations. The use of an
address unit for arithmetic operations is called address unit
arithmetic. An address unit arithmetic operation may be sub-
stituted for any memory load operation. Any instruction word
with specifies data transfer operations includes a bit that
specifies whether the data transfer is aload (data transfer from
memory to a register) or a store (data transfer from a register
to memory). These instruction words also include a bit that
specifies whether the data is sign extended on load. Sign
extension fills the higher order bits of the data written to the
destination with the same state as the most significant bit of
the data in case the data size is less than 32 bits. The otherwise
meaningless combination of store with sign extend enables
address unit arithmetic. Rather than fetching the memory data
located at the address generated by the address unit and stor-
ing it in the destination register, an address unit arithmetic
operation stores the calculated address in the destination reg-
ister. Buffer 655 supplies the output from global temporary
address register GTA 651 to global port source data bus Gsrc
105 for supply to a specified destination register when the
instruction word indicates sign extend and a load operation.
Similarly, buffer 656 supplies the output from local tempo-
rary address register LTA 652 to local port bus Lbus 103 for
supply to a specified destination register when the instruction
word indicates sign extend and a load operation. Under these
conditions control circuits 653 and 654 do not generate their
control signals to crossbar 50. Thus the generated address is
diverted from the address bus of crossbar 50 to the corre-
sponding digital image/graphics processor data bus.

Address unit arithmetic operations enable additional par-
allel arithmetic operations. In the preferred embodiment,
each digital image/graphics processor 71, 72, 73 and 74 can
perform a multiply and three additions in one instruction. It is
preferably also possible to perform a multiply, two additions
and a data transfer operation in parallel in one instruction. All
of the indexing, address modification and offset operations
available for the corresponding load operation are available
during address unit arithmetic. Thus an address unit arith-
metic operation can compute a result to be stored in the
destination register while also moditying a base address reg-
ister either by pre-incrementing, post-incrementing, pre-dec-
rementing or post-decrementing. An address unit arithmetic
operation adding an offset index to a zero base address from
address registers A15/A7 can load an offset field in parallel
with any data unit operation. Address unit arithmetic opera-
tions can be performed conditionally in the same manner as
conditional data transfers. As in other conditional data trans-
fers modification of the base address register occurs uncon-
ditionally, only the transfer of the result is conditional. The
preferred embodiment also supports address unit arithmetic
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of patched addresses. Like all other address computations
address unit arithmetic calculations occur in the address pipe-
line stage and are written to the destination register during the
execute pipeline stage. Note that the “address” computed
during an address unit arithmetic operation is not checked for
range. This is because no actual memory access occurs when
an address unit arithmetic operation executes.

Address unit arithmetic operations are best used to reduce
the number of instructions needed for a loop kernel in a loop
that is repeated a large number of times. Graphics and image
operations often require large numbers of repetitions of short
loops. Often reduction of a loop kernel by only a single
instruction can greatly improve the performance of the pro-
cess.

Data transfers between digital image/graphics processor
71 and memory 20 are made via data port unit 140. Data port
unit 140 handles data alignment, sign or zero extension and
the like for data passing through. FIG. 30 illustrates details of
this portion of buffer 147 illustrated in FIG. 3. Note that this
same structure could also be used within multiplexer buffer
143 of local data port 141. Data from the crossbar data bus is
divided into four data streams of 8 bits each. Data alignment
multiplexer 151 selects and aligns the received data based
upon the current data size, endian mode and the two least
significant bits of the generated address. For a data size of 32
bits, no selection or alignment is needed and the four 8 bit data
streams pass through data alignment multiplexer 151
unchanged. For a data size of 16 bits, data alignment multi-
plexer 151 selects either the most significant 16 bits or the
least significant 16 bits for supply via the 16 least significant
output bits. This selection contemplates the current endian
mode and address bits 1-0. If address bit 1 is <07, then data
alignment multiplexer 151 selects the least significant 16 bits
in little endian mode and the most significant bits in big
endian mode. The opposite selection is made if address bit 1
is “1”. Similarly, if the data size is 8 bits, data alignment
multiplexer 151 selects either bits 31-24, bits 23-16, bits 15-8
or bits 7-0 based upon the current endian mode and address
bits 1-0.

Once the data selection and alignment have been made,
sign/zero extend multiplexer 152 provides sign or zero exten-
sion. Forthe case of 32 bit data, no sign or zero extend is made
and the data passes through sign/zero extend multiplexer 152
unchanged. Bus drivers 153 then supply the corresponding
destination bus; global port data destination bus Gdst 107 for
the global port and local port data bus Lbus 103 for the local
port. If the data size is 16 bits, then sign/zero extend multi-
plexer 152 passes data bits 15-0 unchanged. For this case data
bits 31-16 are filled with “0” if zero extension is selected.
Data bits 31-16 are sign extended, that is filled with the state
of'bit 15, is sign extension is selected. For 8 bit data, sign/zero
extend multiplexer 152 passes bits 7-0 unchanged. Bits 31-8
are filled with “0” if zero extension is selected and filled with
the state of bit 7 is sign extension is selected.

This data selection, alignment, and sign or zero extension is
available for register to register moves as well as register
loads from memory. For register to register moves the instruc-
tion word includes a field that specifies a two bit item number.
This item number, treated as if in little endian mode, substi-
tutes for the address bits 1-0. In other respects the circuit
illustrated in FIG. 30 operates as just described.

Data port unit 140 operates specially for local port illegal
addresses. Recall that each local port can only address memo-
ries corresponding to that digital image/graphics processor. If
the local address unit 620 generates an address outside its
permitted range, then this address is shunted to global address
port 121. If a global port access is also specified for that
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instruction, this is serviced first and then the local port access
is serviced via global address port 121. Under these condi-
tions during a store operation data from local data port bus
Lbus 103 supplies buffer multiplexer 146, which supplies to
the addressed memory location via global data port 148.
Similarly, when using the global port for a local load opera-
tion buffer multiplexer 143 supplies the received data from
global data port 148 to local port data bus Lbus 103.

FIG. 31 illustrates in block diagram form program flow
control unit 130. Program flow control unit 130 performs all
the operations that occur during the fetch pipeline stage.
Program flow control unit 130 controls: fetching instruction
words from the corresponding instruction cache; instruction
cache management including handshakes with transfer con-
troller 80; program counter modification by branches, inter-
rupts and loops; pipeline control, including control over data
unit 110 and address unit 120; synchronization with other
digital image/graphics processors in synchronized MIMD
mode; and receipt of command words from other processors.
As illustrated in FIG. 31 program flow control unit 130
includes the following registers: program counter PC 701;
instruction pointer-address stage IPA 702; instruction
pointer-execute stage IPE 703; instruction pointer-return
from subroutine IPRS 704; three loop end registers LE2-L.E0
711,712 and 713; three loop start registers [.S2-1.S0 721, 722
and 723; three loop counter registers LC2-1.C0 731, 732 and
733; three loop reload registers LR2-L.R0 741, 742 and 743;
loop control register LCTL 705; interrupt enable register
INTEN 706; interrupt flag register INTFLG 707; four cache
tag registers TAG3-TAGO, collectively called cache tag reg-
isters 708; a read only CACHE register 709; and a commu-
nications register COMM 781. There are two sets of write
only register addresses (LRS2-LRS0 and LRSE2-LRSE0)
employed for fast hardware loop initialization. These will be
further discussed below.

Program flow control unit 130 also includes an instruction
register-address stage IRA 751 and an instruction register-
execution stage IRE 752. These registers are not user acces-
sible and do not appear in the register space. Instruction
register-address stage IRA 751 contains the instruction word
for the current address pipeline stage. Instruction register-
execution stage IRE 752 contains the instruction word for the
current execute pipeline stage. These registers control the
operations during the respective address and execute pipeline
stages. The program flow control unit 130 pushes the fetched
instruction word located at the address in program counter PC
701 into the instruction register-address stage IRA 751. In
addition, the pipeline pushes the instruction word in the
instruction register-address stage IRA 751 into the instruction
register-execute stage IRE 752 upon each pipeline stage
advance.

Program flow control unit 130 operates predominantly in
the Fetch pipeline. Since the program flow control unit 130
contains the instruction register-address stage IRA 751 and
instruction register-execute stage IRE 752, it extracts and
distributes control information needed by data unit 110 and
address unit 120 via opcode bus 133. Program flow control
unit 130 also controls the aligner/extractors on the data port
unit 140.

The major task of program flow control unit 130 is control
of instruction fetch during the fetch pipeline stage. The
address of the next instruction word to be fetched is stored in
program counter PC 701. FIG. 32 illustrates schematically
the bits of program counter PC 701. In the preferred embodi-
ment of this invention, internal and external memory is byte
addressable. That is, each address word points to a byte (8
bits) of data in memory. As explained in detail below, each
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instruction word of digital image/graphics processor 71 is a
64 bit double word, which is 8 bytes. Since these instruction
words are aligned on even double word boundaries, only 29
bits are necessary to specify any such instruction word. As
illustrated in FIG. 32 bits 31-3 of program counter PC 701
provide this 29 bit double word address. During normal
sequential instruction operation program flow control unit
130 increments bit 3 of program counter PC 701 to address
the next 64 bit instruction.

Program counter PC 701 has two write register addresses.
Writing to program counter PC 701 executes a subroutine
call. The write alters program counter PC 701. At the same
time program flow control unit 130 causes the previous con-
tents of program counter PC 701 to be written into instruction
pointer-return from subroutine IPRS 704. This enables a
return instruction to reload program counter PC 701 from
instruction pointer-return from subroutine IPRS 704. Writing
to a different register address designated branch BR executes
a software branch. This write alters only program counter PC
701 and instruction pointer-return from subroutine IPRS 704
is unchanged.

As noted above bits 2-0 of program counter PC 701 are not
needed to specify instruction words. These otherwise unused
bits are employed to specify other things. These bits include
an “S” bit (bit 2), a “G” bit (bit 1) and an “L” bit (bit 0).

The “S” bit (bit 2) indicates whether the digital image/
graphics processor 71 is in the synchronized MIMD mode. As
previously described, when in the synchronized MIMD mode
program control flow unit 130 inhibits fetching the next
instruction word until all synchronized processors are ready
to proceed. If the “S” bit is “1”, then the digital image/
graphics processor 71 is currently executing synchronized
code. Note that the identity of the other digital image/graphics
processors synchronized to digital image/graphics processor
71 is stored in the communications register COMM
781. Otherwise, digital image/graphics processor 71 will not
wait for other digital image/graphics processors to be ready
before fetching the next instruction word. Execution of a lock
instruction (LCK) sets this “S”bit of program counter PC 701
during the address pipeline stage to enable synchronized
MIMD mode. Execution of an unlock (UNLCK) instruction
clears this “S” bit during the address pipeline stage thus
disabling the synchronized MIMD mode. Normal register
writes to program counter PC 701 do not change the state of
this “S” bit.

The “G” bit (bit 1) indicates whether global interrupts are
enabled. When this “G” bit is “0” the program flow control
unit 130 ignores all interrupt sources, except the emulation
trap. If this “G” bit is “1”, then program flow control unit 130
responds to those interrupt sources individually enabled in
interrupt enable register INTEN 706. Execution of an enable
interrupt instruction (EINT) sets this “G” bit of program
counter PC 701 during the address pipeline stage to enable
interrupts. Execution of a disable interrupt instruction
(DINT) clears this “G” bit during the address pipeline stage of
thereby disabling most interrupt sources. Normal register
writes to program counter PC 701 do not change the state of
this “G” bit.

The “L” bit (bit 0) indicates whether hardware loop logic is
enabled. This hardware loop logic will be fully described
below. If the “L” bit is “17, then the hardware loop logic is
disabled. Otherwise, hardware loops are individually enabled
according to the loop control register LCTL 708. Hardware
loops are normally disabled via this “L” bit only during the
return sequence from an interrupt, because loops are
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“unwrapped” during the entry into an interrupt routine. Nor-
mal register writes to program counter PC 701 do not change
the state of this “L” bit.

FIG. 33 illustrates schematically the bits of instruction
pointer-address stage IPA 702. This register is loaded with the
contents of program counter PC 701 upon each pipeline stage
advance. In the first two pseudo-instructions of an interrupt,
the “L” bit (bit 0) of instruction pointer-address stage IPA 702
is forced to “1” whatever the state of this bit in program
counter PC 701. The other bits of program counter PC 701 are
copied into instruction pointer-address stage IPA 702 without
alteration. This register stores the address of the instruction
currently in the Address pipeline stage.

Instruction pointer-execute stage IPE 703 is loaded with
the contents of instruction pointer-address stage IPA 702
upon each pipeline stage advance. This register is useful in
relative program counter computations. Note that instruction
pointer-execute stage IPE 703 stores the address of the
instruction currently in the execute pipeline stage. Using this
register for relative program counter computations is better
than using program counter PC 701 due to the possibility of
branches, loops or interrupts and because no offset is
required.

Instruction pointer-return from subroutine register IPRS
704 stores the subroutine return address. FIG. 34 illustrates
the bits of this register schematically. Instruction pointer-
return from subroutine register IPRS 704 is updated with the
address previously stored in program counter PC 701 incre-
mented at bit 3 whenever software writes to program counter
PC 701. This is the address following the second delay slot of
the software branch. Thus, as implied by the name, instruc-
tion pointer-return from subroutine register IPRS 704 stores
the address for returns from subroutines. Executing a return
instruction loads the address stored in instruction pointer-
return from subroutine register IPRS 704 into program
counter PC 701 during the execute pipeline stage. Only bits
31-3 of instruction pointer-return from subroutine register
IPRS 704 are used. Bits 2-0 of program counter PC 701 are
not stored in instruction pointer-return from subroutine IPRS
704 upon a software branch and these bits are not read from
instruction pointer-return from subroutine IPRS 704 during
restoration of program counter PC 701.

The program flow control unit of each digital image/graph-
ics processor includes an instruction cache controller 760.
This instruction cache controller 760 includes a set of four
cache tag registers TAG3-TAGO 708, a least recently used
control circuit 761 and an address encoder 762. The instruc-
tion cache controller 760 controls a section of memory dedi-
cated to instruction caching for that digital image/graphics
processor. This instruction cache memory is preferably 2K
bytes in size. Instruction cache controller 760 treats the
instruction cache memory as holding 256, 64 bit instructions
in one set with 4 blocks supported by 4-way least recently
used operations. Each block has 4 sub-blocks of 16 instruc-
tions. Thus each of the cache tag registers TAG3-TAG0 708
includes 4 “present” bits for a total of 16 “present” bits.

FIG. 35 illustrates the fields of each cache tag register
TAG3-TAGO. The tag value field (bits 31-9) of each of the tag
registers holds a tag value. This tag value is the virtual address
of'the start of the corresponding cache block in the instruction
cache memory. Sub-block present bits (bits 8-5) of each cache
tag register TAG3-TAGO are associated with the respective
four sub-blocks 3-0 in the block to which that cache tag
register relates. Thus bit 8 represents the most significant
sub-block and bit 5 represents the least significant sub-block.
The “LRU” field (bits 1-0) indicates how recently the block
was used. These bits are as defined in Table 31.
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TABLE 31

LRU bits

—_
<

Position in use stack

most-recently used
next-most recently used
next-least recently used
least recently used

_—_0 O
—_ O = O

Bits 4 to 2 of cache tag registers TAG3-TAGO0 708 are not
implemented. These bits are reserved for a possible extension
of the instruction cache memory to include additional sub-
blocks. Cache tag registers TAG3-TAGO 708 appear in the
register map as listed in Tables 37 and 38.

Instruction cache controller 760 of each digital image/
graphics processor 71, 72, 73 or 74 may be flushed by master
processor 60 or by the digital image/graphics processor itself.
Note that a cache flush resets only the cache tag registers
TAG3-TAGO 708 within program flow control unit 130 and
does not clear data from the corresponding instruction cache
memory. An instruction cache flush is performed by writing a
cache flush command word to address register A15 with the
“I” bit (bit 28) set. Reset does not automatically flush the
cache. An instruction cache flush causes the cache tag value
field to be set to the cache tag register’s own number (i.e.,
TAG3=3, TAG2=2, TAG1=1, TAG0=0), clears all their
present bits, and sets the LRU bits to the tag register’s own
number (i.e., TAG3(LRU)=“11", TAG2(LRU)=<10", TAG1
(LRU)=“01” and TAGO(LRU)="00"). Cache tag register
TAG3 is thus the least-recently-used following a cache flush.

Program flow control unit 130 compares corresponding
bits of the address stored in program counter PC 701 to the
cache tag registers TAG3-TAGO 708 during each fetch pipe-
line stage. This comparison yields either a cache miss result or
a cache hit result. A cache miss may be either a block miss or
a sub-block miss. In a block miss the most significant 23 bits
of program counter PC 701 does not equal the corresponding
23 bits of any of the cache tag registers TAG3-TAGO 708. In
this case, least recently used control circuit 761 chooses the
least recently used block to discard, and clears all the present
bits of the corresponding cache tag register. In a sub-block
miss the most significant 23 bits of program counter PC 701
matches the corresponding 23 bits of one of the cache tag
registers TAG3-TAGO0 708, but the present bits (one of bits 8-5
of the tag register) indicating presence of the sub-block cor-
responding to bits 8-7 of program counter PC 701 is “0”. This
means that one of the cache tag registers TAG3-TAGO0 708 is
assigned that memory block, but that the sub-block is not
present within the instruction cache.

If either type of cache miss occurs, then program flow
control unit 130 requests transfer controller 80 to service the
instruction cache memory via an external access. Program
control flow unit 130 passes the external address and the
internal sub-block address to the transfer controller 80. Pro-
gram flow control unit 130 signals transfer controller 80 the
cache miss information via crossbar 50. Transfer controller
80 services the cache miss by fetching the entire sub-block of
instructions including the address of the currently sought
instruction word. This block of instructions is stored in the
least recently used block within the instruction cache memory
21, 26, 31 and 36 corresponding to the requesting digital
image/graphics processor 71, 72, 73 and 74, respectively.
Program flow control unit 130 then sets the proper values in
the corresponding cache tag register TAG3-TAGO 708. The
instruction fetch operation is then repeated, with a cache hit
guaranteed.
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Cache miss information may be accessed by reading from
the register in the register space at register bank “1111” reg-
ister number “000”. This register is called the CACHE regis-
ter 709 in Table 38. Program flow control unit 130 provides 27
bits. These 27 bits are the 23 most significant address of
program counter PC 701 (the tag bits) plus 2 sub-block bits
from cache tag registers TAG3-TAGO0 708 and two bits encod-
ing the identity of the least-recently-used block from least
recently used control circuit 761. CACHE register 709 is read
only, any attempt to write to write to this register is ignored.
Thus CACHE register 709 is connected to only global port
source data bus Gsrc bus 105 and not connected to global port
destination data bus Gdst 107.

If a cache hit occurs, then the desired instruction word is
stored in the corresponding instruction cache. As previously
described, each instruction cache memory 21, 26, 31, 36
includes 2K bytes. Since internal and external memory is byte
addressable in the preferred embodiment, 11 address bits are
required. However, each instruction is aligned with a 64 bit
double word boundary and thus the three least significant bits
of an instruction address are always “000”. The 2 most sig-
nificant bits of the 11 bit instruction address on instruction
port address bus 131 correspond to the cache tag register
TAG3-TAGO 708 successfully matched with program
counter PC 701. These address bits 10-9 are encoded as
shown in Table 32.

TABLE 32
Address bits Cache tag
10 9 register
0 0 TAGO
0 1 TAG1
1 0 TAG2
1 1 TAG3

The bits 8-3 of the instruction address on instruction port
address bus 131 are bits 8-3 of the 29 bit double word address
stored in program counter PC 701. The cache tag comparison
is made fast enough to output the 8 bit address via the instruc-
tion port with an implied read signal from the digital image/
graphics processor to the corresponding instruction cache
memory. This retrieves the addressed 64 bit instruction word
into instruction register-address stage IRA 751 before the end
of'the fetch pipeline stage. Program flow control unit 130 next
updates program counter PC 701. If the next instruction is at
the next sequential address, program control flow unit 130
post increments program counter PC 701 during the fetch
pipeline stage. Note this post increment means that program
counter PC 701 stores the address of the next instruction to be
fetched. Otherwise, program control flow unit 130 loads the
address of the next instruction into program counter PC 701
according to loop logic 720 (FIG. 37) or software branch.
When in the synchronized MIMD mode, program flow con-
trolunit delays the instruction fetch until all the digital image/
graphics processors specified by sync bits in communications
register COMM 781 are synchronized.

Program flow control unit 130 includes loop logic 720
employed with a number of registers in nested zero-overhead
looping and a variety of other powerful instruction flow con-
trol functions. Examples of these other functions include:
multiple ends to the same loop; zero-delay branches without
necessarily returning; zero-delay “calls and returns”; and
conditional zero-delay branches. The basic function of loop
logic 720 is nested zero-overhead looping. For each of three
possible loops there are four registers. These are: loop end
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registers LE2 711, LE1 712 and LEO 713; loop start registers
L.S2 721, L.S1 722 and LSO 723; loop count registers [.C2
731, LC1 732 and LCO 733; and loop reload registers LR2
741, LR1 742 and LR0 743. The entire loop logic process is
controlled by the status of loop logic control register LCTL
705 in conjunction with the loop enable bit (bit 0) of program
counter PC 701. In addition there are several register address
locations LRS2-LRS0 and LRSE2-LRSE( that simulta-
neously load more than one of the primary registers.

Each set of four registers controls an independent zero-
overhead loop. A zero-overhead loop is the solution to a
problem caused by the pipeline structure. A software branch
performed by loading an address into program counter PC
701 occurs during the execute pipeline stage. Such a branch
does not take place immediately because it does not change
two instructions that were already fetched and in the instruc-
tion pipeline. These two instructions were fetched during the
previous two fetch pipeline stages. This delay in branch
implementation is called a pipeline hit and the two instruc-
tions following the branch instruction are called delay slots.
Sometimes clever programming enables useful work during
the delay slots, but this is not always possible. Loop logic 720
operates during the fetch pipeline stage and, once some set up
is accomplished, enables loops and branches without pipeline
hits. Note that once the appropriate registers are loaded loop
logic 720 does not require a branch instruction during looping
and does not produce any delay slots. This loop logic 720 may
be especially useful in algorithms with nested loops with
numerous repetitions.

A simple example of loop logic 720 operation follows. Set
up of loop logic 720 includes loading a particular loop end
register, and the corresponding loop start register, loop count
register and loop reload register. For example the loop end
address is loaded into loop end register LE0 713, the loop start
address is loaded into loop start register LSO 723 and the
number of loop repetitions desired is loaded into loop count
register LCO 733 and loop reload register LR0 743. During
each fetch pipeline stage loop logic compares the address
stored in program counter PC 701 with the loop end address
stored in loop end register LEO 713. If the current program
address equals the loop end address, loop logic 720 deter-
mines if the loop count stored in the corresponding loop count
register, in this case loop count register LC0 733, is “0”. If the
loop count is not “0”, then loop logic 720 loads the loop start
address stored in loop start register LSO 723 into program
counter PC 701. This repeats the loop starting from the loop
start address. In addition, loop logic 720 decrements the loop
count stored in the corresponding loop count register, in this
case loop count register LCO0 733. If the loop count in the
corresponding loop count register is “0”, then no branch is
taken. Program flow control unit 130 increments program
counter PC 701 normally to the next sequential instruction. In
addition, loop logic 720 loads the loop count stored in the
loop reload register LRO into the loop count register L.CO.
This prepares loop logic 720 for another set of repetitions and
is useful for inner loops of nested loops. Because all these
processes occur during the fetch pipeline state no pipeline hit
takes place.

FIG. 36 illustrates loop logic control register 705. Loop
logic control register 705 controls operation of loop logic 720
based upon data stored in three sets of bits corresponding to
the three loop end registers LE2-LE0O 711-713. Loop logic
control register 705 bits 3-0 control the loop associated with
loop end register LEO 713, bits 7-4 control the loop associated
with loop end register LE1 712, and bits 11-8 control the loop
associated with loop end register LE2 711. The “E” bits (bits
11, 7 and 3) are enable bits. A “1” in the “E” bit enables the
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loop corresponding the associated loop end register. A “0”
disables the associated loop. Thus setting bits 11, 7 and 3 to
“0” completely disables loop logic 720. Each loop end regis-
ter LE2-LEO has an associated “L.Cn” field that assigns a loop
count register LC2-L.CO0 for that loop end register. The coding
of'the “L.Cn” field is given in Table 33.

TABLE 33
Loop Count

LCn field Register
0 0 0 none
0 0 1 LCO
0 1 0 LC1
0 1 1 LC2
1 X X reserved

The assigned loop count register stores the corresponding
loop count and is decremented each time the program address
reaches the associated loop end address. Although the “I.Cn”
field is coded to allow every loop end register to use any loop
count register, not all combinations are supported in the pre-
ferred embodiment. In the preferred embodiment the “L.Cn”
field may assign: loop count register LC2 or LCO to loop end
register LE2 711; register LC1 or LCO to loop end register
LE1 712; and only loop count register LCO to loop end reg-
ister LEO 713. In the case of a “L.Cn” field of “000”, no loop
count register is used and the program always branches to the
loop start address stored in the corresponding loop start reg-
ister. Also note that if bit 0 of program counter PC 701 is “0”,
then loop logic 720 is inhibited regardless of the status of loop
control register LCTL 705. This permits loop logic inhibition
without losing the assignment of loop count registers to loop
end registers. When the count in the assigned loop count
register reaches “0”, encountering the loop end address does
not load program counter PC 701 with the address in the
corresponding loop start register. Instead the loop count reg-
ister is reloaded with the contents of the corresponding loop
reload register LR2-LR0. By assigning loop counter register
LC0 733 to two or three loop end registers LE2-LE0, multiple
end points to a loop are supported. Note that the most signifi-
cant bits of loop control register LCTL 705 and the “1XX”
codings of the respective “L.Cn” fields are reserved for a
possible extension of the loop logic to include more loops.

FIG. 37 illustrates loop logic 720. Loop logic 720 includes
previously mentioned: program counter PC 701; loop logic
control register LCTL 705; the three loop end registers LE2-
LE0 711, 712 and 713; the three loop start registers [L.S2-1.S0
721, 722 and 723; the three loop counter registers LC2-L.C0
731, 732 and 733; the three loop reload registers LR2-L.R0
741, 742 and 743; comparitors 715, 716 and 717; priority
logic 725; loop logic control register “L.Cn” field decoders
735, 736 and 737, and zero detectors 745, 746 and 747. The
respective “E” fields of loop logic control register LCTL 705
selectively enable comparitors 715, 716 and 717 and loop
logic control register “L.Cn” field decoders 735, 736 and 737.
Comparitors 715, 716 and 717 compare the address stored in
program counter PC 701 with respective loop end registers
LE2 711, LE1 712 and LEO 713. Loop logic control register
“LCn” field decoders 735, 736 and 737 decode respective
“LCn” fields of loop logic control register LCTL 705, ensur-
ing that the assigned loop count register LC2-L.CO is decre-
mented upon reaching aloop end. Zero detectors 745, 746 and
747 enable reload of respective loop count registers 731, 732
and 733 from the corresponding loop reload registers 741,
742 and 743 when the loop count reaches “0”.
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Priority logic 725 decrements the assigned loop count reg-
ister LC2-L.CO or loads program counter PC with the loop
start address in loop start register LS2-1.S0 depending upon
the corresponding zero detection. If two or three loops end at
the same address then priority logic 725 set priorities for the
loop end registers in the order from loop end register LE2
(highest) to loop end register LEO (lowest) . If no zero detec-
tor 745, 756 or 747 detects “0”, then the loop start register
L.S2-L.S0 associated with the highest priority loop end regis-
ter LE2-L.E0 matching the program counter PC 701 is loaded
into program counter PC 701 and the loop count register
LC2-LCO assigned to that highest priority loop end register
LE2-LEO0 is decremented. If at least one zero detector 745,
756 or 747 detects zero, then the zero-value loop count reg-
ister LC2-L.CO corresponding to each zero value loop end
register LE2-L.E0Q matched is reloaded from the correspond-
ing loop reload register LR2-I.R0 and the non-zero loop count
register LC2-L.CO assigned to the highest priority non-zero
loop end register LE2-L.E0 matched is decremented. Program
counter PC 701 is loaded with the loop start address associ-
ated with the highest priority loop end register that has a
corresponding nonzero loop count register. Zero detector 747
has a disable line to zero detector 746 to disable zero detector
746 from causing reload if zero detector 747 detects a zero.
Both zero detectors 747 and 746 may disable zero detector
745 from causing reload if either zero detector 747 or 746
detect zero. Thus three nested loops may end at the same
instruction with the loop associated with loop end register
L.S2 711 the inner loop, and the loop associated with loop end
register L.S0 the outer loop.

Loops can have any number of instructions within the
address limit of the loop end registers LE2-LE0. Loop end
registers LE2-L.LEO and loop start registers [L.S2-.S0 prefer-
ably include 29 address bits in the same fashion as program
counter PC 701. The number of repetitions possible is limited
by the capacity of the loop count registers and the loop reload
registers. In the preferred embodiment the loop count regis-
ters LC2-1.CO and the loop reload registers LR2-L.R0 each
have 32 bits as most registers on digital image/graphics pro-
cessor 71. For the sake of size, the capacity of the loop count
and loop reload registers may be limited to 16 bits rather than
32 bits. In this case, the most significant 16 bits of these
registers are not implemented. With 16 bit loop count and
loop reload registers loops larger than 2'°=65536 can be
implemented using outside software loops to restart the hard-
ware loops. The addresses for loop starts and loop ends can be
coincident, resulting in a single instruction loop.

FIG. 38 illustrates an example of a program having three
ends to one loop. This is achieved by assigning loop count
register LCO 733 to each of the loop end registers LE2-LE0.
In the example illustrated in FIG. 38 loop start register L.CO
723 and loop start register LC2 721 store the same address.
Loop start register LC1 722 stores a different start address.
The program begins at block 801. Processing block 802 ini-
tializes the loops including storing the respective loop end
addresses in loop end registers LE2-LEO, storing the respec-
tive loop start addresses in loop start registers LS2-1.S0, load-
ing loop control register LCTL 705 to enable all three loops
and assign loop count register LCO0 733 to all loop end regis-
ters LE2-LE0. Processing block 803 is an instruction block 0
starting at loop start address 1. Processing block 804 is an
instruction block 1 starting at start address 0 and 2. Decision
block 805 is a conditional branch instruction 1. Decision
block 806 is a conditional branch instruction 2. Assuming
neither condition 1 nor condition 2 is satisfied, then the pro-
gram executes processing block 807 consisting of instruction
block 3. Decision block 808 is the hardware loop decision
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corresponding to the loop end address stored in loop end
register LEO 713. If the count stored in loop count register
LCO is non-zero, the program flow returns to loop start
address 0 that repeats the loop starting with instruction block
1. If the count stored in loop count register LCO is “0”, the
program ends at end block 813. In the case that condition 1 is
not satisfied and condition 2 is satisfied, then the program
executes processing block 809 consisting of instruction block
4. Decision block 810 is the hardware loop decision corre-
sponding to the loop end address stored in loop end register
LE2 711. If the count stored in loop count register LCO is
non-zero, the program flow returns to loop start address 2 that
is the same as loop start address 0 which repeats the loop
starting with instruction block 1. If the count stored in loop
count register LCO is “0”, the program ends at end block 813.
In the case that condition 1 is satisfied, then the program
executes processing block 811 consisting of instruction block
5. Decision block 812 is the hardware loop decision corre-
sponding to the loop end address stored in loop end register
LE1 712. If the count stored in loop count register LCO is
non-zero, the program flow returns to loop start address 1 and
repeats the loop starting with instruction block 0. If the count
stored in loop count register LCO is “0”, the program ends at
end block 813. The loop could finally terminate at any of the
loop end addresses according to the condition encountered by
the conditional branches on the final time through the loop.

To save instructions during loop initialization, any write to
a loop reload register LR2-L.R0 writes the same data to the
corresponding loop count register LC2-L.C0. In the preferred
embodiment, writing to a loop count register LC2-LC0 does
not affect the corresponding loop reload register LR2-LR0.
The reason for this difference will be explained below. When
restoring loop values after task switches, the loop reload
registers LR2-L.R0 should be restored before restoring the
loop count registers LC2-L.C0. Thus the form for initializing
a single loop is:

LSn=loop start address

LEn=loop end address

LRn=loop count this also sets LCn=loop count

Load LCTL with bits to enable loop n, and assign L.Cn to

LEn

Begin loop
This procedure is suitable for loading a number of loops,
which execute for a long time. This initialization procedure is
repeated to implement additional loops. Note that since the
loop registers are loaded by software in the execute pipeline
stage and used by the hardware in the fetch pipeline stage,
there should be at least two instructions between loading any
loop register and the loop end address where that loop register
will be used.

The loop start address and the loop end address can be
made independent of the position of the loop within the pro-
gram by loading the loop start register L.S2-1.S0 and the loop
end register LE2-L.E0 as offsets to instruction pointer-execute
stage register IPE 703. Recall that instruction pointer-execute
stage register IPE 703 stores the address of the instruction
currently in the execute pipeline stage. For example, the
instruction:

L5032 IPE+88

loads loop start register LSO 723 with a value 11 instructions
(88 bytes) ahead of the current instruction. A similar instruc-
tion can load a loop end register LE2-LE0.

The preferred embodiment of this invention includes addi-
tional register addresses to support even faster loop initializa-
tion for short loops. There are two sets of such register
addresses, one set for multi-instruction loops and one set for
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single instruction loops. Writing to one of the register
addresses LRS2-L.RS0 used for multi-instruction loops loads
the corresponding loop reload register LR2-I.R0 and its cor-
responding loop counter LC2-L.C0. This write operation also
loads the corresponding loop start .S2-1.S0 register with the
address following the current address stored in program
counter PC 701. This write operation also sets corresponding
bits in loop control register LCTL 708 to enable the relevant
loop. Thus, if n is a register set number from 2-0, writing to
LRSn: loads LRn and L.Cn with the specified count; loads
LSn with PC+1; loads LCTL to enable L.LEn and assign [.Cn.
These operations all occur in a single cycle, during the
execute pipeline stage. There thus must be two delay slots
between this instruction and the start of the loop. The instruc-
tion sequence for this multi-instruction loop short form ini-
tialization is:

LEn = loop end address
LRSn = count

delay slot 1

delay slot 2
1st_instruction_in_loop
loop_instruction
loop_instruction
last_instruction_in_loop

loop start address:

loop end address:

Note that the loop could be as long as desired within the
register space of the corresponding loop end register and loop
start register. Also note that writing to LRSn automatically
sets the loop start address as the instruction following the
second delay slot.

Another set of register addresses is used for short form
initialization of a single instruction loop. Writing to one of the
register addresses LRSE2-I.RSEQ initializes a single instruc-
tion loop. If n is a register set number from 2-0, writing to
LRSEn: loads loop reload register LRn and loop count reg-
ister LCn with the count; loads loop start register LSn with the
address following the address currently in program counter
PC 701; loads loop end register LEn with the address follow-
ing the address currently in program counter PC 701; and sets
loop control register LCTL 705 to enable loop end register
LEn and assign loop count register LCn. As with writing to
LRSn, these operations all occur in a single cycle during the
execute pipeline stage and two delay slots are required
between this instruction and the start of the loop. The instruc-
tion sequence for this single instruction loop short form ini-
tialization is:

LRSEn = count
delay slot 1
delay slot 2

loopn: one_instruction_loop

This instruction sequence sets the loop start and loop end to
the same address. This thus allows a single-instruction to be
repeated count+1 times.

These short form loop initializations calculate the loop
start address and the loop end address values from the address
stored in program counter PC 701. They should therefore be
used with care within the delay slots of a branch. If the branch
is taken, the loop start address, and the loop end address for
the case of LRSE2-LRSEO, is calculated after program
counter PC 701 is loaded with the branch address. This effect
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can be annulled if the branch is conditional, by setting the
loop initialization to be conditional upon the inverse condi-
tion.

These short form loop initializations and the standard loop
initialization, do involve delay slots in much the same manner
as software branches. However, the delay slots necessary for
loop initialization occur once each loop initialization. The
delay slots for branches formed with software loops occur
once each branch instruction. In addition, there is a greater
likelihood that useful instructions can occupy the delay slots
during loop initialization than during loop branches. Thus the
overhead needed for loop initialization can be much less than
the overhead involved in software branches, particularly in
short loops.

Software branches have priority over loop logic 720. That
is if a loop end register LE2-LEO stores the address of the
second delay slot instruction following a program counter
load operation, then loop logic 720 is inhibited for that cycle.
Thus the loop counter is not decremented, nor will any loop
logic 720 program counter load take place. This enables a
conditional software exit from a loop. If the loop logic 720
hardware loop has a single conditional branch instruction,
then this instruction may be executed three times if the con-
dition remains true. This is illustrated in FIG. 39. In instruc-
tion slot 901 the branch condition is not true so the branch is
unsuccessful. Loop logic 720 has already reloaded the same
instruction during the fetch pipeline stage of instruction slot
902. In instruction slot 902 the branch condition is true and
the branch is taken, thereby loading the address of a target
instruction into program counter PC 701. This change in
program counter PC 701 does not change the two already
loaded examples of the branch instruction in the pipeline in
instruction slots 903 and 904. Assuming the branch condition
is still true, the execute pipeline stage of these instruction slots
loads the address of the target instruction into program
counter PC 701. Thus the branch is taken three times in
instruction slots 902, 903 and 904 and the target instruction
executes three times in instruction slots 905, 906 and 906.
Finally in instruction slot 908 the instruction following the
target instruction is reached. As further explained below, the
single branch instruction may be coded with parallel opera-
tions that would also be executed multiple times and that may
change the branch condition.

Loop control logic 720 permits zero delay branches and
zero delay conditional branches. In these cases the address of
the point from which the branch is to be taken is loaded into
a loop end register LE2-LEQ. The destination address of the
branch is loaded into the assigned loop start register LS2-
LS0. Zero-delay branches may be implemented in two ways.
Following loop initialization, the assigned loop count register
LC2-LCO0 is set to a non-zero number. Alternatively, the cor-
responding “L.Cn” field in loop control register LCTL 705
may be set to “000”. In either case the branch will always be
taken during the fetch pipeline stage with no pipeline hit or
delay slots. Conditional zero-delay branches (flow chart dia-
monds) are implemented similarly. During initialization the
corresponding loop count register LC2-L.C0 is assigned to the
loop end register LE2-LLEO by setting the corresponding
“LCn” field in loop control register LCTL. Before the condi-
tional branch, a conditional value is loaded into the assigned
loop count register LC2-L.C0. Upon encountering the loop
end address, either the branch is taken to the loop start address
stored in the corresponding loop start register L.S2-1.S0 if the
conditional value is non-zero, or the branch is not taken if the
conditional value is zero. Since the loop registers are loaded
by software in the execute pipeline stage and used by the
hardware in the fetch pipeline stage, there should be at least
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two instructions between loading any loop register and the
branch or conditional branch instruction at the loop end
address. Otherwise, the previous value for that loop registeris
used by loop logic 720.

Referring back to FIG. 31, program flow control unit 130
handles interrupts employing interrupt enable register
INTEN 706 and interrupt flag register INTFLG 707. Program
flow control unit 130 may support up to 32 interrupt sources
represented by selectively setting bits of interrupt flag register
INTFLG 707. Each source can be individually enabled via
interrupt enable register INTEN 706. Pending interrupts are
recorded in interrupt flag register INTFLG 707, which latches
interrupt requests until they are specifically cleared by soft-
ware, normally during the interrupt routine. The individual
interrupt flag can alternatively be polled and cleared by a
software loop.

FIG. 40 illustrates the field definitions for interrupt enable
register INTEN 706 and interrupt flag register INTFLG 707.
The bits labeled “r” are reserved for future use and bits
labeled “~” are not implemented in the preferred embodiment
but may be used in other embodiments. Interrupts are priori-
tized from left to right. Each interrupt source can be individu-
ally enabled by setting a ““1”” in the corresponding Enable (E)
bit of interrupt enable register INTEN 706. The interrupt
source bits of interrupt flag register INTFLG 707 are in
descending order of priority from right to left: Emulation
interrupt ETRAP, which is always enabled; XY patch inter-
rupt; task interrupt; packet request busy interrupt PRB; packet
request error interrupt PRERR; packet request successful
interrupt PREND; master processor 60 message interrupt
MPMSG:; digital image/graphics processor 71 message inter-
rupt DIGPOMSG; digital image/graphics processor 72 mes-
sage interrupt DIGP1MSG:; digital image/graphics processor
73 message interrupt DIGP2MSG; digital image/graphics
processor 74 message interrupt DIGP3MSG. Bits 31-28 are
reserved for message interrupts from four additional digital
image/graphics processors in an implementation of multipro-
cessor integrated circuit 100 including eight digital image/
graphics processors.

The “W” bit (bit 0) of interrupt enable register INTEN 706
controls writes to interrupt flag register INTFLG 707. This bit
would ordinarily control whether the emulation interrupt is
enabled. Since in the preferred embodiment the emulation
interrupt cannot be disabled there is no need for an enable bit
for this interrupt in interrupt enable register INTEN 706. Bit
0 of interrupt enable register INTEN 706 modifies the behav-
ior of the interrupt flag register INTFL.G 707. When the “W”
bit of interrupt enable register INTEN 706 is “1”, software
writes to interrupt flag register INTFLG 707 can only set bits
to “1”. Under these conditions, an attempt to write a “0” to any
bit of interrupt flag register INTFLG 707 has no effect. When
this “W” bit “0”, writing a “1” to any bit of interrupt flag
register INTFL.G 707 clears that bitto “0”. An attempt to write
a “0” to any bit of interrupt flag register INTFLG 707 has no
effect. This allows individual interrupt flags within interrupt
flag register INTFLG 707 to be cleared without disturbing the
state of others. Each interrupt service routine should clear its
corresponding interrupt flag before returning because these
flags are not cleared by hardware in the preferred embodi-
ment. The emulation interrupt ETRAP, the only exception to
this, is cleared by hardware because this interrupt is always
enabled. If a particular interrupt source is trying to set a bit
within interrupt flag register INTFL.G 707 simultaneously as
a software write operation attempts to clear it, logic causes the
bit to be set.

The ETRAP interrupt flag (bit 0 of interrupt flag register
INTFLG 707) is set from either analysis logic or an ETRAP
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instruction. This interrupt is normally serviced immediately
because it cannot be disabled, however interrupt servicing
does wait until pipeline stall conditions such as memory
contention via crossbar 50 are resolved. The ENTRAP inter-
rupt flag is the only interrupt bit in interrupt flag register
INTFLG 707 cleared by hardware when the interrupt is ser-
viced.

The XY PATCH interrupt flag (bit 11 of interrupt flag
register INTFLG 707) is set under certain conditions when
employing the global address unit 610 and local Address unit
620 combine to perform XY addressing. As previously
described in conjunction with FIG. 27 and the description of
address unit 120, XY patched addressing may generate inter-
rupts on certain conditions. The instruction word calling for
XY patched addressing indicates whether such an interrupt
may be generated and whether a permitted interrupt is made
on an address inside or outside a designated patch.

The TASK interrupt flag (bit 14 in interrupt flag register
INTFLG 707) is set upon receipt of a command word from
master processor 60. This interrupt causes digital image/
graphics processor 71 to load its TASK interrupt vector. This
interrupt may cause a selected digital image/graphics proces-
sor 71, 72, 73 or 74 to switch tasks under control of master
processor 70, for instance.

The packet request busy interrupt flag PRB (bit 17 of
interrupt flag register INTFLG 707) is set if software writes a
“1” to the packet request bit of communications register
COMM 781 when the queue active bit is a “1”. This allows
packet requests to be submitted without checking that the
previous one has finished. If the previous packet request is
still queued then this interrupt flag becomes set. This will be
further explained below in conjunction with a description of
communications register COMM 781.

The packet request error interrupt flag PRERR (bit 18 of
interrupt flag register INTFLG 707) is set if transfer controller
80 encounters an error condition while executing a packet
request submitted by the digital image/graphics processor.

The packet request end interrupt flag PREND (bit 19 of
interrupt flag register INTFLG 707) is set by transfer control-
ler 80 when it encounters the end of the digital image/graphics
processor’s linked-list, or when it completes a packet request
that instructs transfer controller 80 to interrupt the requesting
digital image/graphics processor upon completion.

The master processor message interrupt flag MPMSC (bit
20 of interrupt flag register INTFLG 707) becomes set when
master processor 60 sends a message-interrupt to that digital
image/graphics processor.

Bits 27-24 of interrupt flag register INTFLG 707 log mes-
sage interrupts from digital image/graphics processors 71,72,
73 and 74. Note that a digital image/graphics processor 71,
72,73 or 74 can send a message to itself and interrupt itself via
the corresponding bit of interrupt flag register INTFLG 707.
The digital image/graphics processor 0 message interrupt flag
DIGPOMSG (bit 24 of interrupt flag register INTFLG 707) is
set when digital image/graphics processor 71 sends a mes-
sage interrupt to the digital image/graphics processor. In a
similar fashion, digital image/graphics processor 1 message
interrupt flag DIGPIMSG (bit 25 of interrupt flag register
INTFLG 707) is set when digital image/graphics processor
72 sends a message interrupt; digital image/graphics proces-
sor 2 message interrupt flag DIGP2MSG (bit 26 of interrupt
flag register INTFLG 707) is set when digital image/graphics
processor 73 sends a message interrupt, and digital image/
graphics processor 3 message interrupt flag DIGP3MSG (bit
27 of interrupt flag register INTFLG 707) is set when digital
image/graphics processor 74 sends a message interrupt. As
previously stated, bits 31-28 of interrupt flag register
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INTFLG 707 are reserved for message interrupts from four
additional digital image/graphics processors in an implemen-
tation of multiprocessor integrated circuit 100 including eight
digital image/graphics processors.

When an enabled interrupt occurs, an interrupt pseudo-
instruction unit 770, which may be a small state machine,
injects the following a set of pseudo-instructions into the
pipeline at instruction register-address stage 751:

*(A14-=16)=SR

*(A14+12)=PC

BR=*vectadd ;Two LS bits of vectadd="11", to load S, G

and L

*(A14+8)=IPA

*(A14+4)=IPE
These pseudo-instructions are referred to as PS1, PS2, PS3,
PS4 and PS5, respectively. Instruction pointer-return from
subroutine IPRS 704 is not saved by this sequence. If an
interrupt service routine performs any branches then instruc-
tion pointer-return from subroutine IPRS 704 should first be
pushed by the interrupt service routine, and then restored
before returning. Note that the vector fetch is a load of the
entire program counter PC 701, with instruction pointer-re-
turn from subroutine IPRS 704 protected. Since this causes
the S, G and L bits of program counter PC 701 to be loaded,
the three least significant bits of all interrupt vectors are made
“0”. One exception to this statement is that the task vector
fetched after a reset should have the “L.” bit (bit 0 of program
counter PC 701) set, in order to disable looping.

The respective addresses of starting points of interrupt
service routines for any interrupt represented in the interrupt
flag register INTFLG 707 are called the digital image/graph-
ics processor interrupt vectors. These addresses are generated
by software and loaded as data to the parameter memory 25,
30, 35 and 40 corresponding to the respective interrupted
digital image/graphics processor 71, 72, 73 and 74 at the fixed
addresses shown in Table 34. Interrupt pseudo-instruction
PS3 takes the 32 bit address stored in the indicated address in
the corresponding parameter memory 25, 30, 35 or 40 and
stored this in program counter PC 701. Interrupt pseudo-
instruction unit 770 computes the addresses for the corre-
sponding parameter memory based upon the highest priority
interrupt enabled via interrupt enable register 706. Interrupt
pseudo-instruction unit 770 operates to include the digital
image/graphics processor number from communications reg-
ister COMM 781 in order to generate unique addresses for
each digital image/graphics processor. Note interrupt pseudo-
instruction PS4 and PS5 are in the delay slots following this
branch to the interrupt service routine.

TABLE 34
INTFLG

bit Interrupt Name Address

31 Reserved for DIGP7 Message 0100#1FC
30 Reserved for DIGP6 Message 0100#1F8
29 Reserved for DIGPS5 Message 0100#1F4
23 Reserved for DIGP4 Message 0100#1F0
27 DIGP3 Message 0100#1EC
26 DIGP2 Message 0100#1E8
25 DIGP1 Message 0100#1E4
24 DIGPO Message 0100#1E0
23 Spare 0100#1DC
22 Spare 0100#1D8
21 Spare 0100#1D4
20 Master Processor Message 0100#1D0
19 Packet Request Successful 0100#1CC
18 Packet Request Error 0100#1C8
17 Packet Request Busy 0100#1C4
16 Spare 0100#1CO
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TABLE 34-continued
INTFLG
bit Interrupt Name Address
15 Spare 0100#1BC
14 TASK interrupt 0100#1B8
13 Spare 0100#1B4
12 Spare 0100#1B0
11 XY Patching 0100#1AC
10 Reserved 0100#1A8
9 Reserved 0100#1A4
8 Reserved 0100#1A0
7 Reserved 0100#19C
6 Reserved 0100#198
5 Reserved 0100#194
4 Reserved 0100#190
3 Reserved 0100#18C
2 Spare 0100#188
1 Spare 0100#184
0 Emulation 0100#180

In each address the “#” is replaced by the digital image/
graphics processor number obtained from communications
register COMM 781.

The final 4 instructions of an interrupt service routine
should contain the following (32 bit data, unshifted-index)
operations:

SR=*(A14++=4)

BR=*(A14++=7)

BR=*(A14++=5)

BR=*(A14++=5)

These instructions are referred to as RETI1, RETI2, RETI3
and RETI4, respectively, Other operations can be coded in
parallel with these if desired, but none of these operations
should modify status register 211.

The interrupt state can be saved if a new task is to be
executed on the digital image/graphics processor, and then
restored to the original state after finishing the new task. The
write mode controlled by the “W” bit on interrupt enable
register INTEN 706 allows this to be done without missing
any interrupts during the saving or restoring operations. This
may be achieved by the following instruction sequence. First,
disable interrupts via a DINT instruction. Next save both
interrupt enable register INTEN 706 and interrupt flag regis-
ter INTFLG 707. Set the “W” bit (bit 0) of interrupt enable
register INTEN 706 to “0” and then write Hex “FFFFFFFF”
to interrupt flag register INTFLG 707. Run the new task,
which may include enabling interrupts. Following comple-
tion of the new task, recover the original task. First, disable
interrupts via the DINT instruction. Set the “W” bit of inter-
rupt enable register INTEN 706 to “1”. Restore the status of
interrupt flag register INTFLG 707 from memory. Next,
restore the status of interrupt enable register INTEN from
memory. Last, enable interrupts via the EINT instruction.

Each digital image/graphics processor 71, 72, 73 and 74
may transmit command words to other digital image/graphics
processors and to master processor 60. A register to register
move with a destination of register Al5, the zero value
address register of the global address unit, initiates a com-
mand word transfer to a designated processor. Note that this
register to register transfer can be combined in a single
instruction with operations of data unit 110 and an access via
local data port 144, as will be described below. This command
word is transmitted to crossbar 50 via global data port 148
accompanied by a special command word signal. This allows
master processor 60 and digital image/graphics processors
71, 72,73 and 74 to communicate with the other processors of
multiprocessor integrated circuit 100.
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FIG. 41 illustrates schematically the field definitions of
these command words. In the preferred embodiment com-
mand words have the same 32 bit length as data transmitted
via global data port 148. The least significant bits of each
command word define the one or more processors and other
circuits to which the command word is addressed. Each
recipient circuit responds to a received command word only if
these bits indicate the command word is directed to that
circuit. Bits 3-0 of each command word designate digital
image/graphics processors 74, 73, 72 and 71, respectively.
Bits 7-4 are not used in the preferred embodiment, but are
reserved for use in a multiprocessor integrated circuit 100
having eight digital image/graphics processors. Bit 8 indi-
cates the command word is addressed to master processor 60.
Bit 9 indicates the command word is directed to transfer
controller 80. Bit 10 indicates the command word is directed
to frame controller 90. Note that not all circuits are permitted
to send all command words to all other circuits. For example,
system level command words cannot be sent from a digital
image/graphics processor to another digital image/graphics
processor or to master processor 60. Only master processor
60 can send command words to transfer controller 80 or to
frame controller 90. The limitations on which circuit can send
which command words to which other circuits will be
explained below in conjunction with the description of each
command word field.

The “R” bit (bit 31) of the command word is a reset bit.
Master processor 60 may issue this command word to any
digital image/graphics processor, or a digital image/graphics
processor may issue this command word to itself. No digital
image/graphics processor may reset another digital image/
graphics processor. Note throughout the following descrip-
tion of the reset sequence each digit “#” within an address
should be replaced with the digital image/graphics processor
number, which is stored in bits 1-0 of command register
COMM 781. When a designated digital image/graphics pro-
cessor receives a reset command word, it first sets its halt latch
and sends a reset request signal to transfer controller 80.
Transfer controller 80 sends a reset acknowledge signal to the
digital image/graphics processor. The resetting digital image/
graphics processor performs no further action until receipt of
this reset acknowledge signal from transfer processor 80.
Upon receipt of the reset acknowledge signal, the digital
image/graphics processor initiates the following sequence of
operations: sets the halt latch if not already set; clears to “0”
the “F”, “P”, “Q” and “S” bits of communications register
COMM 781 (the use of these bits will be described below);
clears any pending memory accesses by address unit 120;
resets any instruction cache service requests; loads into
instruction register-execute stage IRE 752 the instruction.

BR=[u.ncvz] A14<<1||A14=Hex “0100#7F0”
which unconditionally loads the contents of the stack pointer
A14 left shifted one bit to program counter PC 701 with the
negative, carry, overflow and zero status bits protected from
change and with the “’R" bit set to reset stack pointer A14 in
parallel with a load of the stack pointer Al4; loads into
instruction register-address stage IRA 751 the instruction

*(PBA+Hex “FC”)=PC
which instruction stores the contents of program counter PC
701 at the address indicated by the sum of the address PBA
and Hex “FC”; sets interrupt pseudo-instruction unit 770 to
next load interrupt pseudo-instruction PS3; sets bit 14 of
interrupt flag register INTFLG 707 indicating a task interrupt;
clears bit 0 of interrupt flag register INTFL.G 707 thus clear-
ing the emulator trap interrupt ETRAP; and clears bits 11, 7
and 3 of loop control register LCTL thus disabling all three
loops.
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Execution by the digital image/graphics processor begins
when master processor 60 transmits an unhalt command
word. Once execution begins the digital image/graphics pro-
cessor: save address stored in program counter PC 701 to
address Hex “0100#7F0”, this saves the prior contents of
stack pointer A14 left-shifted by one place and the current
value of the control bits (bits 2-0) of program counter PC 701;
loads the address Hex “0100#7F0” into stack pointer Al4;
loads program counter PC 701 with the task interrupt vector,
where control bits 2-0 are “000”; stores the contents of
instruction register-address stage IPA 751 including control
bits 2-0 at address Hex “0100#7F8”; stores the contents of
instruction register-execute stage IPE including control bits
2-0 at address Hex “0100#7F4”; and begins program execu-
tion at the address given by the Task interrupt. The stack-state
following reset is shown in Table 35.

TABLE 35

Address Contents

Hex “0100#7FC” stack pointer register A14 from
before reset left shifted one place
instruction register-address stage IRA
from before reset

instruction register-execute stage IRE

from before reset

Hex “0100#7F8”

Hex “0100#7F4”

The prior states of instruction register-address stage IRA 751
and instruction register-execute stage IRE 752 include the
control bits 2-0. Note that stack pointer A14 now contains the
address Hex “0100#7F0”.

The “H” bit (bit 30) of the command word is a halt bit.
Master processor 60 may issue this command word to any
digital image/graphics processor, or a digital image/graphics
processor may issue this command word to itself. No digital
image/graphics processor may halt another digital image/
graphics processor. When a designated digital image/graph-
ics processor receives this command word, the digital image/
graphics processor sets a halt latch and stalls the pipeline. The
digital image/graphics processor after that behaves as if in an
infinite crossbar memory contention. Nothing is reset and no
interrupts occur or are recognized. Note that when a digital
image/graphics processor halts itself by sending a command
word, the two instructions following the instruction sending
the halt command word are in its instruction pipeline. Note
that the address pipeline stage of the first instruction follow-
ing an instruction issuing a halt command word will have
already executed its address pipeline stage due to the nature of
the instruction pipeline. This halt state can only be reversed
by receiving an unhalt command word from master processor
60.

The Halt condition reduces power consumption within the
digital image/graphics processor because its state is unchang-
ing. Further reduced power may be achieved by stopping the
clocks while the digital image/graphics processor is in this
mode.

The “U” bit (bit 29) of the command word is an unhalt bit.
This command word can only be issued by master processor
60 to one or more of digital image/graphics processors 71,72,
73 and 74. An unhalt command word clears halt latch of the
destination digital image/graphics processor. The digital
image/graphics processor then recommences code execution
following a halt as if nothing had happened. This is the pref-
erable way to start a digital image/graphics processor follow-
ing a hardware or command word reset. Upon execution of an
unhalt command word, the destination digital image/graphics
processor begins code execution at the address given by its
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task interrupt vector. The “U” bit takes priority over the “H”
bit of a single command word. Thus receipt of a single com-
mand word with both the “H” bit and the “U” bit set results in
execution of the unhalt command. Note that simultaneously
receipt of an unhalt command word from master processor 60
and a halt command word transmitted by the digital image/
graphics processor itself grants priority to the master proces-
sor 60 unhalt command word. The “R” bit takes priority over
the “U” bit. Thus receipt of a single command word from
master processor 60 having both the “R” bit and the “U” bit
set results in the digital image/graphics processor reset to the
halted condition.

The “T” bit (bit 28) of the command word is an instruction
cache flush bit. Master processor 60 may issue this command
word to any digital image/graphics processor, or a digital
image/graphics processor may issue such a command word to
itself. No digital image/graphics processor may order an
instruction cache flush by another digital image/graphics pro-
cessor. A designated digital image/graphics processor receiv-
ing this command word flushes its instruction cache. An
instruction cache flush causes the cache tag value field to be
set to the cache tag register’s own number, clears all their
present bits, and sets the LRU bits to the tag register’s own
number.

The “D” bit (bit 27) of the command word indicates a data
cache flush. Digital image/graphics processors 71, 72, 73 and
74 do not employ data caches, therefore this command word
does not apply to digital image/graphics processors and is
ignored by them. Master processor 60 may send this com-
mand word to itself to flush its data cache memories 13 and
14.

The “K” bit (bit 14) of the command word indicates a task
interrupt. Master processor 60 may send this command word
to any digital image/graphics processor 71, 72, 73 or 74, but
no digital image/graphics processor may send this command
word to another digital image/graphics processor or to master
processor 60. Upon receipt of a task command word, any
digital image/graphics processor designated in the command
word takes a task interrupt if enabled by bit 14 of interrupt
enable register INTEN 706.

The “G” bit (bit 13) of the command word indicates a
message interrupt. Any digital image/graphics processor may
send this message interrupt to any other digital image/graph-
ics processor or to master processor 60. Any digital image/
graphics processor designated in such a command word will
set its message interrupt flag, and take a message interrupt if
message interrupts are enabled via bit 20 of interrupt enable
register INTEN 706. In the preferred embodiment this com-
mand word is not sent to transfer controller 80.

When a digital image/graphics processor issues a com-
mand word to itself, to halt itself via the “H” bit or flush its
instruction cache via the “I” bit, this command word should
have the corresponding digital image/graphics processor des-
ignator bit set, to execute the command. This is for consis-
tency, and to allow future expansion of command word func-
tions.

FIG. 42 illustrates schematically the field definitions of
communications register COMM 781. The “F”, “S”, “Q” and
“P” bits (bits 31-28) are employed in communication of
packet requests from a digital image/graphics processor 71,
72,73 or 74 and transfer controller 80. The “F” and “S” bits
are normal read/write bits. The “P” bit may be written to only
if the “S” bit is “0” or is being simultaneously cleared to “0”.
The “Q” bit is read only. Packet requests are requests by a
digital image/graphics processor 71, 72, 73 or 74 for data
movement by transfer controller 80. These data movements
may involve only memories 11-14 and 21-40 internal to mul-
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tiprocessor integrated circuit 100 or may involve both internal
memory and external memory. Packet requests are stored as a
linked-list structure and only a single packet request may be
active at a time for each digital image/graphics processor. A
linked-list pointer ata dedicated address within the parameter
memory 25, 30, 35 or 40 corresponding to the requesting
digital image/graphics processor 71, 72, 73 or 74 points to the
beginning of the active linked-list. Each entry in the linked-
list contains a pointer to the next list entry.

Initializing a packet request involves the following steps.
First, the digital image/graphics processor sets the desired
packet request parameters into its corresponding parameter
memory. Next, the digital image/graphics processor stores
the address of the first link of the linked-list at the predeter-
mined address Hex “0100#0FC” in its corresponding param-
eter memory, where “#” is replaced with the digital image/
graphics processor number. Setting the “P” bit (bit 28) of
communications register COMM 781 to “1” alerts transfer
controller 80 of the packet request. The digital image/graph-
ics processor may request a high priority by setting the “F” bit
(bit 31) to “1” or a low priority by clearing the “F” bit “0”.

Transfer controller 80 recognizes when the “P” bit is set
and assigns a priority to the packet request based upon the
state of the “F” bit. Transfer controller 80 clears the “P” bit
and sets the “Q” bit, indicating that a packet request is in
queue. Transfer controller 80 then accesses the predeter-
mined address Hex “0100#0FC” within the corresponding
parameter memory and services the packet request based
upon the linked-list. Upon completion of the packet request,
transfer controller 80 clears the “Q” bit to “0” indicating that
the queue is no longer active. The digital image/graphics
processor may periodically read this bit for an indication that
the packet request is complete. Alternatively, the packet
request itself may instruct transfer controller 80 to interrupt
the requesting digital image/graphics processor when the
packet request is complete. In this case, transfer controller 80
sends an interrupt to the digital image/graphics processor by
setting bit 19, the packet request end interrupt bit PREND, in
interrupt flag register INTFLG 707. If transfer controller 80
encounters an error in servicing the packet request, it sends an
interrupt to the digital image/graphics processor by setting bit
18, the packet request error interrupt bit PRERROR, in inter-
rupt flag register INTFLG 707. The digital image/graphics
processor has the appropriate interrupt vectors stored at the
locations noted in Table 34 and the appropriate interrupt
service routines.

The digital image/graphics processor may request another
packet while transfer controller 80 is servicing a prior request.
In this event the digital image/graphics processor sets the “P”
bit to “1” while the “Q” bit is “1”. If this occurs, transfer
controller 80 sends a packet request busy interrupt PRB to the
digital image/graphics processor by setting bit 17 of interrupt
flag register INTFLG 707. Transfer controller 80 then clears
the “P” bit to “0”. The interrupt service routine of requesting
digital image/graphics processor may suspend the second
packet request while the first packet request is in queue,
cancel the packet request or take some other corrective action.
This feature permits the digital image/graphics processor to
submit packet requests without first checking the “Q” bit of
communications register COMM 781.

The digital image/graphics processor may suspend service
of the packet request by setting the “S” bit to “1”. Transfer
controller 80 detects when the “S” bit is “1”. If this occurs
while a packet request is in queue, the transfer controller
copies the “Q” bit into the “P” bit and clears the “Q” bit. This
will generally set the “P” bit to “1”. Software within the
requesting digital image/graphics processor may then change
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the status of the “S” and “P” bits. Transfer controller 80
retains in memory its location within the linked-list of the
suspended packet request. If transfer controller 80 determines
that the “S” bit is “0” and the “P” bit is simultaneously “1”,
then the suspended packet request is resumed.

The “Sync bits” field (bits 15-8) of communications regis-
ter COMM 781 are used in a synchronized multiple instruc-
tion, multiple data mode. This operates for any instructions
bounded by a lock instruction LCK, which enables the syn-
chronized multiple instruction, multiple data mode, and an
unlock instruction UNLCK, which disables this mode. Bits
11-8 indicate whether instruction fetching is to be synchro-
nized with digital image/graphics processors 74, 73, 72 and
71, respectively. A “1” in any of these bits indicates the digital
image/graphics processor delays instruction fetch until the
corresponding digital image/graphics processor indicates it
has completed execution of the prior instruction. The other
digital image/graphics processors to which this digital image/
graphics processor is to be synchronized will similarly have
set the corresponding bits in their communication register
COMM 781. It is not necessary that the “Sync bit” corre-
sponding to itself be set when a digital image/graphics pro-
cessor is in the synchronized multiple instruction, multiple
data mode, but this does no harm. Note that bits 15-12 are
reserved for a possible extension to eight digital image/graph-
iCS Processors.

The “DIGP#” field (bits 2-0) of communications register
COMM 781 are unique to each particular digital image/
graphics processor on multiprocessor integrated circuit 100.
These bits are read only, and any attempt to write to these bits
fails. This is the only part of the digital image/graphics pro-
cessors 71, 72, 73 and 74 that is not identical. Bits 1-0 are
hardwired to a two bit code that identifies the particular digital

image/graphics processor as shown in Table 36.
TABLE 36
COMM field Parallel
1 0 Processor
0 0 DIGPO (71)
0 1 DIGP1 (72)
1 0 DIGP2 (73)
1 1 DIGP3 (74)

Note that bit 2 is reserved for future use in a multiprocessor
integrated circuit 100 having eight digital image/graphics
processors. In the current preferred embodiment this bit is
hardwired to “0” for all four digital image/graphics proces-
sors 71, 72, 73 and 74.

This part of communications register COMM 781 serves to
identify the particular digital image/graphics processor. The
identity number of a digital image/graphics processor may be
extracted by ANDing communications register COMM 781
with 7 (Hex “0000007”). The instruction “D0=COMM&7”
does this, for example. This instruction returns only the data
in bits 2-0 of communications register COMM 781. Note that
this instruction is suitable for embodiments having eight digi-
tal image/graphics processors. Since the addresses of the data
memories and parameter memories corresponding to each
digital image/graphics processor depend on the identity of
that digital image/graphics processor, the identity number
permits software to compute the addresses for these corre-
sponding memories. Using this identity number makes it is
possible to write software that is independent of the particular
digital image/graphics processor executing the program.
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Note that digital image/graphics processor independent pro-
grams may also use registers PBA and DBA for the corre-
sponding parameter memory base address and data memory
base address.

Table 37 lists the coding of registers called the lower 64
registers. Instruction words refer to registers by a combina-
tion of register bank and register number. If no register bank
designation is permitted in that instruction word format, then
the register number refers to one of the data registers 200
D7-D0. Some instruction words include 3 bit register bank
fields. For those instructions words the register is limited to
the lower 64 registers listed in Table 37, with a leading “0”
implied in the designated register bank. Otherwise, the
instruction word refers to a register by a four bit register bank
and a three bit register number.

TABLE 37
Reg. Reg. Register
Bank No. Name
0000 000 A0
0000 001 Al
0000 010 A2
0000 011 A3
0000 100 reserved
0000 101 reserved
0000 110 A6
0000 111 A7
0001 000 A8
0001 001 A9
0001 010 Al0
0001 011 All
0001 100 reserved
0001 101 reserved
0001 110 Al4
0001 111 Als
0010 000 X0
0010 001 X1
0010 010 X2
0010 011 X3
0010 100 reserved
0010 101 reserved
0010 110 reserved
0010 111 reserved
0011 000 X8
0011 001 X9
0011 010 X10
0011 011 X11
0011 100 reserved
0011 101 reserved
0011 110 reserved
0011 111 reserved
0100 000 DO
0100 001 D1
0100 010 D2
0100 011 D3
0100 100 D4
0100 101 D5
0100 110 D6
0100 111 D7
0101 000 ROT
0101 001 SR
0101 010 MF
0101 011 reserved
0101 100 reserved
0101 101 reserved
0101 110 reserved
0101 111 reserved
0110 000 GLMUX
0110 001 reserved
0110 010 reserved
0110 011 reserved
0110 100 reserved
0110 101 reserved
0110 110 reserved
0110 111 reserved
0111 000 PC/CALL
0111 001 IPA/BR
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TABLE 37-continued TABLE 38
Reg. Reg. Register Reg. Reg. Register
Bank No. Name Bank No. Name
0111 010 IPE 5 1000 000 reserved
0111 011 IPRS 1000 001 reserved
0111 100 INTEN 1000 010 reserved
0111 101 INTFLG 1000 011 reserved
0111 110 COMM 1000 100 reserved
0111 111 1LCTL 1000 101 reserved
10 1000 110 reserved
1000 111 reserved
) ) 1001 000 reserved
Registers A0 through A15 are address unit base address 1001 001 reserved
registers 611. Registers X0 through X15 are address unit 1001 010 reserved
index address registers 612. Registers D0 through D7 are data 1001 oL reserved
. . . . . 15 1001 100 reserved
unit data registers 200. Register ROT is the rotation data 1001 101 reserved
register 208. Register SR is the data unit status register 210. 1001 110 reserved
Register MF is the data unit multiple flags register 211. Reg- 1001 111 reserved
ister GLMUX is the add it global/local address multi Tong oo AR
ister GL is the address unit global/local address multi- 1010 001 ECOMCNTL
plex register 630. Register PC is the program flow control unit 20 1010 010 ANASTAT
130 program counter PC 701 that points to the instruction }8}8 ?éé 2§¥8§¥%
being fetched. Read.ing frorp this register address.o.btains the 1010 1ol ECOMCMD
address of the next instruction to be fetched. Writing to this 1010 110 ECOMDATA
register address causes a software call (CALL). This changes 1010 111 BRK1
the next instruction pointed to by program counter PC 701 1011 000 BRK2
p Y prog 25 1011 001 TRACE1
and loads the previous contents of program counter PC 701 1011 010 TRACE?
into instruction pointer-return from subroutine IPRS 704. 1011 011 TRACE3
Register IPA is the program flow control unit instruction }gﬁ }8? ;Z:Zg:g
pointer-address stage 702, which holds the address of the 1011 110 reserved
instruction currently controlling the address pipeline stage. 30 1011 111 reserved
Reading from this register address obtains the address of the Hgg 88? ig?
instruction currently in the address pipeline stage. Writing to 1100 010 LC2
this register address executes a software branch (BR). This 1100 011 reserved
alters the address stored in program counter PC 701 without 1100 100 LRO
. .o . . . 15 1100 101 LR1
changing the address stored in either instruction pointer-ad- 1100 110 LR3
dress stage IPA 702 or instruction pointer-return from sub- 1100 111 reserved
routine IPRS 704. Register IPE is the program flow control 1101 000 LRSEO
it instructi it te stage 703. which holds th 1101 001 LRSE1
unit instruction pointer-execute stage » which holds the 1101 010 LRSE2
address of the instruction currently controlling the execute 1101 011 reserved
pipeline stage. Software would not ordinarily write to either 40 1101 100 LRSO
of these two registers. Register IPRS is the program flow 1ot 1ot LRS1
VO TEgISTers. heg progre 1101 110 LRS2
control unit instruction pointer-return from subroutine 704. 1101 111 reserved
Instruction pointer-return from subroutine IPRS 704 is 1110 000 Lso
loaded with the value of program counter PC 701 incre- ,q }Hg 8% i:;
mented in bit 3 upon every write to program counter PC 701. 1110 011 reserved
This provides a return address for a subroutine call as the next 1110 100 LEO
sequential instruction. Register INTEN is the program flow }Hg }% I}:g
control unit interrupt enable register 706 that controls the 1110 111 reserved
enabling and disabling of various interrupt sources. Register so 1111 000 CACHE
INTFLG is the program flow control unit interrupt flag reg- 111l 001 GIA
. =07. Thi st tains bit tati £ th 1111 010 reserved
ister - This register contains bits representative of the 111 011 reserved
interrupt sources that are set upon receipt of a corresponding 1111 100 TAGO
interrupt. Register COMM is the program flow control unit 1111 101 TAGL
130 communications register 781. This register controls 55 L 1o 1AG2
egiste : > ICg 1111 111 TAG3
packet requests by the digital image/graphics processor to the
transfer controller 80, synchronization between digital .
image/graphics processors during synchronized MIMD In Table 38 the registers ANACNTL, ECOMCNTL,
operation and includes hardwired bits identifying the digital ANASTAT, EVICNIR, CNTCNTL, ECOMSMD’ ECOM-
image/graphics processor. Register LCTL is the program 60 DATA, ,B'RKI’BRK,Z’ TRACEI,TRAQEZan TRACE,3 are
. - - used with an on chip emulation technique. These registers
flow control unit loop control register 705, which controls : . .
whether hardware loop operations are enabled and which form no part of the present invention and will not be further
) ter to d P tp described. The registers LC0, LC1 and LC2 are loop count
00p counter to decrement. registers 733, 732 and 731, respectively, within the program
Table 38 lists the coding of registers called the upper 64 ¢s flow control unit 130 that are assigned to store the current

registers. These registers have register banks in the form
“1XXX”,

loop count for hardware loops. The registers LR0, LR1 and
LR2 are program flow control unit 130 loop reload registers
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743, 742 and 741, respectively. These registers store reload
values for the corresponding loop count registers LC0, LC1
and L.C2 permitting nested loops. The register addresses cor-
responding to LRSE0, LRSE1, LRSE2, LRS0, LRS1 and
LRS2 are write only addresses used for fast loop initializa-
tion. Any attempt to read from these register addresses returns
null data. Writing a count into one of registers LRS0, LRS1 or
LRS2 writes the same count into corresponding loop count
register and loop reload register; writes the address stored in
program counter PC 701 incremented in bit 3 into the corre-
sponding loop start address register; and writes to loop con-
trol register LCTL 705 to enable the corresponding hardware
loop. These registers enable fast initialization of a multi-
instruction loop. Writing a count into one of registers LRSEO,
LRSE1 or LRSE2: writes the same count into corresponding
loop count register and loop reload register; writes the address
stored in program counter PC 701 incremented in bit 3 into
the corresponding loop start address register and loop end
address register; and writes to loop control register LCTL 705
to enable the corresponding hardware loop. These registers
enable fast initialization of a loop of a single instruction. The
registers L.S0, L.S1 and [.S2 are loop start address registers
723, 722 and 721, respectively, for corresponding hardware
loops. The registers LEO, LE1 and LE2 are loop end address
registers 713, 712 and 711, respectively, for corresponding
hardware loops. Register CACHE is register 709 that mirrors
the digital image/graphics processor instruction cache cod-
ing. Register GTA is the global temporary register 108 that
stores the results of the global address unit operation for later
reuse upon contention or pipeline stall. This register is read
only and an attempt to write to this register is ignored. Reg-
isters TAG3, TAG2, TAG1 and TAGO are cache tag registers
designated collectively as 708, which store the relevant
address portions of data within the data cache memory cor-
responding to that digital image/graphics processor.

FIG. 43 illustrates the format of the instruction word for
digital image/graphics processors 71, 72, 73 and 74. The
instruction word has 64 bits, which are generally divided into
two parallel sections as illustrated in FIG. 43. The most sig-
nificant 25 bits of the instruction word (bits 63-39) specify the
type of operation performed by data unit 110. The least sig-
nificant 39 bits of the instruction word (bits 38-0) specify data
transfers performed in parallel with the operation of data unit
110. There are five formats A, B, C, D and E for operation of
data unit 110. There are ten types of data transfer formats 1 to
10. The instruction word may specify a 32 bit immediate
value as an alternative to specifying data transfers. The
instruction word is not divided into the two sections noted
above when specifying a 32 bit immediate value, this being
the exception to the general rule. Many instructions perform
operations that do not use data unit 110. These instructions
may allow parallel data transfer operations or parallel data
transfer operations may be prohibited depending on the
instruction. In other respects the operations specified for data
unit 110 are independent of the operations specified for data
transfer.

The instruction word alternatives are summarized as fol-
lows. The operation of data unit 110 may be a single arith-
metic logic unit operation or a single multiply operation, or
one of each can be performed in parallel. All operations of
data unit 110 may be made conditional based upon a field in
the instruction word. The parallel data transfers are per-
formed on local port 141 and global port 145 of data port unit
140 to and/or from memory. Two data transfer operations are
independently specified within the instruction word. Twelve
addressing modes are supported for each memory access,
with a choice of register or offset index. An internal register to
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register transfer within data unit 110 can be specified in the
instruction word instead of a memory access via global port
145. When an operation of data unit 110 uses a non-data unit
register as a source or destination, then some of the parallel
data transfer section of the instruction word specifies addi-
tional register information, and the global port source data bus
Gsre 105 and global port destination data bus Gdst 107 trans-
fer the data to and from data unit 110.

A part of the instruction word that normally specifies the
local bus data transfer has an alternative use. This alternative
use allows conditional data unit 110 operation and/or global
memory access or a register to register move. Limited condi-
tional source selection is supported in the operation of data
unit 110. The result of data unit 110 can be conditionally
saved or discarded, advantageously conditionally performing
an operation without having to branch. Update of each indi-
vidual bit of a status register can also be conditionally
selected. Conditional stores to memory choose between two
registers. Conditional loads from memory either load or dis-
card the data. Conditional register to register moves either
write to the destination, or discard the data.

Description of the types of instruction words of FIG. 43
and an explanation or glossary of various bits and fields of the
five data unit operation formats follows. The bits and fields
define not only the instruction words but also the circuitry that
decodes the instruction words according to the specified logic
relationships. This circuitry responds to a particular bit or
field or logical combination of the instruction words to per-
form the particular operation or operations represented.
Accordingly, in this art the specification of bits, fields, for-
mats and operations defines important and advantageous fea-
tures of the preferred embodiment and specifies correspond-
ing logic circuitry to decode or implement the instruction
words. This circuitry is straight forwardly implemented from
this specification by the skilled worker in a programmable
logic array (PLA) or in other circuit forms now known or
hereafter devised. A description of the legal operation com-
binations follows the description of the instruction word for-
mat.

Data unit format A is recognized by bit 63="1" and bit
44=0". Data unit format A specifies a basic arithmetic logic
unit operation with a 5 bit immediate field. The “class” field
(bits 62-60) designates the data routing within data unit 110
with respect to arithmetic logic unit 230. Table 39 shows the
definition of the data routings corresponding to the “class”
field for data unit formats A, B and C.

TABLE 39

Class field
6 6 6
2 1 0 Input A Input B Input C maskgen rotate
0 0 0 sre2/im srel @MF — 0
0 0 1 dste srel sre2/im — DO (4-0)
0 1 0 dste srel mask  src2/im 0
0 1 1 dste srel mask  sre2/im  sre2/im
1 0 0 sre2/im srel mask DO (4-0) DO (4-0)
1 0 1 sre2/im srel @MF — DO (4-0)
1 1 0 dste srel sre2/im — 0
1 1 1 srel Hex “1” sre2/im — sre2/im

In Table 39 “Input A” is the source selected by Amux 232 for
input A bus 241. The source “src2/im” is either the five bit
immediate value of “immed” field (bits 43-39) in data unit
format A, the data register 200 designated by the “src2” field
(bits 41-39) in data unit format B, or the 32 bit immediate
value of the “32-bit immediate” field (bits 31-0) in data unit
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format C. The source “dstc” is a companion data register 200
to the destination of the arithmetic logic unit 230 result. This
companion data register 200 has a register designation with
the upper four bits equal to “0110°1, thereby specitying one
of data registers 200, and a lower three bits specified by the
“dst” field (bits 50-48). Companion registers are used with
transfer formats 6 and 10 which use an “Adstbnk™ field (bits
21-18) to specify the register bank of the destination and an
“Aslbank” (bits 9-6) to specify the register bank of Input B.
This is known as a long distance destination, because the
destination is not one of data registers 200. Thus one source
and the destination may have different register banks with the
same register numbers. Table 40 shows the companion regis-
ters to various other digital image/graphics processor regis-
ters based upon the register bank specified in the “Adstbnk™
field. Note that with any other transfer formats this source
register is the data register 200 having the register number
specified by the “dst” field.

TABLE 40

114

control of the rotate amount of barrel rotator 235. This source
may be “0”, which provides no rotate, “D0(4-0)”, which is the
default barrel rotate amount of the “DBR” field (bits 4-0) of
data register D0, or “src2/im” as previously described.

The “ari” bit (bit 59) designates whether arithmetic logic
unit 230 of data unit 110 is used for an arithmetic operation or
for a Boolean logic operation. If the “ari” bit is “1” then an
arithmetic operation occurs, if “0” then a Boolean logic
operation occurs.

Data unit format A permits instruction word specification
of'the operation of arithmetic logic unit 230. The “8-bit ALU
code” field (bits 58-51) designates the operation performed
by arithmetic logic unit 230. This field designates an arith-
metic operation if the “ari” bit is “1”. If this is the case then
“8-bit ALU code” bits 57, 55, 53 and 51 designate the arith-
metic operation according to Table 21 as modified by the
“FMOD” field consisting of “8-bit AL U code” bits 58, 56, 54
and 52 according to Table 6. If the “ari” bit is “0”, then this is

Companion Data Registers

Adstbnk DO D1 D2 D3 D4 D5 D6 D7
0000 A0 Al A2 A3 Ad — A6 A7
0001 A8 A9 A0 All Al2 — Ald Al5
0010 X0 X1 X2 — — — — —
0011 X8 X9 X10 — — — —

0100 DO D1 D2 D3 D4 D5 D6 D7
0101  — SR MF — — — — —
0111 CALL BR IPS IPRS INTEN INTFLG COMM LCTL
1100 LCO LCl LC2 — LRO LRI LR2 —
1101 LRSEO LRSEl LRSE2 —  LRSO LRSI  LRS2 —
1110 LSO LS1 LS2 — LEO LE1 LE2 —
1111 — — — — TAGO TAGlL TAG2  TAG3

In Table 40 “— indicates a reserved register. Note that Table
40 does not list register banks “0110, “1000”, “1001”,“1010”
or “1011”. All the registers in these banks are either reserved
or assigned to emulation functions and would not ordinarily
be used as long distance destinations.

In Table 39 “Input B” is the source for barrel rotator 235
which supplies input B bus 242. The “Input B” source desig-
nated “src1” is the data register 200 indicated by the “src1”
field (bits 47-45) in data unit formats A and B, or by the
register bank of the “slbank” field (bits 38-36) and the reg-
ister number of the “src1” field (bits 48-45), which may be
any of the 64 lower addressable registers within data unit 110
listed in Table 37, in data format C. The “Hex 1” source for
“Input B” is the 32 bit constant equal to “1” from buffer 236.
In Table 39 “Input C” is the source selected by Cmux 233 for
input C bus 243.

The “Input C” source “@MF” is one or more bits from
multiple flags register 211 as expanded by expand circuit 238
in accordance with the “Msize” field (bits 5-3) of status reg-
ister 210. See Table 2 for the definition of the “Msize” field of
status register 210. The “src2/im” source has been previously
described in conjunction with the “Input A” source. The
“mask” source is the output of mask generator 239. In Table
39 “maskgen” is the source selected by Mmux 234 for mask
generator 239. This source may be “src2/im” as previously
described or “D0(4-0)”, which is the default barrel rotate
amount of the “DBR” field (bits 4-0) of data register D0. In
Table 39 “rotate” is the source selected by Smux 231 for
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a Boolean operation and the “8-bit AL U code” field translates
into function signals F7-F0 according to Table 20. The details
of'these encodings were described above in conjunction with
the description of data unit 110.

Data unit format A designates two sources and a destina-
tion for arithmetic logic unit 230. The “dst” field (bits 50-48)
designates a register as the destination for arithmetic logic
unit 230. The Idst” field may refer to one of data registers 200
by register number or the register number of the “dst” field
may be used in conjunction with a register bank to specify a
long distance register depending on the transfer format. The
“src1” field (bits 47-45) designate a register as the first source
for arithmetic logic unit 230. This may be one of data registers
200 or may be used in conjunction with a register bank to
specify a long distance register depending on the transfer
format. The “immed” field (bits 43-39) designates a 5 bit
immediate value used as the second source for arithmetic
logic unit 230. In use this 5 bit immediate value is zero
extended to 32 bits. The use of register banks will be further
discussed below in conjunction with description of the trans-
fer formats.

The storing of the resultant in the destination register
occurs only if the condition noted in the “cond.” field is true.
The “cond.” field (bits 35-32) designates the conditions for a
conditional operation. Note that this “cond.” field falls within
the portion of the instruction word generally used for the
transfer format. Transfer formats 7, 8, 9 and 10 include this
field. Thus conditional storing of the resultant of arithmetic
logic unit 230 occurs only when these transfer formats are
used. In the preferred embodiment the “cond.” field is
decoded as shown below in Table 41.
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TABLE 41
Condition
field bits
33 3 3 Condition Status bits
5 4 3 2 Munemonic Description Compared
o 0 0 0 u unconditional —
o o0 0 1 P positive ~N&~Z
o 0 1 o0 Is lower than or same ~Cl|Z
o o 1 1 hi higher than C&~Z
o 1 0 o0 It less than (N&~V) | (~+N&V)
o 1 0 1 le less than or equal to  (N&~V) | (~N&V) | Z
o 1 1 o0 ge greater than or equal ~ (N&V) | (~N&~V)
to
o 1 1 1 gt greater than (N&V&~Z) |
(~N&~V&~Z)
1 0 0 0 hs,c  lower than, carry C
1 0 0 1 lo,nc  higher than or same, ~C
no carry
1 0 1 o0 eq,z  equal, zero Z
1 0 1 1 ne,nz  not equal, not zero ~Z
11 0 o0 v overflow \'
1 1 0 1 nv no overflow ~V
1 1 1 o0 n negative N
11 1 1 nn non-negative ~N

The conditions are detected with reference to status register
210. As previously described, status register 210 stores sev-
eral bits related to the condition of the output of arithmetic
logic unit 230. These conditions include negative, carry, over-
flow and zero. The conditional operation of arithmetic logic
unit 230 related to status register 210 was detailed above in
conjunction with the description of data unit 110.

The data unit format B is recognized by bit 63="1", bit
44="0". Data unit format B specifies a basic arithmetic logic
unit operation with a register specified for the second source
of arithmetic logic unit 230. The “class” field designates the
data routing within data unit 110 as previously described in
conjunction with Table 39. The “ari” bit designates whether
arithmetic logic unit 230 of data unit 110 is used for an
arithmetic operation or for a Boolean logic operation. The “8
bit ALU code” field designates the operation performed by
arithmetic logic unit 230 in the manner described above. The
“src2” field (bits 41-39) designates one of the data registers
200 as the second source for arithmetic logic unit 230. In data
unit format B the second source for arithmetic logic unit 230
is the data register designated in the “src2” field. Some data
transfer formats permit designation of banks of registers for
the first source and the destination of arithmetic logic unit
230. In other respects data unit format B is the same as data
unit format A.

The data unit format C is recognized by bit 63="1", bit
44="1" and bit 43="1”. Data unit format C specifies a basic
arithmetic logic unit operation with a 32 bit immediate field.
The “class” field designates the data routing within data unit
110 as previously described in conjunction with Table 39. The
“ari” bit designates whether arithmetic logic unit 230 of data
unit 110 is used for an arithmetic operation or for a Boolean
logic operation. The “8 bit ALU code” field designates the
operation performed by arithmetic logic unit 230 as described
above. The first source is the data register designated by the
“src1” field. The second source is the 32 bit immediate value
of the “32-bit imm.” field (bits 31-0). This data unit format
leaves no room to specify parallel data transfers, so none are
permitted. The “dstbank” field (bits 42-39) designates a bank
of registers within data unit 110. The “dstbank™ field is
employed with the “dst” field (bits 50-48) to designate any of
64 registers of data unit 110 listed in Tables 37 and 38 as the
destination for arithmetic logic unit 230. The “s1bnk” field
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(bits 38-36) designates a bank of registers within data unit
110. This designation is limited to a lower half of the registers
of data unit 110 and is employed with the “src1” field to
designate any of 64 lower half registers in data unit 110 listed
in Table 37 as the first source for arithmetic logic unit 230.
Operations can be made conditional based upon the “cond.”
field (bits 35-32) in a manner detailed below.

Data unit format D has bit 63="1", bit 44="0", the “class”
field is “000”, bit 59=1" (which normally selects arithmetic as
opposed to Boolean logic operation) and bits 57, 55, 53 and
51 of the “8 bit ALU code” are all “0”. Data unit format D
specifies non-arithmetic logic unit operations. The “opera-
tion” field (bits 43-39) designates a non-arithmetic logic unit
operation. In the preferred embodiment this “operation” field
is decoded as shown below in Table 42.

TABLE 42

Operation field

Non-ALU
Operation

w
Ko
—_
<
=]

1o operation

idle

enable global interrupts

disable global interrupts

lock synchronization of instruction fetching
unlock synchronization of instruction fetching
reserved

rotate D registers right 1

null

halt instruction execution

reserved

reserved

go to emulator interrupt

issue emulator interrupt 1

issue emulator interrupt 2

reserved

reserved

—HO 00000000000 OO
e e e e R e o N oo N ol el o)
MR R, R, OO0 O0OORRP,PR,OOOO
e, OO, R, OORR,OORFR OO
L O, ORORORORORORO

The non-arithmetic logic unit instructions null, halt instruc-
tion execution, go to emulator interrupt, issue emulator inter-
rupt 1 and issue emulator interrupt 2 prohibit parallel data
transfers. Any parallel data transfers specified in the instruc-
tion word are ignored. The other non-arithmetic logic unit
instructions permit parallel data transfers.

Dataunit format E is recognized by bits 63-61 being “011”.
Data unit format E specifies parallel arithmetic logic unit and
multiply operations. These operations are referred to as “six
operand operations” because of the six operands specified in
this format. In the preferred embodiment the “operation” field
(bits 60-57) specifies the operations shown below in Table 43.
The symbol “||” indicates that the listed operations occur in
parallel within data unit 110. Note that only 11 of the 16
possible operations are defined.

TABLE 43

Operation field bits
6 5 5 5 Six Operand
0 9 8 7 Operations
0 0 0 0 MPYS || ADD
0 0 0 1 MPYS || SUB
0 0 1 0 MPYS || EALUT
0 0 1 1 MPYS || EALUF
0 1 0 0 MPYU || ADD
0 1 0 1 MPYU | SUB
0 1 1 0 MPYU || EALUT
0 1 1 1 MPYU || EALUF
1 0 0 0 EALU || ROTATE
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TABLE 43-continued

Operation field bits

6 5 5 5 Six Operand

0 9 8 7 Operations

1 0 0 1 EALU% || ROTATE
1 0 1 0 DIVI

1 0 1 1 reserved

1 1 0 0 reserved

1 1 0 1 reserved

1 1 1 0 reserved

1 1 1 1 reserved

The mnemonics for these operations were defined above. To
review: MPYS||ADD designates a parallel signed multiply
and add; MPYS||SUB designates a parallel signed multiply
and subtract; MPYS|[EALUT designates a parallel signed
multiply and extended arithmetic logic unit true operation;
MPYS|[EALUF designates a parallel signed multiply and
extended arithmetic logic unit false operation; MPYU|ADD
designates a parallel unsigned multiply and add; MPYU||SUB
designates a parallel unsigned multiply and subtract;
MPYU|[EALUT designates a parallel unsigned multiply
and extended arithmetic logic unit true operation;
MPYU|[EALUF designates a parallel unsigned multiply and
extended arithmetic logic unit false operation;
EALUJROTATE designates an extended arithmetic logic unit
operation with the output of barrel rotator 235 separately
stored; EALU %]|[ROTATE designates an extended arithmetic
logic unit operation employing a mask generated by mask
generator 239 with the output of barrel rotator 235 separately
stored; and DIVI designates a divide iteration operation used
in division. The arithmetic logic unit operation in an
MPYx|[EALUT instruction is selected by the “EALU” field
(bits 19-26) of data register D0, with the “A” bit (bit 27)
selecting either an arithmetic operation or a logic operation as
modified by the “FMOD” field (bits 31-28). The coding of
these fields has been described above. The arithmetic logic
unit operation in an MPYx||[EALUF instruction is similarly
selected except that the sense of the “EALU” field bits is
inverted. The arithmetic logic unit operations for the EALU
and EALU % instructions are similarly selected. These opera-
tions employ part of the data register D0 of data unit 110 to
specify the arithmetic logic unit operation. Data register D0 is
pre-loaded with the desired extended arithmetic logic unit
operation code. The DIVI operation will be further detailed
below. Any data transfer format may be specified in parallel
with the operation of data unit 110.

Six operands are specified in data unit format E. There are
four sources and two destinations. The “src3” field (bits
56-54) designates one of the data registers 200 as the third
source. This is the first input for multiplier 220 if a multiply
operation is specified, otherwise this is the barrel rotate
amount of barrel rotator 235. The “dst2” field (bits 53-51)
designates one of the data registers 200 as the second desti-
nation. If the instruction specifies a multiply operation, then
“dst2” is the destination for multiplier 220. Otherwise “dst2”
specifies the destination for the output of barrel rotator 235.
The “dst1” field (bits 50-48) designates one of the data reg-
isters 200 as the destination for arithmetic logic unit 230. The
“src1” field (bits 47-45) designates a register as the first input
for arithmetic logic unit 230. If this instruction includes a
transfer format 6 or 10, which include an “Aslbank” field
(bits 9-6), then this register source may be any register within
data unit 110 with the “As1bank” field designating the regis-
ter bank and the “src1” field designating the register number.
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In such a case this data cannot be rotated by barrel rotator 235.
This is called a long distance arithmetic logic unit operation.
For other transfer formats, the “src1” field specifies one of the
data registers 200 by register number. Transfer formats 7, 8,9
and 10 permit the register source to be conditionally selected
from a pair of data registers 200 based on the “N” bit of status
register 210. If the “N” bit (bit 31) of status register 211 is “1”
then the designated data register is selected as the first source
for arithmetic logic unit 230. If the “N” bit is “0” then the data
register one less is selected. If this option is used, then the
register number of the “src1” field must be odd. The “src3”
field (bits 56-54) designates one of the data registers 200 as
the second input for multiplier 220. The “src4” field (bits
44-42) designates one of the data registers 200 as the second
input for multiplier 220.

Table 44 shows the data path connections for some of the
operations supported in data unit format E. Input C is the
signal supplied to input C bus 243 selected by multiplexer
Cmux 233. Maskgen is the signal supplied to mask generator
239 selected by multiplexer Mmux 234. Rotate is signal sup-
plied to the control input of barrel rotator 235 selected by
multiplexer Smux 231. Product left shift is the signal supplied
to the control input of product left shifter 224 selected by
multiply shift multiplexer MSmux 225. Note that the special
case of the DIVI operation will be described later.

TABLE 44

product
Six Operand Operation Input C  maskgen rotate left shift
MPYS | ADD — — 0 0
MPYS || SUB — — 0 0
MPYS | EALUT mask DO (4-0) DO (4-0) DO (9-8)
MPYS | EALUF mask DO (4-0) DO (4-0) DO (9-8)
MPYU || ADD — — 0 0
MPYU || SUB — — 0 0
MPYU || EALUT mask DO (4-0) DO (4-0) DO (9-8)
MPYU || EALUF mask DO (4-0) DO (4-0) DO (9-8)
EALU src4 — sre3 —
EALU % mask srcd srel —

For all the six operand instructions listed in Table 44, the first
input to multiplier 220 on bus 201 is the register designated by
the “src3” field (bits 56-54), the second input to multiplier
220 on bus 202 is the register designated by the “src4” field
(bits 44-42), the input to barrel rotator 235 is the register
designated by the “src1” field (bits 41-39) and the input to
input A bus 241 is the register designated by the “src2” field
(bits 47-45). Also note that multiplier 220 is not used in the
EALU and EALU % instructions, instead the results of barrel
rotator 235 are saved in the register designated by the “dst2”
field (bits 53-51) via multiplexer Bmux 227.

The DIVI operation uses arithmetic logic unit 230 and does
not use multiplier 220. The DIVI operation may be used in an
inner loop for unsigned division. Signed division may be
implemented with additional set-up and clean-up being per-
formed using instructions to handle the sign of the quotient. It
is well known in the art that division is the most difficult of the
four basic arithmetic operations (addition, subtraction, mul-
tiplication and division) to implement in computers.

The DIVI instruction employs the hardware of data unit
110 to compute one digit of the desired quotient per execute
pipeline stage, once properly set up. Note that the DIVI data
unit instruction can only be used with a data transfer format
that supports conditional data transfers (and consequently
conditional data unit operations) . These data transfer formats
7,8,9 and 10 will be fully described below. F1G. 44 illustrates
in schematic form the data flow within data unit 110 during
the DIVI instruction. Refer to FIG. 5 for details of the con-
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struction of data unit 110. Multiplexer Amux 232 selects data
from data register 200b designated by the “src2” field on
arithmetic logic unit first input bus 205 for supply to arith-
metic logic unit 230 via input A bus 241. Multiplexer Imux
222 selects the constant Hex “1” for supply to multiplier
second input bus 202 and multiplexer Smux 231 selects this
Hex “1” on multiplier second input bus 202 for supply to
rotate bus 244. Data from one of the data registers 200 des-
ignated by the “src1” field supplies barrel rotator 235. This
register can only be data register D7, D5, D3 or D1 and is a
conditional register source selected by multiplexer 215 based
upon the “N” bit (bit 31) of status register 210. If the “N”bit
of'status register 210 is “0”, then data register 200a designated
by the “src1” field is selected. This register selection prefer-
ably uses the same hardware used to provide conditional
register selection in other instructions employing arithmetic
logic unit 230, except with the opposite sense. This register
selection may be achieved via a multiplexer, such as multi-
plexer 215 illustrated in FIG. 44, or by substituting the inverse
of'the “N” bit of status register 210 for the least significant bit
of the register field during specification of the register. If the
“N” bit of status register 210 is “1”, then data register 200c,
which is one less than the register designated by the “src1”
field, is selected. Barrel rotator 235 left rotates this data by
one bit and supplies the resultant to arithmetic logic unit 230
via input B bus 241. The output of barrel rotator 235 is also
saved to data register 200a via multiplexer Bmux 227, with bit
31 of multiple flags register 211 (before rotating) substituted
for bit 0 of the output of barrel rotator 235. This destination
register is the register designated by the “src1” field. Multi-
plexer Mmux 234 selects the constant Hex “1” on multiplier
second input bus 202 for supply to mask generator 239. Mul-
tiplexer Cmux 233 selects the output from mask generator
239 for supply to arithmetic logic unit 230 via input C bus
243. Bit 0 carry-in generator 246 supplies bit 31 of multiple
flags register 211 (before rotating) to the carry-in input of
arithmetic logic unit 230.

During the DIVI instruction arithmetic logic unit 230
receives a function code F7-F0 of Hex “A6”. This causes
arithmetic logic unit 230 to add the inputs upon input A bus
241 and input B bus 242 and left shift the result with zero
extend. This left shift is by one bit due to the mask supplied by
mask generator 239 in response to the Hex “1” input. This
function is mnemonically A+B<0<. The resultant of arith-
metic logic unit 230 is stored in data register 200c designated
by the “dst1” field. Multiple flags register 211 is rotated by
one bit, and the least significant bit (bit 0) of multiple flags
register 211 is set according to the resultant produced by
arithmetic logic unit 230. This same bitis stored in the “N” bit
(bit 31) of status register 210. OR gate 247 forms this bit
stored in multiple flags register 211 and status register 210
from c,,,, arithmetic logic unit 230 ORed with bit 31 of the
input to barrel rotator 235. Note that other status register 210
bits “C”, “V” and “Z” are set normally. If the data in data
register 200a is X, the data in data register 200b is Y and the
data in data register 200c is Z, then the DIVI instruction forms
X=X<<1 and Z=X[n]Z+Y. The “n” mnemonic indicates reg-
ister source selection based upon the “N” status register bit.

The DIVI instruction operates to perform iterations of a
conditional subtract and shift division algorithm. This
instruction can be used for a 32 bit numerator divided by a 16
bit divisor to produce a 16 bit quotient and a 16 bit remainder
or a 64 bit numerator divided by a 32 bit divisor to produce a
32 bit quotient and a 32 bit remainder. In the 64 bit numerator
case the 32 most significant bits of the numerator are stored
initially in data register 200a and the 32 least significant bits
are initially stored in multiple flags register 211. Data register
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200D stores the inverse of the divisor. For the first iteration of
a division operation either the DIVI instruction is executed
unconditionally or the “N” bit of status register 210 is set to
“0”. The rotated number from barrel rotator 235 is stored in
data register 200a. Barrel rotator 235 and the rotation of
multiple flags register 211 effectively shift the 64 bit numera-
tor one place. Note that the most significant bit of multiple
flags register 211 is the next most significant bit of the 64 bit
numerator and is properly supplied to the carry-in input of
arithmetic logic unit 230. The quantity stored in data register
200a is termed the numerator/running remainder. The result
of' the trial subtraction is stored in data register 200c.

There are two cases for the result of the trial subtraction. If
either the most significant bit of the initial numerator was “1”
orif'the addition of the negative divisor generates a carry, then
the corresponding quotient bit is “1”. This is stored in the first
bit of multiple flags register 211 and in the “N” bit of status
register 210. For the next trial subtraction, multiplexer 215
selects data register 200c for the B input for the next iteration
by virtue of the “1” in the “N” bit of status register 210. Thus
the next trial subtraction is taken from the prior result. If OR
gate 247 generates a “0”, then the corresponding quotient bit
is “0”. Thus the next trial subtraction is taken from the prior
numerator/running remainder stored in data register 200a
shifted left one place. This iteration continues for 32 cycles of
DIVI, forming one bit of the quotient during each cycle. The
32 bit quotient is then fully formed in multiple flags register
211. The 32 bit remainder is found in either data register 200a
or data register 200c depending upon the state of the “N” bit
of status register 210.

The process for a 32 bit by 16 bit division is similar. The
negated divisor is left shifted 16 places before storing in data
register 200b. The entire numerator is stored in data register
200a. The DIVI instruction is repeated only 16 times, where-
upon the quotient is formed in the 16 least significant bits of
multiple flags register 211 and the remainder in the 16 most
significant bits of either data register 200a or data register
200c depending on the state of the “N” bit of status register
210.

This technique employs hardware already available in data
unit 100 to reduce the overhead of many microprocessor
operations. The DIVI instruction essentially forms one bit of
anunsigned division. Additional software can be employed to
support signed division. Four divide subroutines may be writ-
ten for the cases of unsigned half word (32 bit/16 bit) divide,
unsigned word (64 bit/32 bit) divide, signed half word (32
bit/16 bit) divide, and signed word (64 bit/32 bit) divide. Each
of the four subroutines includes three phases: divide prepa-
ration; divide iteration in a single instruction loop; and divide
wrap-up. [tis preferable to employ zero overhead looping and
single 64 bit DIVI instruction within the loop kernel.

The first part of each division subroutine is divide prepa-
ration. This first includes testing for a divisor of zero. If the
divisor is “0”, then the division subroutine is aborted and an
error condition is noted. Next the sign bits are determined for
the numerator and divisor. In the signed division subroutines
the sign of the quotient is set as an OR of the sign bits of the
numerator and divisor. Then in signed division, if either the
numerator or divisor is negative they are negated to obtain a
positive number. The numerator is spit between a selected odd
data register and the multiple flags register 211. For a word
division, the upper 32 bits of the numerator are stored in the
selected data register and the lower 32 bits of the numerator
are stored in multiple flags register 211. For a half word
division all 32 bits of the numerator are stored in the selected
data register. For the half word division, the unused lower bits
of multiple flags register 211 are zero filled. For half word
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division the divisor is stored in the upper 16 bits of a data
register with the lower bits being zero filled. The divisor
should be negated so that arithmetic logic unit 230 can form
subtraction by addition. The subroutines may compare the
absolute values of the most significant bits of the numerator
and denominator to determine if the quotient will overflow.

The heart of each divide subroutine is a loop including a
single DIVI instruction. It is very advantageous to write to
one of the register addresses LSRE2-L.SREO to initialize a
zero overhead one instruction loop. Sixteen iterations are
needed for half word quotients and 32 for word quotients.
Since the loop logic 720 decrements to zero, the loop counter
should be loaded with one less than the desired number of
iterations. It is also possible to place up to two iterations of the
DIVI instruction in the delay slots following loop logic ini-
tialization. The single instruction within this loop is the DIVI
instruction, which has been fully described above.

Each division subroutine is completed with divide wrap-
up. Divide wrap-up includes the following steps. The quotient
is moved from multiple flags register 211 to a data register. If
the sign of the quotient is negative, then “1” is added to the
quotient in the data register to convert from “1°s” complement
representation to twos complement representation. If the
remainder is needed it is selected based upon the “N” bit of
status register 210.

A further refinement increases the power of the DIVI
instruction in each of the divide subroutines when the
numerator/running remainder has one or more strings of con-
secutive “0’s” Before beginning the inner loop, the divisor is
tested for leading “0’s” via LMO/RMO/LMBC/RMBC cir-
cuit 237. The input on bus 206 is directed through LMO/
RMO/LMBC/RMBC circuit 237 using the “FMOD” field of
data register D0 or bits 52, 54, 56 and 56 of the “8-bit ALU
code” of an arithmetic instruction word. The data register
holding the divisor and the data register holding the high
order bits of the numerator/running remainder is left shifted
by a number of places equal to this number of leading “0’s”.
In the same fashion, the data in multiple flags register 211 is
left shifted, with zeros inserted into lower order bits corre-
sponding to the zeros in the quotient bits. The inner loop
includes additional operations in this refinement. One addi-
tional operation searches for strings of consecutive “0’s” in
the numerator/running remainder. The quotient bit for each
place where the numerator/running remainder is “0” is also
“0”. Thus if such strings of consecutive “0’s” can be detected,
then the DIVI instruction for those places can be eliminated.
This additional operation employs a conditional source reg-
ister in the same manner as the DIVIinstruction. The input on
bus 206 is directed through LMO/RMO/LMBC/RMBC cir-
cuit 237 using the “FMOD” field. Arithmetic logic unit 230
generates a resultant equal to the data on input C bus 243,
which is the number of “0’s” in leading bits of the numerator/
running remainder. This result is stored in one of data regis-
ters 200 D7-D0 not otherwise used by the subroutine. The
loop count stored in the loop count register LC2-L.C0 used for
the divide iteration loop is decremented by this number of
consecutive “0’s”. The following DIVI employs this count as
the shift amount via multiplier second input bus 202. Multiple
flags register 211 is slightly modified to also rotate by this
amount and transfer the rotated out most significant bits into
the least significant bits of data register 200a. The least sig-
nificant bits of multiple flags register 211 are zero filled
during this rotate. Using this instruction skips over consecu-
tive “0’s” in the numerator/running remainder, placing “0°s”
in the corresponding quotient bits and rotating past the con-
secutive “0’s”. In instances where the numerator/running
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remainder has strings of consecutive “0’s”, this two instruc-
tion loop produces the quotient faster than the single instruc-
tion loop.

This is illustrated in flow chart form in FIG. 45. The divide
algorithm is begun at In block 1001. First, decision block
1002 tests for a divisor of 0 and if true the algorithm is exited
at divide by zero (/0) exit block 1003. Next decision block
1004 compares the absolute value of the divisor to the high
order bits of the numerator. If the absolute value of the divisor
is less than the high order bits of the numerator, then the
algorithm is exited at overflow exit block 1005.

Block 1006 sets the quotient stored in multiple flags reg-
ister 211 to zero and sets the loop count to 16. Note that this
example is of a 32 bit by 16 bit divide. The loop count would
be set to 32 for a 64 bit by 32 bit divide. Block 1007 sets two
registers by loading the numerator into register A and the
divisor into register B. Block 1008 sets V, the sign of the
quotient, equal to the exclusive OR of the sign of the numera-
tor and the denominator. Decision block 1009 tests to deter-
mine if the sign of the quotient is positive. If so, then block
1010 negates the data in register B, which is the divisor. If not,
then register B is not changed. Block 1011 sets n equal to the
left most one place of the absolute value of the data in register
B. This tests for leading zeros in the division. Block 1012 left
shifts the data in register A, the numerator/running remainder,
and the data in register B, the divisor, n places.

The division loop begins with block 1013. Block 1013 sets
m equal to the left most one place of the data in register A.
Decision block 1014 compares m to the loop count. If m is
greater than the loop count, then block 1015 sets m equal to
the loop count. Block 1016 left shifts the numerator/running
remainder and the quotient m places. Decision block 1017
tests to determine if the previously computed sign of the
quotient is positive. If' V is positive, then block 1018 sets the
quotient Q equal to Q plus number including a string of m
number of sign bits, filling the places vacated in block 1016.
Block 1019 decrements the loop count by the left most one
place amount m.

Block 1020 performs the trial subtraction of the data in
register A, the numerator/running remainder, and the divisor
in register B. Note that blocks 1009 and 1010 insure that the
data in register B is negative. Decision block 1021 determines
if the trial subtraction changes sign. If there is a sign change,
then block 1022 sets the least significant bit of the quotient
equal to the sign V. Ifthere is no sign change, then block 1023
sets the least significant bit of the quotient equal to the inverse
of the sign V and block 1024 sets A equal to the sum C. In
either case, block 1025 left shifts register A one place. Note
that as described above, the single DIVI instruction performs
the actions of blocks 1020 through 1025.

Blocks 1026 and 1027 handle the loop. Block 1026 decre-
ments the loop count. Block 1027 determines if the loop count
is less than zero. If not, then algorithm control returns to block
1013 to repeat the loop. If the loop count is less than zero, then
the loop is complete. Preferably the zero-overhead loop logic
handles the operations of blocks 1026 and 1027.

Upon exiting the loop, some clean up steps are needed.
Decision block 1028 determines if the quotient is less than
zero. If so, then block 1029 adds one to the quotient. This
provides the proper conversion from one’s complement to
two’s complement. Block 1030 sets the remainder equal to
the high order bits stored in the A register. The algorithm is
exited via exit block 1031.

Note the DIVI instruction advantageously performs sev-
eral crucial functions in the inner loop. Thus the DIVI instruc-
tion is highly useful in this algorithm. Note also, in the
absence of such a DIVI instruction, digital image/graphics
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processor 71 may still perform this algorithm using a deter-
mination of the left most ones in accordance with the program
illustrated in FIG. 45.

FIG. 46 illustrates an alternative embodiment of the divi-
sion algorithm that additionally uses a left most ones deter-
mination of the exclusive OR of the data in registers A and B.
The initial steps divide by 0 and overtlow steps illustrated in
FIG. 46 are identical to those illustrated in FIG. 45. Block
1032 sets register A equal to the absolute value of the numera-
tor and register B equal to the absolute value of the divisor.
Block 1003 sets the sign V of the quotient as before.

Block 1011 determines the left most one place b of the
absolute value of the divisor. Block 1033 left shifts the data in
register B the number of places of the left most one. Block
1034 left shifts register A by b, the number of places of the left
shift of register B.

Block 1035 begins the loop. Block 1035 determines the left
most one place of the data in register A and sets ¢ equal to 29
minus the left most one place a. Block 1036 sets t equal to the
loop count minus c¢. Decision block 1037 determines if the
loop count is less than c. If so, then block 1038 sets ¢ equal to
the loop count. Block 1039 left shifts both the data in register
A and the quotient ¢ places. Block 1039 also decrements the
loop countby c. This step skips over trial subtraction for zeros
in the numerator/running remainder.

Block 1040 determines the left most zero place of A"B.
Block 1041 determines if the loop count is less than or equal
to zero or if x, the left most zero place of A"B, is zero. If not,
then both the data in register A and the quotient are left shifted
one place and the loop count is decremented by 1.

Block 1043 determines if't, the difference of the loop count
and ¢ computed in block 1036, is less than zero. If so, then the
loop is exited. If not, then block 1044 computes the trial
subtraction A-B and increments the quotient by 1. Block
1045 determines if the loop count is greater than zero. If so,
then the algorithm repeats the loop starting at block 1035. If
not, or if t was less than zero, then the data in register A, now
forming the remainder, is right shifted by b places.

The remaining steps involve cleanup. Decision block 1047
determines if the sign of the quotient is less than zero. If so,
then the quotient is replaced by its inverse. In either event,
decisions block 1049 determines if the numerator/running
remainder N is less than zero. If so, then the remainder stored
in as the higher order bits in register A is replaces by its
inverse. The algorithm is exited via exit block 1031.

A description of the data transfer formats and an explana-
tion or glossary of various bits and fields of the parallel data
transfer formats of instruction words of FIG. 43 follows. As
previously described above in conjunction with the glossary
of bits and fields of the data unit formats these bits and fields
define not only the instruction word but also the circuitry that
enable execution of the instruction word.

Transfer format 1 is recognized by bits 38-37 not being
“00”, bits 30-28 not being “000” and bits 16-15 not being
“00”. Transfer format 1 is called the double parallel data
transfer format. Transfer format 1 permits two independent
accesses of memory 20, a global access and a local access
limited to the memory sections corresponding to the digital
image/graphics processor. The “Lmode” field (bits 38-35)
refers to a local transfer mode, which specifies how the local
address unit of address unit 120 operates. This field is pref-
erably decoded as shown in Table 45.
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TABLE 45
Lmode field

3 3 3 3 Expression Operation

8 7 6 5 Syntax Description

0 0 X X 1o operation

0 1 0 O *(An++=Xm) post-addition of index register
with modify

0 1 0 1 *(An-—=Xm) post-subtraction of index register
with modify

0 1 1 0O *(An++=Imm) post-addition of offset with modify

0 1 1 1 *(An-—=Imm) post-subtraction of offset with modify

1 0 0 0 *An+Xm) pre-addition of index register

1 0 0 1 *An-Xm) pre-subtraction of index register

1 0 1 0 *(An+Imm) pre-addition of offset

1 0 1 1 *(An-Imm) pre-subtraction of offset

1 1 0 0 *An+=Xm) pre-addition of index register with
modify

1 1 0 1 *(An-=Xm) pre-subtraction of index register
with modify

1 1 1 0 *(An+=Imm) pre-addition of offset with modify

1 1 1 1 *(An-=Imm) pre-subtraction of offset with modify

The “d” field (bits 34-32) designates one of the data registers
D0-D7 to be the source or destination of a local bus transfer.
The “e” bit (bit 31) if “1” designates sign extend, else if “0”
designates zero extend for the local data transfer. This is
operative in a memory to register transfer when the local “siz”
field (bits 30-29) indicates less than a full 32 bit word size.
This “e” bit is ignored if the data size is 32 bits. The combi-
nation of “e” (bit 31)="1" and “L” (bit 21)="0", which would
otherwise be meaningless, indicates a local address unit arith-
metic operation. The local “siz” field (bits 30-29) is prefer-
ably coded as shown in Table 46.

TABLE 46
Size field
3 2
0 9 Data word size
0 0 byte 8 bits
0 1 halfword 16 bits
1 0 whole word 32 bits
1 1 reserved

The “s” bit (bit 28) sets the scaling mode that applies to local
address index scaling. If the “s” bit is “1” the index in the
address calculation, which may be recalled from an index
register or an instruction specified offset, is scaled to the size
indicated by the “siz” field. If the “s” bit is “0”, then no scaling
occurs. As previously described this index scaling takes place
in index scaler 614. If the selected data size is 8 bits (byte),
then no scaling takes place regardless of the status of the “s”
bit. In this case only, the “s” bit may be used as an additional
offset bit. If the “Lmode” field designates an offset then this
“s” bit becomes the most significant bit of the offset and
converts the 3 bit offset index of the “Lim/x” field to 4 bits.
The “La” field (bits 27-25) designates an address register
within local address unit 620 of address unit 120 for a local
data transfer. The “L” bit (bit 21) indicates the local data
transfer is a load transferring data form memory to register
(L="1") or a store transferring data from register to memory
(L=70") transfer. The “Lim/x” field (bits 2-0) specifies either
the register number of an index register or a 3 bit offset
depending on the coding of the “Lmode” field.

The global data transfer operation is coded in a fashion
similar to the coding of the local data transfer. The “L” bit (bit
17) is a global load/store select. This bit determines whether
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the global data transfer is a memory to register (“L”"="1")
transfer, also known as a load, or a register to memory
(“L”=0") transfer, also known as a store. The “Gmode” field
(bits 16-13) defines a global transfer mode in the same way
the local transfer mode is defined by the “LLmode” field. This
field is preferably decoded as shown in Table 47.

TABLE 47
Gmode field

1 1 1 1 Expression Operation

6 5 4 3 Syntax Description

0 0 X X no operation

0 1 0 0 *(An++=Xm) post-addition of index register
with modify

0 1 0 1 *(An-—=Xm) post-subtraction of index register
with modify

0 1 1 0 *(An++=Imm) post-addition of offset with modify

0 1 1 1 *(An-—=Imm) post-subtraction of offset
with modify

1 0 0 0 *An+Xm) pre-addition of index register

1 0 0 1 *An-Xm) pre-subtraction of index register

1 0 1 0 *(An+Imm) pre-addition of offset

1 0 1 1 *(An-Imm) pre-subtraction of offset

1 1 0 0 *(An+=Xm) pre-addition of index register
with modify

1 1 0 1 *An-=Xm) pre-subtraction of index register
with modify

1 1 1 0 *(An+=Imm) pre-addition of offset with modify

1 1 1 1 *(An-=Imm) pre-subtraction of offset

with modify

The “reg” field (bits 12-10) identifies a register. The “reg”
field designates the number of the source register in the case
of a store, or the number of the destination register in the case
of a load. The “Obank” field (bits 20-18) contains three bits
and identifies a bank of registers in the lower 64 registers.
These registers have register bank numbers in the form
“0XXX”. The 3 bit “Obank” filed combines with the 3 bit
“reg” field to designate any register in the lower 64 registers
as the data source or destination for the global data transfer.
The “e” bit (bit 9) if “1” designates sign extend, else if “0”
designates zero extend for the global data transfer. This is
operative in a memory to register transfer when the global
“siz” field (bits 8-7) indicates less than a full 32 bit word size.
This “e” bit is ignored if the data size is 32 bits. The combi-
nation of “e” (bit 9)="1" and “L” (bit 17)="0" indicates a
global address unit arithmetic operation. The global “siz”
field (bits 8-7) is preferably coded as shown in Table 48.

TABLE 48

Size field

-]
~

Data word size

byte 8 bits
half word 16 bits
whole word 32 bits
reserved

—_ = OO
_ 0 = O

The “s” bit (bit 6) sets the scaling mode that applies to
global address index scaling. If the “s” bit is ““1” the index in
the address calculation, which may be recalled from an index
register or an instruction specified offset, is scaled to the size
indicated by the “siz” field. If the “s” bit is “0”, then no scaling
occurs. No scaling takes place regardless of the status of the
“s” bit if the “siz” field designates a data size of 8 bits. If the
“Gmode” field designates an offset then this “s” bit becomes
the most significant bit of the offset and converts the 3 bit
offset index of the “Gim/x” field to 4 bits. The “Ga” field (bits
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5-3) designates an address register within global address unit
610 of address unit 120 for a local bus transfer. The “Gim/x”
field (bits 24-22) specifies either the register number of an
index register or a 3 bit offset depending on the coding of the
“Gmode” field. The “Ga” field (bits 5-3) specifies the register
number of the address register used in computing the memory
address of the global data transfer.

Data transfer format 2 is recognized by bits 38-37 not being
“00”, bits 30-28 being “000” and bits 16-15 not being “00”.
Data transfer format 2 is called the XY patch format. Data
transfer format 2 permits addressing memory 20 in an XY
patch manner multiplexing addresses from both the global
and local address units of address unit 120. The “0” bit (bit 34)
enables outside XY patch detection. When “0” bit is set to
“17, the operations specified by the bits “a” and “n” are
performed if the specified address is outside the XY patch.
Otherwise, when “0” bit is “0”, the operations are performed
if address is inside the patch. The “a” bit (bit 33) specifies XY
patch memory access mode. When the “a” bit is set to “1”, the
memory access is performed regardless of whether the
address is inside or outside the XY patch. When the “a” bit is
set to “0”, the memory access is inhibited if the address is
outside (if'the “0” bitis “1”) or inside (if the “0” bitis “0”) the
patch. The “n” bit (bit 32) specifies XY patch interrupt mode.
When the “n” bit is set to “1”, an interrupt flag register bit for
XY patchissetto “1” ifthe address is outside (if “o” bit is “1”")
orinside (if “0” bit is “0”) the patch. When “n” bitis set to “0”,
the XY patch interrupt request flag is not set.

Other fields are defined in the same manner detailed above.
The “Lmode” field specifies the local address calculation
mode as shown in Table 45. This local address calculation
includes a local address register designated by the “La” field
and either a 3 bit unsigned offset or a local index register
designated by the “Liny/x” field. The “Gmode” field specifies
the global address calculation. A global unsigned 3 bit offset
or a global index register indicated by the “Gim/X” field is
combined with the address register specified by the “Ga” field
to form the global address. The 4 bit “bank” field (bits 21-18)
identifies a data register bank and is combined with the 3 bit
“reg” field identifying a register number to designate any
register as the data source or destination for an XY Patch
access. The “L” bit is a load/store select. This bit determines
whether an XY Patch access is a memory to register
(“L”="1"") transfer, also know as a load, or register to memory
(“L”="0") transfer, also known as a store. The “¢” bit if “1”
designates sign extend, else if “0” designates zero extend.
This is operative in a load operation (memory to register data
transfer) when the “siz” field indicates less than a full 32 bit
word size. This “e” bitis ignored ifthe data size is 32 bits. The
combination of “e”=“1" with “L.”="0" indicates a patched
address unit arithmetic operation. The “s” bit sets the scaling
mode that applies to global address index scaling. Ifthe “s” bit
is “1” the data recalled from memory is scaled to the size
indicated by the “siz” field. If the “s” bit is “0”, then no scaling
occurs. [fthe selected data size is 8 bits (byte), then no scaling
takes place regardless of the status of the ‘s™ bit. In this case
only, the “s” bit is used as the most significant bit of the offset
converting the 3 bit “Gim/x” offset index to 4 bits.

Data transfer format 3 is recognized by bits 38-37 not being
“00”, bit 24 being “0” and bits 16-13 being “0000”. Data
transfer format 3 is called the move and local data transfer
format. Data transfer format 3 permits a load or store of one of
the data registers 200 via the local data port in parallel with a
register to register move using global port source data bus
Gsre 105 and global port destination data bus Gdst 107. The
local data port operation is defined by the fields “Lmode”,
“d”, “e”, “siz”, “s”, “La”, “L” and “Lim/x” in the manner
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described above. The register to register move is from the
register defined by the bank indicated by the srcbank™ field
(bits 9-6) and the register number indicated by the “src” field
(bits 12-10) to the register defined by the bank indicated by
the “dstbank” field (bits 21-18) and the register number indi-
cated by the “dst” field (bits 5-3).

Datatransfer format 3 supports digital image/graphics pro-
cessor relative addressing. The “Lrm” field (bits 23-22) indi-
cate the type of addressing operation. This is set forth in Table
49.

TABLE 49
Lrm field

8 7 Addressing Mode

0 0 normal addressing

0 1 reserved

1 0 Data memory base
address DBA

1 1 Parameter memory base
address PBA

Specification of DBA causes local address unit 620 to gener-
ate the base address of its corresponding memory. Likewise,
specification of PBA causes local address generator 620 to
generate the base address of the corresponding parameter
memory. The base address generated in this manner may be
combined with the index stored in an index register or an
offset field in any of the address generation operations speci-
fied in the “Lmode” field shown in Table 45.

This data transfer format also supports command word
generation. Ifthe destination ofthe register to register move is
the zero value address register of the global address unit A15,
then the instruction word decoding circuitry initiates a com-
mand word transfer to a designated processor. This command
word is transmitted to crossbar 50 via the global data port
accompanied by a special command word signal. This allows
interprocessor communication so that, for example, any of
digital image/graphics processors 71, 72, 73 and 74 may issue
an interrupt to other processors. This process is detailed
above.

Data transfer format 4 is recognized by bits 38-37 not being
“007, bit 24 being “0” and bits 16-13 being “0001”. Data
transfer format 4 is called the field move and local data
transfer format. Data transfer format 4 permits a load or store
of one of the data registers 200 via the local data port in
parallel with a register to register field move using global port
source data bus Gsrc 105 and global port destination data bus
Gdst 107. The local data port operation is defined by the fields
“Lmode”, “d”, “e” (bit31), “siz” (bits 30-29), “‘s”, “La”, “L”
and “Lim/x” in the manner described above.

The register to register field move is from the data register
defined by the register number indicated by the “src” field
(bits 12-10) to the register defined by the bank indicated by
the “dstbank” field (bits 21-18) and the register number indi-
cated by the “dst” field (bits 5-3). The “D” bit (bit 6) indicates
if the field move is a field replicate move if “D”=“1", or a field
extract move if “D”=“0". In a field replicate move the least
significant 8 bits of the source register are repeated four times
in the destination register if the “siz” field (bits 8-7) indicates
a byte size, and the least significant 16 bits of the source
register are duplicated in the destination register if the “siz”
field (bits 8-7) indicates a half word size. If the “siz” field
indicate a word size, then the whole 32 bits of the source
register are transferred to the destination register without
replication regardless of the state of the “D” bit. In a field
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extract move the “itm” field (bits 23-22) indicates the little
endian item number to be extracted from the source register.
The particular bits extracted also depends upon the “siz” field.
When the data size of the “siz” field (bits 8-7) is byte, then
“itm” may be 0, 1, 2 or 3 indicating the desired byte. When the
data size of the “siz” field (bits 8-7) is half word, then “itm”
may be 0 or 1 indicating the desired halfword. The “itm” field
is ignored if the “siz” field (bits 8-7) is word. The extracted
field from the source register is sign extended if the “e” bit (bit
9)is “1” and zero extended if the “e” bit (bit 9) is “0”. The “e”
field is ignored during field replicate moves.

Data transfer format 5 is recognized by bits 38-37 not being
“007, bit 24 being “1” and bits 16-15 being “00”. Data transfer
format 5 is called local long offset data transfer. Data transfer
format 5 permits a global port memory access using an
address constructed in the local address unit because no glo-
bal data transfer is possible. The local data port operation is
defined by the fields “Lmode”, “d”, “e”, “siz”, “s”, “L.a” and
“L” in the manner described above. The register source or
destination corresponds to the register number designated in
the “reg” field (bits 34-32) in the bank of registers designated
in the “bank” field (bits 21-18). The “Local Long Offset/x”
field (bits 14-0) specifies a 15 bit local address offset or the
three least significant bits specify an index register as set by
the “Lmode” field. A programmer might want to use this data
transfer format using an index register rather than the “Local
long offset” field because data transfer format 5 permits any
data unit register as the source for a store or as the destination
for a load. The “Lmode” field indicates whether this field
contains an offset value or an index register number. If the
selected data size is 8 bits (byte), then no scaling takes place
regardless of the status of the “s” bit. In this case only, the
bit becomes the most significant bit of the offset converting
the 15 bit “Local long offset” field into 16 bits. The “Lrm”
field (bits 23-22) specify a normal address operation, a data
memory base address operation or a parameter memory base
operation as listed above in Table 49.

Data transfer format 6 is recognized by bits 38-37 being
“00”, bits 16-15 not being “00” and bit 2 being “0”. Data
transfer format 6 is called global long offset data transfer.
Data transfer format 6 is similar to data transfer format 5
except that the address calculation occurs in the global
address unit. The fields “bank”, “L”, “Gmode”, “reg”, “e”,
“siz”, “s” and “Ga” are as defined above. The “Global Long
Offset/x” field (bits 36-22) specifies a global offset address or
an index register depending on the “Gmode” field. This is
similar to the “Local Long Offset/x” field discussed above.
The “Grm” field (bits 1-0) indicate the type of addressing
operation. This is set forth in Table 50.

Gy
S

TABLE 50
Grm field

1 9 Addressing Mode

0 0 normal addressing

0 1 reserved

1 0 Data memory base
address DBA

1 1 Parameter memory base
address PBA

This operates in the same fashion as the “Lrm” field described
above except that the address calculation takes place in global
address unit 610.

Data transfer format 7 is recognized by bits 38-37 not being
“00”, bit 24 being “0” and bits 16-14 being “001”. Data
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transfer format 7 is called the non-data register data unit
operation and local data transfer format. Data transfer format
7 permits a local port memory access in parallel with a data
unit operation where the first source for arithmetic logic unit
230 and the destination for arithmetic logic unit 230 may be
any register on digital image/graphics processor 71. The local
data port operation is defined by the fields “L.mode”, “d”, “e”,
“siz , “s”, “La”, “Lrm”, “L” and “Lim/x” in the manner
described above. The “Adstbnk™ field (bits 21-18) specifies a
bank ofregisters for the arithmetic logic unit destination. This
field specifies a register source in combination with the “dst”
field in data unit formats A, B and C, and the “dst1” field in
data unit format D. The “As1bank” field specifies a bank of
registers for the first arithmetic logic unit source. This speci-
fies a register source in combination with the “src1” field in
data unit formats A, B, C and D. These data unit operations are
called long distance arithmetic logic unit operations because
the first source and the destination need not be the data reg-
isters 200 of data unit 110.

Data transfer format 8 is recognized by bits 38-37 being
“007, bit 24 being “0” and bits 16-13 being “0000”. Data
transfer format 8 is called the conditional data unit operation
and conditional move transfer format. Data transfer format 8
permits conditional selection of the first source for arithmetic
logic unit 230 and conditional storing of the resultant of
arithmetic logic unit 230. The conditional arithmetic logic
unit operations are defined by the fields “cond.”, “c”, “r”, “g”
and “NCV Z”.

The “cond.” field (bits 35-32) defines an arithmetic logic
unit operation from conditional register sources and condi-
tional storage of the arithmetic logic unit resultant. This field
is defined in Table 41. These conditions are evaluated based
upon the “N”, “C”, “V” and “Z” bits of status register 210.

The specified condition may determine a conditional reg-
ister source, a conditional storage of the result of arithmetic
logic unit 230 or a conditional register to register move. The
“c” bit (bit 31) determines conditional source selection. If the
“c”bitis “0”, then the first source for arithmetic logic unit 230
is unconditionally selected based upon the “src1” field (bits
47-45) of the data unit format portion of the instruction word.
If the “c” bit is “1”, then the register source is selected
between an odd and even register pair. Note that in this case
the “src1” field must specify an odd numbered data register
200. If the condition is true, then the specified register is
selected as the first source for arithmetic logic unit 230. If the
condition is false, then the corresponding even data register
one less than the specified data register is selected as the
source. The preferred embodiment supports conditional
source selection based upon the “N” bit of status register 210.
Ifthe “N” field of status register 210 is “1” then the designated
data register is selected as the first source for arithmetic logic
unit 230. If the “N” field of status register 210 is “0”, then the
data register one less is selected. This selection can be made
by a multiplexer, such as multiplexer 215 illustrated in FIG.
44, or by substitution of the “N” field of status register 210 for
the least significant bit of the register number. While the
preferred embodiment supports only conditional source
selection based upon the “N” bit of status register 210, it is
feasible to provide conditional source selection based upon
the “C”, “V” and “Z” bits of status register 210.

Data transfer format 8 supports conditionally storing the
resultant of arithmetic logic unit 230. The “r” bit (bit 30)
indicates if storing the resultant is conditional. If the “r” bit is
“1” then storing the resultant is conditional based upon the
condition of the “cond.” field. If the “r” bit is “0”, then storing
the resultant is unconditional. Note that in a conditional result
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operation, the status bits of status register 210 are set uncon-
ditionally. Thus these bits may be set even if the result is not
stored.

Data transfer format 8 also permits a conditional register to
register move operation. The condition is defined by the same
“cond.” field that specifies conditional data unit operations.
The register data source of the move is defined by the bank
indicated by the “srcbank™ field (bits 9-6) and the register
number indicated by the “src” field (bits 12-10). The register
data destination is defined by the bank indicated by the “dst-
bank” field (bits 21-18) and the register number indicated by
the “dst” field (bits 5-3). The “g” bit (bit 29) indicates if the
data move is conditional. If the “g” bitis “1”, the data move is
conditional based upon the condition specified in the “cond.”
field. If the “g” bit is “0”, the data move is unconditional. Note
that a destination of the zero value address register A15 of the
global address unit generates a command word write opera-
tion as previously described above. Thus data transfer format
8 permits conditional command word generation.

The “N CV Z” field (bits 28-25) indicates which bits of the
status are protected from alteration during execution of the
instruction. The conditions of the status register are: N nega-
tive; C carry; V overflow; and Z zero. If one or more of these
bits are set to “1”, the corresponding condition bit or bits in
the status register are protected from modification during
execution of the instruction. Otherwise the status bits of status
register 210 are set normally according to the resultant of
arithmetic logic unit 230.

Data transfer format 9 is recognized by bits 38-37 being
“007, bit 24 being “0” and bits 16-13 being “0001”. Data
transfer format 9 is called the conditional data unit operation
and conditional field move transfer format. Data transfer for-
mat 9 permits conditional selection of the first source for
arithmetic logic unit 230 and conditional storing of the result-
ant of arithmetic logic unit 230 in the same manner as data
transfer format 8. The conditional arithmetic logic unit opera-
tions are defined by the fields “cond.”, “c”, “r” and “NCV Z”
as noted above in the description of data transfer format 8.

Data transfer format 9 also supports conditional register to
register field moves. The condition is defined by the same
“cond.” field that specifies conditional data unit operations.
The source of the field move must be one of data registers 200.
The “src” field (bits 12-10) specifies the particular data reg-
ister. The destination of the register to register move is the
register defined by the register bank of the “dstbank™ field
(bits 21-18) and the register number of the “dst” field (bits
5-3). The fields “g” (bit 29), “itm” (bits 23-22), “e” (bit 9),
“siz” (bits 8-7) and “D” (bit 6) define the parameters of the
conditional field move. The “g” bit determines that the field
move is unconditional if “g”=0" and that the field move is
conditional if “g”=“1". The “D” bit indicates if the field move
is a field replicate move if “D”=“1", or a field extract move if
“D”=“0". These options have been described above. In a field
extract move the “itm” field (bits 23-22) indicates the little
endian item number to be extracted from the source register
base upon the data size specified by the “siz” field. The
extracted field from the source register is sign extended if the
“e” bit (bit 9) is “1” and zero extended if the “e” bit (bit 9) is
“0”. The “e” field is ignored during field replicate moves.

Data transfer format 10 is recognized by bits 38-37 being
“00”, bits 16-15 not being “00” and bit 2 being “1”. Data
transfer format 10 is called the conditional data unit operation
and conditional global data transfer format. Data transfer
format 10 permits conditional selection of the first source for
arithmetic logic unit 230 and conditional storing of the result-
ant of arithmetic logic unit 230. The conditional arithmetic
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logic unit operations are defined by the fields “cond.”, “c”, “r
and “N C V Z” as noted above in the description of data
transfer format 8.

Data transfer format 10 also supports conditional memory
access via global address unit 610. The conditional memory
access is specified by the fields “g”, “Gim/x”, “bank”, “L”,
“Gmode”, “reg”, “e”, “siz”, “s”, “Ga” and “Grm” as previ-
ously described. The “g” bit (bit 29) indicates if the data move
is conditional in the manner previously described above. The
“Gim/x” field specifies either an index register number or an
offset field depending upon the state of the “Gmode” field.
The “bank” field specifies the register bank and the “reg” field
specifics the register number of the register source or desti-
nation of the global memory access. The “L” indicates a load
operation (memory to register transfer) by a “1” and a store
operation (register to memory transfer) by a “0”. The
“Gmode” field indicates the operation of global data unit 610
as set forth in Table 47. The “e” bit indicates sign or zero
extension for load operations. Note an “L” field of “0” and an
“e” field of “1” produces an address arithmetic operation. The
“siz” field specifies the data size as set forth in Table 48. The
“s” bit indicates whether the index is scaled to the data size as
described above. The “Ga” field specifies the address register
used in address computation. The “Grm” field indicates the
type of addressing operation as set forth in Table 50.

Data transfer format 11 is recognized by bits 38-37 being
“00”, bit 24 being “0” and bits 16-14 being “001”. Data
transfer format 11 is called the conditional non-data register
data unit format. Data transfer format 11 permits no memory
accesses. Instead data transfer format 11 permits conditional
data unit operation with one source and the destination for
arithmetic logic unit 230 as any register within digital image/
graphics processor 71. These are called long distance arith-
metic logic unit operations. The “Aslbank” field (bits 9-6)
specifies a bank of registers that defines the first arithmetic
logic unit source in combination with the “src1” field (bits
47-45) in the data unit format of the instruction. Thus this
source may be any register within digital image/graphics
processor 71. The “Adstbnk” field (bits 21-18) specifies a
bank of registers that defines the arithmetic logic unit desti-
nation in combination with the “dst” field (bits 50-48) in data
unit formats A, B and C, and the “dst1” field (bits 50-48) in
data unit format E. The conditional arithmetic logic unit
operations are defined by the fields “cond.”, “c”, “r” and “N C
V Z” as noted above in the description of data transfer format
8.

The “R” bit (bit 0) is a reset bit. The “R” bit is used only at
reset. This “R” bit is used only upon reset. The “R” bit
determines whether the stack pointer register A14 is initial-
ized upon reset of digital image/graphics processor 71. This
“R” bit is not available to users via the instruction set and will
not be further described.

With so many operations possible within a single instruc-
tion, it is possible that more than one operation of a single
instruction specifies the same destination data register 200. In
such an event a fixed order of priority determines which
operation saves its result in the commonly specified destina-
tion register. This fixed order of priority is shown in Table 51
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in order from highest priority to lowest priority.
TABLE 51
Priority Rank Operation
highest Global address unit

data transfer
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TABLE 51-continued
Priority Rank Operation
median Local address unit
data transfer
lowest Data unit

Multiply/ALU => Multiply
Rotate/ALU => ALU

Thus global address unit data transfers have the highest pri-
ority and data unit operations have the lowest priority. Since
more than one data unit operation can take place during a
single instruction, there is a further priority rank for such
operations. If a multiply operation and an arithmetic logic
unit operation have the same destination register, then only
the result of the multiply operation is stored. In this case no
status bits are changed by the aborted arithmetic logic unit
operation. Note that if the storing ofthe result of an arithmetic
logic unit operation is aborted due to conflict with a global or
local address unit data transfer, then the status bits are set
normally. If a barrel rotation result and an arithmetic logic
unit operation have the same destination, then only the results
of'the arithmetic logic unit operation is stored. In this case the
status bits are set normally for the completed arithmetic logic
unit operation.

This application will now describe how multiprocessor
integrated circuit 100 can be programmed to solve some
typical graphics processing problems.

One key problem in graphics processing is image encod-
ing. In facsimile transmission, video conferencing, multime-
dia computing and high definition television a key problem is
the amount of data to be transmitted or stored in full motion
video. There are known techniques for data compression of
individual images that can be used for each frame of video.
Current technology cannot simultaneously provide sufficient
image compression and acceptable video quality for real time
video. Much interest is directed toward algorithms and pro-
cessors that can provide image compression for full motion
video.

There is a proposed motion picture compression standard
from the Motion Picture Experts Group (MPEG) which uti-
lizes motion estimation. In motion estimation consecutive
frames are compared to detect changes. These changes can
then be encoded and transmitted rather than the data of the
entire frame. The current proposed MPEG standard compares
16 by 16 pixel blocks of consecutive pixels. One block is
displaced to differing positions =7 pixels in the vertical
dimension and £7 pixels in the horizontal direction. For each
displaced position, the proposed standard computes the sum
of'the absolute value of respective differences between pixels.
The displaced position yielding the least sum of the absolute
value of differences defines a motion vector for that 16 by 16
pixel block. Once the entire image has been compared, then
some frames are transmitted in large degree via motion vec-
tors rather than by pixel values.

This motion estimation computation involves a very large
amount of computation. Each displaced position needs 256
differences, whose absolute values are summed. There are
225 such displaced positions (15x15) for each 16 by 16 pixel
block. In relatively modest image resolutions such as the
h.261 standard proposed for video conferencing with 352
columns lines and 288 rows, each frame includes 198 such 16
by 16 pixel blocks. Thus each frame requires about 23 million
subtractions, 23 million absolute values and numerous other
computations. This task requires enormous computation
capability since full motion video requires at least 24 to 30
frames per second. The most voluminous portion of these
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computations are the subtractions for each pixel of each dis-
placed position of each 16 by 16 pixel block and the absolute
value function. Though there are many other computations, if
there were an efficient manner of performing these most
voluminous calculations the entire task would be feasible.

FIG. 47 illustrates schematically the operation of digital
image/graphics processor 71 in a four instruction inner loop
for MPEG motion estimation. Note that the example data
values indicated are in hexadecimal numbers. Within this four
instruction loop, digital image/graphics processor 71 com-
putes 8 differences on 8 bit pixels, forms the absolute values
and updates a running sum of the absolute values. This opera-
tion will be described in detail to demonstrate the computa-
tion power of digital image/graphics processor 71 illustrated
in FIG. 3. The four instructions of the inner loop are:

la. CurrPixel =mzc CurrPixel-PrevPixel
1b. || GX_CNTIndex = MF
le. || CurrPixel = *(LA_Curr++=4)
2a. SumABS =mc (SumABS+CurrPixel)& @MF
| (SumABS-CurrPixel)&~@MF
2b. || GA_CarryCount = &*(GA_CarryCount+GX_NumCout)
2¢c. || PrevPixel = *(LA_Prev++=4)
3a. CurrPixel =mrc CurrPixel-PrevPixel
3b. || GX_NumCout = *(GA_1CntTbl+GX_CNTIndex)
3c. || CurrPixel = *(LA_Curr++=4)
4a. SumABS =mc (SumABS+CurrPixel)& @MF
| (SumABS-CurrPixel)&~@MF
4b. || PrevPixel = *(LA_Prev++=4)

This loop kernel is preferably controlled using hardware loop
logic 720 for zero overhead looping in the manner described
above.

The complex interactions of these four instructions will be
described in detail. In summary, instructions 1a and 3a form
the difference between pixels of the current frame and pixels
of the previous frame and set bits in multiple flags register
211. Instructions 2a and 4a add or subtract this difference
from a running sum of absolute values. The selection of
addition or subtraction is based on the previously set bits
within multiple flags register 211. The local address unit 620
handles fetching the pixel data from the corresponding local
memory. This data is placed in a memory accessible by the
local port of the digital image/graphics processor executing
this algorithm. Note that the data is preferably organized as
four adjacent 8 bit pixels per 32 bit data word. The global
address unit 610 computes the higher order bits in the running
sum of absolute values. This computation of the higher order
bits employs a 256 element look up table and address unit
arithmetic. Note that all the data unit operations are multiple
operations on 8 bit data where both the “Msize” field and the
“Asize” field of status register 210 are set to “100”.

Table 52 shows the register assignments used in the
example of this algorithm listed above. Those skilled in the art
would realize that other register assignments may also be
used to perform this same loop kernel.

TABLE 52

Register Variable Name Data Assignment

DO — instruction parameters

D1 PrevPixel 4 previous frame pixels

D2 CurrPixel 4 current frame pixels

D3 PrevPixel 4 previous frame pixels

D4 CurrPixel 4 current frame pixels

D5 SumABS running sum of absolute value of differences
A0 LA Prev previous frame pixel address
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TABLE 52-continued

Register Variable Name Data Assignment

Al LA_Curr current frame pixel address

A8 GA_CarryCount running sum of carries

A9 GA_1CntTbl  carry count loop up table base address

X0 — 4

X8 GX_CNTIndex count of carries from multiple flags register
X9 GX_NumCout loop up table result

In Table 52: D0 through D5 are data registers in data unit 110;
A8 and A9 are address registers in global address unit 610; X8
and X9 are index registers in global address unit 610; A0 and
Al are address registers in local address unit 620; X0 is an
index register in local address unit 620.

The data unit operation of instruction 1 of the loop forms
the difference value CurrPixel-PrevPixel. This difference is
between the values of four pixels of the current frame stored
in data register D2 and the values of four corresponding pixels
of'the previous frames stored in data register D1. The “mzc”
mnemonic for this instruction indicates: a multiple operation;
multiple flags register 211 is zeroed to begin the instruction;
and multiple flags register 211 has its least significant bits set
by the carry-out results of the multiple sections of arithmetic
logic unit 230. As previously stated, arithmetic logic unit 230
forms this difference while split into four 8 bit sections. The
multiple flags register 211 has its four least significant bits set
from the respective carry-outs of the four sections. Note that
a “0” carry-out result indicates the difference is negative and
a “1” carry-out result indicates the difference is not negative.

Global address unit 610 moves the data stored in multiple
flags register 211 to index register X8. Note that this move
takes place during the address pipeline stage of this instruc-
tion, which is prior to any data unit 110 operation. Thus this
data is the result of instruction 4 of the previous loop and not
the result of any operation of data unit 110 during instruction
1.

Local address unit 620 loads data in the address stored in
address register A1 into data register D4. This moves data for
four pixels of the current frame into position for use in
instruction 3. Address register Al is pre-incremented and
modified by the value in index register X0. According to Table
52 this value is “4”. Note that it is feasible to employ a 5 bit
offset field for this increment value rather than an index
register. After this post-increment, address register Al holds
the address of the word in memory storing the current four
pixels of the current frame.

Instruction 2 forms the absolute value of the difference and
adds this to a running sum of absolute values. The “mc”
mnemonic indicates this is a multiple instruction and that the
least significant bits of multiple flags register 211 are set by
the respective carry-outs. In this case the carry-outs replace
the four least significant bits set in instruction 1. Note that the
data unit operation (SumABS+CurrPixe)&@MF | (Sum-
ABS-CurrPixel)&~@MF is a readily obtainable arithmetic
operation using the translated function code “10011010”,
(Hex “92a”) as shown in Table 21. The four least significant
bits of multiple flags register 211 are expended into 32 bits in
expand circuit 238 and supplied to input C bus 243 via mul-
tiplexer Cmux 233. This expanded version of the four least
significant bits of multiple flags register 211 forms the terms
onthe “@MF” line in FIG. 47. This forms the absolute value
and adds it to the running sum. Note that if the difference was
negative, then the carry-out bit was “0”” and the corresponding
expanded multiple flags term is Hex “00”. This effectively
causes the negative difference to be subtracted from the run-
ning sum. On the other hand, if the difference was positive,
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the corresponding multiple flags term is Hex “FF” and the
difference is added to the running sum. Using the expanded
multiple flags register bits thus enables the formation of the
pixel difference, the absolute value and the running sum in
only two instructions. Note that in two cases the sum gener-
ates a carry-out. This carry-out is stored in multiple flags
register 211 to be used later in computation of the higher order
bits of the running sum of absolute values.

Global address unit 610 performs address unit arithmetic.
The data from the higher order bit look up table stored in
index register X9 is added to a running sum of the higher order
bits stored in address register A8. Note that the sum of the
absolute values of 256 differences of 8 bit pixels may very
well overflow the capacity of 8 bits. Thus some manner of
accounting for such overflow bits is needed. Index register X9
holds the count of the number of such overflow accumulated
in multiple flags register 211 during one pass through the
loop. Instruction 2b sums these into a running sum of these
overflow bits, which later forms the higher order bits of the
desired sum of absolute value of differences.

Local address unit 620 loads data in the address stored in
address register A0 into data register D3. This moves data for
four pixels of the previous frame into position for use in
instruction 3. Address register A0 is pre-incremented by the
value in index register X0, which is 4. Address register A0
thus points to the current word of previous frame pixel data.
Note that this load operation occurs during the address pipe-
line stage of instruction 2 and is thus available for use in the
execute pipeline stage of instruction 3.

Instruction 3a is similar to instruction la. Instruction 3a
also forms a difference value (CurrPixel-PrevPixel). This
difference is between the values of four pixels of the current
frame stored in data register D4 and the values of four corre-
sponding pixels of the previous frames stored in data register
D3. The “mrc” mnemonic for this instruction indicates: a
multiple operation; multiple flags register 211 is rotated to
begin the instruction; and multiple flags register 211 has its
least significant bits set by the carry-out results of the multiple
sections of arithmetic logic unit 230. The rotate in multiple
flags register 211 of the carry-outs formed in instruction 2
occurs at the beginning of the execute pipeline stage and
makes room for storage of four new carry-outs from this
difference. This rotate in multiple flags register 211 thus
retains the carry-outs from the instruction 2.

Global address unit 610 performs a table look up operation.
The address stored in address register A9 is the base address
of'a 256 element look up table. Each element in this look up
table stores data corresponding to the number of “1” in the
table address. Thus the first element in the table, having a
table address of “00000000”, stores “0”, the second element
with a table address of “00000001” stores “1”, the third
element with a table address of “00000010” stores “1”, the
fourth element with a table address of “00000011” stores “2”
and so forth. The index register X8 stored the carry-outs from
the prior pass through the loop as loaded in instruction 1b.
Each bit stores the carry-out from a corresponding running
sum of the absolute value of the differences. A “1” indicates
overflow of the 8 bit word. The look up table returns the
number of such “1°s”, effectively the sum of the overflow bits.
This resultant, which is stored in index register X9, is added
to the running sum of the overflow bits stored in address
register A8 in instruction 2b.

Local address unit 620 loads data in the address stored in
address register A1 into data register D2. This moves data for
four pixels of the current frame into position for use in
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instruction 1 of the next loop. Address register Al is pre-
incremented and modified by the value in index register X0,
which is “4”.

Instruction 4 forms the absolute value of the difference and
adds this to the running sum of absolute values in a manner
similar to instruction 2. The “mc” mnemonic indicates this is
a multiple instruction and that the least significant bits of
multiple flags register 211 are set by the respective carry-outs,
which replace the four least significant bits set in instruction
3. Data unit 110 effectively forms the absolute value and adds
it to the running sum. Note that the running sum SumABS
carry-outs are stored in multiple flags register 211 to be used
later in computation of the higher order bits of the running
sum of absolute values.

There is no global address unit operation in instruction 4 in
this example.

Local address unit 620 loads data in the address stored in
address register A0 into data register D1. This moves data for
four pixels of the previous frame into position for use in
instruction 1 of the next pass through the loop. Address reg-
ister A0 is pre-incremented and modified by the value in index
register X0, which is 4.

Some clean up operations follow after this loop kernel has
computed the sum of the absolute value of the differences for
an entire 16 by 16 pixel block. Once completed data register
D5 holds separate sum data in four 8 bit bytes. In addition,
address register A8 holds the sum of the higher order bits of
the desired sum of absolute value of differences. To obtain the
correct sum the data in the four sections of data register D5 are
added. An arithmetic operation using the translated function
code “01100000” (Hex “60"), which is a field addition, is
very helpful in this addition. A method herein called summing
4 bytes into 2 into 1 is described below. This operation starts
with partial sum bytes d, c, b, a as follows in a first data
register:

ddddddddcccccccecbbbbbbbbaaaaaaaa
Two masks are needed for this operation. The first mask is
alternating Hex “00” and Hex “FF” bytes:

00000000111111110000000011111111
This mask could be formed from Hex “0101” stored in Mflags
register 211 via expand circuit 238 when the “Asize” field
indicating a byte data size. This first mask could also be stored
in a data register. The second mask is a Hex “0000FFFF”
mask:

00000000000000001111111111111111
This second mask could be formed by mask generator 239
from an input of 16. Data register D0 is loaded with a default
barrel rotate amount “DBR” field indicating an 8 bit rotate.
Once these preliminary steps are accomplished, then the sum
of'4 bytes into 2 bytes into one byte requires only two instruc-
tions. In the first instruction the 4 byte sum data in data
register D5 is supplied to both the input A bus 241 via mul-
tiplexer Amux 232 and to barrel rotator 235. The rotation
amount is set at 8 bits via the default barrel rotate amount
“DBR” field of data register D0. The first mask is supplied to
input C bus 243 via multiplexer Cmux 233 and second mul-
tiplier input bus 202. This requires an instruction class field of
“001” from Table 39. Arithmetic logic unit 230 performs a
field addition (A&C)+(B&C). The resultant sum is returned
to the source data register D5. This process is explained as
follows. Rotation of the original data by 8 bits yields:

aaaaaaaaddddddddccecceccbbbbbbbb
Arithmetic logic unit 230 effectively masks both the original
and rotated data and then adds them in two separate fields as
controlled by the first mask. Applying the first mask to the
original data yields:

00000000ccccccec00000000aaaaaaaa
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Applying the first mask to the rotated data yields:
000000000dddddddd00000000bbbbbbbb
The addition of the these two values results in two 9 bit
intermediate sums in a single data word:
0000000uuuuuuUUu0000000vVVVVVVY
which is stored back into the first source register. Note that the
addition of two 8 bit numbers may yield a 9 bit number as
shown above. The power of the three input arithmetic logic
unit 230 is shown here where the shift, mask and addition are
performed in a single cycle of arithmetic logic unit 230.

The second instruction is similar to the first instruction. In
the second instruction the partial sum data stored in a data
register is supplied to both the input A bus 241 via multiplexer
Amux 232 and to barrel rotator 235. The rotation amount is
set at 16 bits via a 5 bit offset field of “10000” selected by
multiplexer Imux 222, supplied to second multiplier input bus
202 and selected by multiplexer Smux 231. The second mask
is supplied to input C bus 243 via the 5 bit offset field selected
by multiplexer Imux 222, supplied to second multiplier input
bus 202, selected by multiplexer Mmux 234, formed into the
16 bit second mask via mask generator 239 according to Table
19 and further selected by multiplexer Cmux 233. This
requires an instruction class field of “011” from Table 39.
Arithmetic logic unit 230 performs a field addition (A&C)+
(B&C). The resultant sum is returned to the source register.
This process is explained as follows. Rotating this partial sum
by 16 bits produces:

0000000vvvvvvvvv0000000uuuuuUuUY
Applying the second mask to the original partial sum data
yields:

00000000000000000000000vvvVVVVVVY
Applying the second mask to the rotated partial sum data
mask yields:

00000000000000000000000uUTUTUUUY
The field addition of the these two values results in one 10 bit
sum of the four byte partial sums:

0000000000000000000000r rrrrrrTLY
which may be stored into the original source data register.
Note that addition of the two 9 bit numbers may overtlow into
a 10 bit sum.

The final desired sum of the motion estimation process is
formed by adding the above four byte partial sum to the
running overflow sum rotated left 8 places. A simple rotate
and add accomplishes this final addition.

This field addition is particularly useful when doing mul-
tiple arithmetic. As illustrated above it provides a fast final
addition of four partial sums that are initially spread across
four bytes, requiring only two instructions. Because this final
addition is fast, digital image/graphics processor multiple
arithmetic can have a speed advantage over single-byte arith-
metic even when only a small number of additions are needed
to provide the partial sums. This method is particularly useful
in the clean up of the sum of absolute value of differences
described above.

Suitable outer loops are needed to supplement this loop
kernel. By way of example only, a suitable outer loop could so
load the pixel data for the current and previous frame that an
entire 16 by 16 pixel block may be handled without interrupt-
ing the inner loop. Alternatively, outer loops insure proper
registration of the pixel data when employing the inner loop.
Displacement of the 16 by 16 pixel blocks are also handled by
larger loops. Larger loops also make the selection of the
motion vector for each pixel is based upon the least sum of
absolute value of differences. All these program features are
within the capability of one skilled in the art. Note that these

20

25

30

35

40

45

50

55

60

65

138

outer loops are executed much less frequently, therefore
maximum coding density is not as important than in the inner
loop kernel listed above.

Another function used in the proposed MPEG encoding
standard is variable length codes. This is often called Huff-
man encoding. Huffman encoding has many other uses in
addition to video encoding. Variable length codes are
employed for discrete data elements to be transmitted. In
order to reduce the amount of data to be transmitted, more
frequently used data is encoded using fewer bits.

Huffman variable length encoding specifies both encoding
and decoding techniques. In an application such as multime-
dia computing, the software media vendor performs the
encoding. The user’s computer decodes the encoded data
when used. In this event, large computing resources can be
employed during encoding or the encoding may be performed
taking longer than the real time length of the video sequence.
This is feasible since encoding is done only once. Thus in
such applications only decoding need be done in real time. In
other applications such as video conferencing both encoding
and decoding must be done in real time by the user’s appara-
tus.

An example of such variable length coding is shown in
Table 53 below. Each coded number consists of a size field
and a value field. Table 53 shows an example using a 2 bit size
field and a value field of up to 3 bits.

TABLE 53
Size Value Encoded Number
00 — 0
01 0 -1
01 1 1
10 00 -3
10 01 -2
10 10 2
10 11 3
11 000 -7
11 001 -6
11 010 -5
11 011 -4
11 100 4
11 101 5
11 110 6
11 111 7

Table 53 shows only some examples of Huffman encoding.
Other combinations of the number of size bits and the number
of value bits are feasible. Table 54 shows the range of num-
bers which can be encoded with various numbers of size bits
and numbers of value bits.

TABLE 54
Number of Number of
Size Bits Value Bits Range of Encoded Numbers
1 0 0
1 1 -1,1
2 0 0
2 1 -1,1
2 2 -3,-2,2,3
2 3 -Tto-4,4t0 7
3 0 0
3 1 -1,1
3 2 -3,-2,2,3
3 3 -Tto-4,4t0 7
3 4 -15t0-8,8t0 15
3 5 -31to-16,16to 31
3 6 -63t0-32,32t0 63
3 7 -127to -64, 64 to 127
4 0 0
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TABLE 54-continued
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Table 55 shows the register assignments in this example of
Huffman encoding.

Number of Number of
Size Bits Value Bits Range of Encoded Numbers TABLE 55
4 1 -1,1 ’ Register Variable Name Data Assignment
4 2 -3,-2,2,3 D1 RawData raw data to be encoded
4 3 ~Tto-4,4t07 Value corrected value portion of encoded data
4 4 -15t0 -8,8t0 15 D2 AbsValue absolute value of raw data
4 5 -31to-16, 16 to 31 10 RotSize rotated data size portion of encoded data
4 6 —63 to =32, 32 to 63 D3 Size data size portion of encoded data
4 7 ~127 to -64, 6410 127 D4 SizeValue packed encoded data
4 8 -255 to -128, 128 to 255
4 ° —31110-256,256 to 511 Instruction 1 sets the status bits stored in status register SR
4 10 -1023 0 =512, 512 t0 1023 15 210. The negative “N” bit will be used in two later instruc-
4 1 2047 to 1024, 1024 to 2047 tions. Instruction 2 forms the absolute value of RawData.
4 12 -4095 to —2048, 2048 to 4095 . . . S
4 13 _8191 to ~4096, 4096 1o 8191 Note t.he reg.lster tg reg%ster moxfe operation has priority over
4 1 16383 o -8192, 8192 to 16383 the.amhmetlc logic unit operatlog. If RawDataz=0, then the
4 15 32768 to ~16384, 16384 to 32768 % register 1‘1‘10\’/’63 takes plgce according to. the greater than or
equal to “ge” mnemonic and AbsValue is set to RawData. If
RawData<0, then the register move does not take place and
Thus a single bit size permits only up to one bit for valueand ~ thearithmetic logic unit operation takes place. This priority of
can encode -1, 0 and 1. A two bit size permits the value to be operation is in accordance with Table 51. Thus AbsValue is
represented by up to 3 bits and can encode from -7 to 7. A3, setto 0-RawData. This effectively sets AbsValue to the abso-
bit size permits up to 7 bits for value and can encode from lute value of RawData. Note the “.n” mnemonic in instruction
—127 to 127. If size is encoded in 4 bits, then the value can 2a preserves the status of the negative “N” status bit regard-
have up to 15 bits and can encode from —32768 to 32768. For ~ less of the results of the arithmetic logic unit operation.
any particular application of Huffman encoding the number Instruction 3 determines the size of the original data.
of size bits is constant. The number of value bits is selected to 30 Instruction 3 employs LMO/RMO/LMBC/RMBC circuit
provide a range including the number to be encoded. From 237 to determine the left most one in AbsValue. This is the
Table 54 it is clear that numbers near zero require fewer bits most significant bit in the raw data. The value returned by
to encode than numbers further from zero. The raw data is LMO/RMO/LMBC/RMBC circuit 237 in the form shown in
preferably quantized or otherwise selected or manipulated so Table 16 yields the number of significant bits in the raw data,
that numbers near zero occur more frequently than numbers 33 thus the desired size portion of the encoded number. The
distant from zero. Thus the more frequently encountered data absolute value formed in instruction 2 ensures that this left
requires fewer bits to encode. This feature reduces the aver- most one operation generates the correct result for negative
age number of encoded bits that must be transmitted or stored. numbers. The “.n” mnemonic preserves the status of the nega-
An algorithm for Huffman encoding a sample appears 4, tive “N” status bit. This same result can be achieved by
below. This example assumes a range of values to be encoded ~ replacing instructions 2 and 3 with Size =[.n] LMBC Raw-
from algorithm presupposes that the range of numbers is from Data. LMO/RMO/LMBC/RMBC circuit 237 would detect
—2047 to 2047 represented by 12 bits. These numbers are the most significant “1” for positive data and the most signifi-
right justified in sign extended 32 bit words. Note that con- ~ cant “0” for negative data. The form listed above may be
version from packed signed extended 16 bit data can be 45 preferred if the algorithm requires more data transfer opera-
accomplished using sign extended half word memory loads or fions.
register to register moves, or using half word masks coupled Instruction 4 corrects the RawData into the Huffman form
with rotation of 16 bit data located in the most significant bits as shown in Table 54. Note that Value and RawData are the
ofa32 bit word. Inspection of Table 54 indicates this range of same register according to Table 55. Thus if RawData is
numbers can be encoded using 4 size bits and up to 10 value 30 greater than or equal to zero, the condition of instruction 4
bits. Thus the data length of the Huffman encoded data may fails and Value is RawData. If RawData is less than zero
vary from 4 to 14 bits. according to the “n” mnemonic, then the addition takes place.
This example includes the following steps: forming the This reglizes the encoding of negative numbers of the form
absolute value, determining the size via left most “1” detec- shown in Table 53.
tion; generation of the value bits for negative numbers; and Instructions 5 and 6 form packed data including the size
packing the size and value. and value. Instruction 5 rotates Size by the previously deter-
mined number of bits of value. Instruction 6 merges these into
a single data word. Note that any practical implementation of
o Such Huffman encoding would require additional data han-
L RawData = RawData dling operations. These would be required to input the raw
2 AbsVatue = [.n] 0 - RawData data and to pack complete data words of encoded data and
2b. I AbsValue =[ge] RawData
3. Size =[.n] LMO AbsValue output these packed words. These functions are known in the
4. Value =[n] RawData + %Size art and will not be described in detail.
5. RotSize = Size \\ Size . . . .
6. SizeValue = RotSize & ~%Size | Value & %Size 65 A simplified example of Huffman decoding on the multi-

processor integrated circuit of this invention is described
below.
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TABLE 56-continued
L. L_WordAddressX = BitAddress >>u 5 Register Variable Name Data Assignment
2. Nop
3. ThisWord = *(L._WordAddressBase WordAddress  base address of word including first bit
+=1._ WordAddressX+) 5 to decode
4a. AlignedWord = ThisWord << BitAddress D4 NextWord following data word
4b. | NextWord = *(I._WordAddressBase + [1]) Dummy0001 register set but not used
5. Cur32Bits = AlignedWord & ~% BitAddress UsedBits total number of bits used by Huffman code
| NextWord \\ BitAddress & %BitAddress and encoded value
6a. L_HuffLUTX = Cur32Bits >>u 26 Bit31 Hex “80000000”
6b. | Dummy0000 = &*(L._WordAddressBase 10 D5 ThisWord data word containing next bit to decode
—= [L_WordAddressX]) Dummy0003  register set but not used
7. Nop QuantStep quantization multiplier
8. UsedBits =sb *(L_BitsUsedAddress D6 RunSize packed size of field and zero run length
+ [L_HuffLUTX]) (4 bits each)
9a. BitAddress = BitAddress + UsedBits D7 PosOffset run length of zeros plus 1
9b. I L_BitsUsedAddress = *(G_Space 15
+ O_AC_BitsUsed Address)
9. | RunSize =ub *(L_RunSizeAddress Table 57 lists proposed address register assignments for
+ [L_HuffLUTX]) implementing this example of a Huffman decode algorithm.
HuffimanLoopStart:
Jump_Back_In:
10a. WordAddress = BitAddress >>5 TABLE 57
10b. I BR=[c] *(G_Space + O_ExtendedTableDecode) 20
1la. PosOffset = 0 - (RunSize \\ 28 & %28) + cin Address
11b. | L_WordAddressX = Word Address Register Variable Name Data Assignment
1le. FunctionEalu = *(L_Space + Tealu_Function)
12a. FieldSize = FunctionFalu | (RunSize & %4) A0 L_Space pointer to local scratchpad memory
12b. | LC1=RunSize Al L_BitsUsed Address base address for bits used
13a. G_OffsetX = G_OffsetX + PosOffset 25 A2 L_WordAddressBase  base address of word containing the
13b. I ThisWord = *(1._WordAddressBase first bit to decode
+= [L._WordAddressX]) A3 L_RunSizeAddress base address of size/run
14a. AlignedValue = EALU(DI, Cur32Bits \\ UsedBits, A8 G_QuantizationTable  quantization table base address
%FieldSize) A9 G_IDCTBase base address of 8 by 8 output block
14b. I LC1 =[le] A15 Al10 G_ZigZagl.UTop address register zig-zag scan table
15a. AlignedWord = ThisWord << BitAddress 30 look-ups
15b. I G_ZigZagDCTX =ub *(G_ZigZagl.UTop All G_Space pointer to global scratchpad memory
- [G_Offset])
15c. | NextWord = *(I._WordAddressBase + [1])
16a. Cur32Bits = AlignedWord & ~%BitAddress Table 58 lists proposed index register assignments for
| NextWord \\ BitAddress & %BitAddress implementing this example of a Huffman decode algorithm.
16b. | L_RunSizeAddress = *(G_Space 35
+ O_AC_RunSizeAddress)
16c. | Bit31 = *(L_Space + tBit31) TABLE 58
17a. Dummy0001 = AlignedValue & (Bit31 \\ FieldSize)
17b. || L_HuffLUTX =ub3 Cur32Bits Index
17c. | Dummy0003 = &*(I._Word AddressBase Register Variable Name  Data Assignment
18 . . [L:Word.Add.ressX]) - . 40 X0 L_WordAddressX address word containing next bit to decode
a. AdjustedValue =[z] AlignedValue — %FieldSize
.. X1 L_Huff LUTX offset address for Huffinan look-up table
18b. I QuantStep =h *(G_QuantizationTable . ; .
X8 G_OffsetX index register for zig-zag scan table
- [G_OffsetX]) look-ups
19a. IDCTYalue = QuantStep * AdjustedValue X10  G_ZigZagDCTX index register for zig-zag scan table
1%b. | UsedBits =sb *(L_BitsUsedAddress look-ups
+ [L_HuffLUTX]) 45
End_of Tight Loop:
20a. BitAddress = BitAddress + UsedBits This example of Huffman decoding includes two parts.
20b. | *(G_IDCTBase + [G_ZigZagDCTX]) =h IDCT Value Instructions 1 to 9 involve initial loop set up. This portion of
20c. I RunSize =ub *(L_RunSizeAddress . C . .
+ [L_HuffLUTX]) the program also deals with an initial DC term which has a
5o size of 6 bits. Instructions 10 to 20 form a loop for decoding
the stream of Huffman encoded data. These are AC terms and
Table 56 shows the data register assignments employed in this include a run value of 4 bits and a size value of 4 bits. Each
example of the Huffiman decode algorithm. pass through the loop decodes one instance of Huffman
encoded data. Note that instructions 1 to 9 do not include the
TABLE 56 55 necessary loop set up for the loop including instructions 10 to
s Variable N Data Assi 20. This is accomplished in a manner previously described.
cgister  Variable Name Data Assignment Instruction 1 sets a word address index L._WordaddressX.
DO FieldSize number of bits in value field The algorithm keeps a bit address BitAddress which points to
FunctionEalu  extended arithmetic logic function code the next bit to be decoded. Instruction 1 sets [_WordAd-
gi illt.AddreSS bit address of next bi to decode 60 dressX as BitAddress right rotated 5 bits. Thus BitAddress is
ignedWord  data word containing next bit in most o 5 > A
significant bit divided by 2°=32 to obtain the address of the next 32 bit word.
Cur32Bits data word containing next 32 bits of data The Nop of Instruction 2 is required by the pipeline so that the
D3 Dummy0000  register set but not used value of I._WordAddressX set in the execute pipeline stage of
AlignedValue  stripped aligned value instruction 1 is available during the address pipeline stage
AdjustedValue negative corrected decoded value . ) |
IDCTValue dequantized value ready for inverse discrete 65 operation of instruction 3.

cosine transform operation

Instruction 3 loads the data word including the next bit to
be decoded. Instruction 3 is a local address unit operation. A
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register is loaded from the memory location equal to the sum
of'abase address [._WordAddressBase and the just computed
index address [._WordAddressX. The syntax of this instruc-
tion indicates that ,_WordAddressX as scaled to the selected
data size is pre-added to [_WordAddressBase, which is
modified by the addition.

Instruction 4a forms an aligned version of the next bits to be
decoded. ThisWord just loaded from memory contains the
next bit to be decoded. The left rotate by the value BitAddress
aligns the next bit to be decoded into bit 31 of AlignedWord,
the most significant bit. Note that only the five least signifi-
cant bits of BitAddress are used by the hardware of data unit
110 in this rotate operation. Thus the rotate is limited to the
range of 31 bits. Instruction 4b is a local address unit opera-
tion. Instruction 4b loads the next data word in memory
following ThisWord. Note that the base address of
L_WordAddressBase was set to the address of ThisWord in
instruction 3. Thus I._WordAddressBase plus 1 scaled to the
data size is the address of the next data word.

Instruction 5 forms Cur32Bits as the next 32 bits to be
decoded. Cur32Bits differs from AlignedWord because
AlignedWord probably includes less than 32 of the next bits
to be decoded. AlignedWord is masked with the inverse of
BitAddress. This mask ~% BitAddress has a number of least
significant “0’s” equal to the number of the five least signifi-
cant bits of BitAddress with the most significant bits equal to
“1’s”. This ANDed with AlignedWord selects the next fol-
lowing data to be decoded. The mask % BitAddress has a
number of least significant “1°s” equal to the number of the
five least significant bits of BitAddress with the most signifi-
cant bits of this mask equal to “0’s”. NextWord is left rotated
by the number of the five least significant bits of BitAddress.
The AND thus selects the number of most significant bits of
NextWord to fill the 32 bits of Cur32Bits.

Instruction 6a sets an address index L._ HuffLUTX. Instruc-
tion 6a is an unsigned right rotate of Cur32Bits by 26 places.
This puts the 6 most significant bits of Cur32Bits into the 6
least significant places and zero fills the remaining places.
The address index I, HuffLUTX is used as an index into a
look-up table. Instruction 6b resets the address [._Word Ad-
dressBase in an address arithmetic operation. The syntax of
instruction 6b pre-subtracts [._WordAddressX as scaled by
the data size from L_WordAddressBase. This reverses the
base address modification of instruction 3. The address reg-
ister is modified in this way because it makes loading Next-
Word easier. Without such modification of I._WordAddress-
Base by [._WordAddressX, computing the address of Next
Word would require an arithmetic unit operation and conse-
quent delay slots before the computed address could be used
in the load operation. This is an example where using address
arithmetic saves operations. Note that the same net operation
could be achieved using a memory load into Dummy0000. An
actual memory load operation is not used in this example to
reduce the possibility of memory contention at crossbar 50.
The Nop of instruction 7 is required by the pipeline so that the
value of I,_HuffLUTX set in the execute pipeline stage of
instruction 6 is available during the address pipeline stage
operation of instruction 8.

Instruction 8 is a local address unit operation. This is a
look-up table operation using a base address of L_Bit-
sUsedAddress and an index of [, HuffLUTX scaled to the
data size. The load operation is a signed byte operation
according to the “sb” mnemonic. UsedBits is set to a sign
extended byte equal to the data stored at the address of the
sum of [, BitsUsedAddress and ._Huffl. UTX scaled to the
data size. This look-up table operation converts the next 6 bits
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to be decoded into a number of bits used, expanding the size
quantity into the sum of the run, size and value bits.

Instruction 9a updates BitAddress by adding the just deter-
mined UsedBits. Instruction 9b loads into I._BitsUsed Ad-
ddress an address stored in a global scratchpad memory at
location O_AC_BitsUsedAddress. This address is the
address of the beginning of a look-up table. Note that
O_AC_BitsUsed Address is not an index register but rather a
code for a short offset value. This instruction 9¢ loads Run-
Size. This unsigned byte load (mnemonic “ub”) is from a
look-up table having a base address [._RunSizeAddress and a
location equal to the index [._HuffL.UTX scaled to the data
size. Thus the index L._ Huff LUTX serves as an index into two
tables, a first to determine UsedBlts (instruction 8) and a
second to determine RunSize.

A loop used for Huffman decoding starts at instruction 10,
which is given the labels Huffmanl.oopStart and Jump_
Back_In. Many of the steps previously described in the start
up portion of the program are repeated within the loop.
Instruction 10a sets Word Address equal to BitAddress right
shifted 5 places. This converts a bit address into a word
address in a manner previously described regarding instruc-
tion 1. Instruction 10b is a branch instruction. The branch
destination is stored in a location corresponding to O_Ex-
tendedTableDecode within the global scratchpad memory
starting at G_Space. Note O_ExtendedTableDecode is an
instruction specified short offset value. The “c” mnemonic
indicates this branch is taken if the arithmetic logic unit
operation BitAddress=BitAddress+UsedBits generates a
carry output. Note that this arithmetic logic unit operation
setting the carry output is the same for initial entry into the
loop via instruction 9 and return to the loop start from instruc-
tion 20. This branches the program out of this loop for the case
in which the space for storing the next bits to be decoded,
which are pointed to by BitAddress, is exceeded. The pro-
gram continues from the location stored at O_Extended-
TableDecode to reuse the memory holding the next bits to be
decoded by loading additional bits from another memory.
Once this house keeping is complete, the program returns to
instruction 10 via the label Jump_Back_In.

Instruction 11a computes PosOffset. RunSize is left rotated
28 bits and masked by a mask having bits 31 to 28 all “0’s”
and bits 27 to 0 having all “1°s” (% 28). This effectively right
shifts RunSize by 4 bits. Note that this particular manner of
generating the right shift takes advantage of a 5 bit offset
value setting both the rotate amount and the mask input. Since
cin is set by the arithmetic logic unit operation of the previous
instruction, which is only a rotate operation, cinis always “1”.
Thus PosOffset is set equal to one more than 0-Run. Instruc-
tion 11b sets the index register [._Word AddressX equal to the
previously computed value WordAddress. This technique
sets ._WordAddressX rather than directly setting this regis-
ter as in instruction 1 because the direct setting of the non-data
register requires global port source bus Gsrc 105 and global
port destination bus Gdst 107 is inconsistent with the condi-
tion branch instruction in instruction 10b. Instruction 11c
loads data register D0 with a code used in a later extended
arithmetic logic unit operation. This code is stored in the local
scratchpad memory at a location corresponding to an offset
value Tealu_Function.

Instruction 12a modifies the extended arithmetic unit
operation code stored in data register D0. FieldSize, which is
also stored in data register D0, is replaced with the AND of the
justrecalled FunctionEalu and the four least significant bits of
RunSize. These are extracted with the mask % 4. This extracts
the size from RunSize and stores it in the default barrel rotate
amount field “DBR” of data register D0. Thus the default
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barrel rotate amount in the later extended arithmetic logic unit
operation is set by this merge instruction. To facilitate this
merge, the data stored in bits 4 to 0 at index Tealu_Function
within the local scratchpad memory should be “00000”.

Instruction 12b sets the loop counter LC1 equal to Run-
Size. In the MPEG standard blocks of graphic data are trans-
formed via a discrete cosine transform (DCT). This transfor-
mation converts the pixel data into two dimensional
frequency data. The two dimensional frequency data is
scanned via a zig-zag pattern from low frequency data to high
frequency data. This moves low frequency data into the first
transformed values and high frequency data into later trans-
formed values. Most graphic blocks will have a minimum of
high frequency data. This means that many of'the transformed
data values will be near zero and suitable for encoding
according to the technique shown in Table 54. This transfor-
mation also means that in most instances a point in the data
stream will be reached where the remaining transformed val-
ues are all zero. In the MPEG standard this state is signaled by
a RunSize value of “00000000”. When such a RunSize value
is found, then an entire block of data is decoded and the loop
should be re-initialized. Thus if RunSize is an end of block
marker equal to “00000000”, then the loop count is zero and
the loop is not re-entered.

Instruction 13a updates the value of G_OffsetX. G_Oft-
setX determines if all 64 bins of'a block have been used. Note
this would only occur if the last bin were nonzero. Otherwise
a RunSize of zero would be the last data for a block. The index
G_OffsetX stores the accumulated runs of RunSize via
PosOffset. Since PosOffset is negative, G_OffsetX becomes
less than or equal to zero when the 64 bins of a block are
complete. Note that the additional 1 in PosOffset is needed to
insure that each instance of a bin value is counted. Instruction
13b loads the data word including the next bits to be decoded
into ThisWord in the same manner as instruction 3.

Instruction 14a is an extended arithmetic logic unit opera-
tion. This instruction performs the logic operation
AlignedValue=Cur32Bits\\UsedBits&% FieldSize. The left
rotate of Cur32Blts by UsedBits replaces the next bits to be
decoded from the most significant bits to the least significant
bits. This is masked by FieldSize. This aligns the value por-
tion of the next bits to be decoded into the least significant bits
of'AlignedValue. Instruction 14b sets the loop count in LC1 to
“0” from the zero value address register A15 if the arithmetic
logic unit operation of instruction 13a generates a result less
than or equal to zero according to the “le” mnemonic. As
previously discussed, this indicates that an entire block has
been decoded and thus the loop should be exited.

Instruction 15a is similar to instruction 4a. This places the
next bits to be decoded from ThisWord into the most signifi-
cant bits of AlignedWord. Instruction 15b sets an index
G_ZigZagDCT from a look-up table starting at the address
stored in G_ZigZagl .UTop based upon the previously com-
puted index value G_Offset. As previously stated the MPEG
encoding technique involves standard blocks of graphic data
transformed via a discrete cosine transform (DCT). Decoding
requires computation of an inverse discrete cosine transform
(IDCT). The order of use of the decoded values depends upon
the algorithm computing the inverse discrete cosine trans-
form. Use of the look-up table starting at the address of
G_ZigZagl .UTop, enables a single look-up table to handle a
zig-zag scan pattern as well as this preferred ordering of
components for the inverse discrete cosine transform algo-
rithm. Instruction 15¢ loads NextWord from memory in the
same manner as previously described at instruction 4b.

Instruction 16a is similar to instruction 5. This instruction
forms Cur32Bits as a full 32 bit word with the next bit to be
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decoded to in the most significant bit. Instruction 16b is a
global memory load. The address I._RunSizeAddress is
loaded with the value from the global scratchpad memory
pointed to by offset value O_AC_RunSizeAddress. Instruc-
tion 16c sets Bit 31 equal to the data stored in the local
scratchpad memory at a location indicated by offset tBit31. In
accordance with this example, the data at this address is Hex
“800000007, or bit 31 set to “1”” and all other bits “0”. This is
used in a masking operation to be described below. Instruc-
tion 17a performs a test on the data of AlignedValue. Aligned-
Value is ANDed with Bit31 (Hex “8000000”) as left rotated
by FieldSize. Bit31 as left rotated by FieldSize sets a “1” at
the most significant bit of the value stored in AlignedValue.
As evident from the examples of Table 54, negative values
have a “0” in this location and positive values have a “1” in
this location. Thus if the encoded value is negative, then the
result is zero and the “Z” bit of status register SR 210 is set. If
the encoded value is positive, then the result is nonzero and
the “Z” bit of status register SR 210 is not set. As indicated by
the register designation Dummy0001, the data stored in the
destination register is never used. This instruction only sets
the status bits in status register SR 210. Instruction 17b per-
forms a function similar to instruction 6a. Instruction 17b
loads L_HuffLUTX with the third unsigned byte of
Cur32Bits. Note that the DC term handled in instruction 6a
had 6 size bits, while the AC term handled in instruction 17b
includes a byte consisting of4 run bits and 4 size bits. Instruc-
tion 17c¢ is an address arithmetic instruction which recovers
the base word address stored in L,_ WordAddressBase. This is
similar to instruction 6b.

Instruction 18a used the zero status bit “Z” set in instruc-
tion 17a. AdjustedValue is replaced with the difference of
AdjustedValue and a mask of FieldSize if the result of instruc-
tion 17a was zero. Thus if the encoded value is negative it is
subtracted from constant having a number of “1’s” equal to
the field size. Inspection of Table 53 indicates that this sub-
traction recovers the encoded number in signed form. Note in
instruction 17a that AlignedValue and AdjustedValue are
assigned the same data register D3, thus the data is unchanged
if the test fails. Instruction 18b is a memory load operation.
QuantStep is loaded with a quantization multiplier constant
corresponding to the current bin of the 64 bins of a data block.
This quantization multiplier constant is stored in a look-up
table beginning at the address stored in G_QuantizationTable
at a location corresponding to the value of index G_OffsetX.
Note that G_OffsetX is set at instruction 13a and corresponds
to the current bin.

Instruction 19a is a multiplication operation. The product
of the just loaded QuantStep and AdjustedValue determines
IDCTValue. IDCTValue is a dequantized value ready for
inverse discrete cosine transform. This is the desired result of
the Huffman decode operation. Instruction 19b updates the
value of UsedBits in the same manner as instruction 8.

Instruction 20 is the last instruction of the loop and is
labeled End_of Tight_I.oop. Instruction 20a updates BitAd-
dress in the same fashion as instruction 9a. Note that the carry
of'this operation determines whether the conditional branch is
taken at instruction 10b for the next iteration of the loop.
Instruction 20b stores the just determined value of
IDCTValue in a variable table starting at the address of
G_IDCTBase. The index G_ZigZagDCTX which selects the
location within this table was set in instruction 15b based
upon the current bin stored in G_OffsetX. Thus the decoded
value is stored in the order optimal for the inverse discrete
cosine transform algorithm. Note the “h” mnemonic indicates
that this is a half word or 16 bit data transfer. Instruction 20c
loads RunSize in the same fashion as instruction 9c.



US RE44,190 E

147

The loop of instruction 10 to 20 repeats until encountering
one of three exits. If BitAddress+UsedBits generates a carry,
the instruction 10b branches to another program sequence to
handle loading additional data. Generally, once new data is
loaded this loop will be re-entered at instruction 10, label
Jump_Back_In. The loop exits when an end of block RunSize
of “00000000” occurs. This indicates the end of a block of
data. The loop also exits when G_OffsetX is decremented to
zero via PosOffset.

Another widely used operation in graphics processing is
the mean squared error. Mathematically this is expressed as:

n

1 " ,
MSE = —— Z x-y)

x=0 y=0

A straight forward approach involves two nested loops form-
ing the summations into a running sum. The division by the
product of n and m takes place following the completion of
the nested loops. The-kernel includes forming the difference
and the square and the data move operations to transfer data
from memory 20 to the data registers of the particular digital
image/graphics processor 71, 72, 73 or 74. This process is
similar to the process noted above with respect to the sum of
the absolute difference values.

Such a straight forward approach may not use the hardware
resources with the greatest efficiency. Multi-processor inte-
grated circuit-100 may provide several techniques for per-
forming the same function. As examples only, address unit
arithmetic may replace arithmetic operations employing data
unit 110 or register-to-register moves with field extraction
and sign/zero extension may replace mask and rotate opera-
tions employing data unit 110. In many cases these alternate
operations involve differing characteristics in precision sup-
ported, timing and availability of intermediate results and the
like. As an example, multiple arithmetic can greatly speed
many operations, if the algorithm needs only the reduced
number of bits available. Suppose as an example that the
quantities X and y are only eight bit values. Using multiple
arithmetic to simultaneously form four differences may result
in a 9 bit difference with the borrow term formed as the
section carry output. This ninth bit can be stored in multiple
flags register 211 for later use. Note that the square of the
difference is the same as the square of the absolute value of
the difference. Thus it is possible to limit the differences
formed to 8 bits using the absolute value technique described
above. Then multiplier 220 can perform a multiple 8 by 8
multiply to form two squares simultaneously. The lower two
bytes are properly positioned for such a multiple multiply
operation. The upper two bytes may be extracted and posi-
tioned using either barrel rotator 235 or field extract/extend
moves. Two running sums are formed, one for the upper byte
differences and one for the lower byte differences. The
squared error terms are 16 bits, therefore 32 bits are needed to
store these running sums. As in the case of the sum of absolute
difference values described above, the two running sums are
added during wrap up.

An inner loop kernel for the mean squared error algorithm
is listed below.

Err =mc CurrBlk-PredBlk
LX_SqErro =uh0 Sq_ErrA
Dummy = &*(LA_SumA+=LX_SqFErr2)

la.
1b. I
le. I
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-continued
2a. ABS_Err =m (0+Err)& @MF

| (0-En.)&~@MF
2b. I LX_SqErrl =uhl Sq_ErrA
2c. I CurrBlk =w *LA_Curr
3a. SQ_ErrA =mu ABS_Err * ABS_Err
3b. | ABS_EnB = EALUT(Hex “00”, ABS_Err)
3c. I LX_SqErr2 =uh0 SQ_ErrB
3d. I Dummy = &*(LA_SumA+=1LX_SqErr0)
4a. Sq_ErB =mu ABS_EnB * ABS_ErB
4b. | MSE_SumB = EALUT(MSE._SumB, Sq_ErtB)
4. I PredBlk =w *GA_Pred
4d. I Dummy = &*(LA_SumA+=1LX_SqErrl)
5a. LX_SqErr0 =uh0 Sq_ErrA
5b. I Dummy = &*(LA_SumA+=1X_SqErr2)

6. LX_SqErrl =uhl Sq_ErrA
LX_SqErr2 =uh0 Sq_ErrB
Dummy = &*(LA_SumA+=LX_SqFrr0)

Table 59 shows the register assignments used in the
example of this algorithm listed above. Those skilled in the art
would realize that other register assignments may also per-
form this same loop kernel.

TABLE 59
Register Variable Name Data Assignment
DO default rotate amount 16
D1 MSE_SumB second running sum
D2 Sq_EmrB second squared error
D3 Hex “00000000”
D4 ABS_Err absolute value of error
Sq_ErrA first squared error
D5 dummy unused result
PredBlk preceding block value
D6 CurrBlk current block value
D7 ABS_ErrB second absolute error
Err error difference
A0 LA_SumA first sum address
Al LA_Curr current block address
A8 GA_Pred preceding block address
X0 LX_SqErr0 first square error index address
LX_SqErr2 second square error index address
X1 LX_SqErrl third square error index address

In Table 59: D0 through D7 are data registers in data unit 110;
A8 is an address register in global address unit 610; A0 and A1
are address registers in local address unit 620; X0 and X1 are
index registers in local address unit 620.

The data unit-operation of the first instruction (1a) forms
the difference between the current block value CurrBlk and
the preceding block value PredBlk. The “mc” mnemonic
indicates this is a multiple operation and that the carries are
stored in multiple flags register 211. In this example, there are
four eight bit subtracts taking place simultaneously. The glo-
bal address unit operation of the first instruction (1b) loads the
first byte of the first squared error into index register X0. Note
that the mnemonic “uh0” indicates that this load operation
extracts the first byte (byte 0) into a half word (16 bits) of the
destination with zero extension. The local address unit opera-
tion of the first instruction (1c¢) performs an address unit
arithmetic operation. The “+=" operator indicates that this
address unit operation employs pre-addition of the index
register to modify the base address register. This operation
adds a second squared error term [.X_SqFrr1 stored in index
register X0 to a running sum stored in address register A0.
Note that the destination register D5 is a dummy and the data
is stored in the modified address register A0.

The data unit operation of the second instruction (2a) forms
the absolute value of the differences. Note that the carry-
outputs stored in multiple flags register 211 controls whether
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the addition or the subtraction takes place. The “m” mne-
monic indicates that this is a multiple operation, thus indi-
vidual bits from multiple flags register control corresponding
multiple sections. As explained above, this absolute value
restricts the difference to eight bits enabling an 8 bit by 8 bit
split multiply operation, thereby doubling the speed of com-
putation over a 16 bit by 16 bit multiply operation. The global
address unit operation (2b) is a byte load. The “uh1” mne-
monic indicates that this load operation extracts the second
byte (byte 1) into a half word (16 bits) of the destination with
zero extension. The local address unit operation is a data load.
The current block data stored in memory at the address stored
in address register A0 is loaded into data register D6. The “w”
mnemonic indicates that this is a word (32 bit) data transfer.
The address register A1 is post incremented corresponding to
the data size to point to the next 32 bit data word.

Instruction 3 includes a multiply operation forming the
square. The first data unit operation (3a) in a multiple
unsigned “mu” 8 bit by 8 bit multiply operation. The data is
the absolute value of the difference stored in data register D4
and the result is stored in D4. The second data unit operation
is an extended arithmetic logic unit true (EALUT) operation.
Note that the multiple multiply operation is supported only in
conjunction with an extended arithmetic logic unit operation.
Thus the desired set of function signals are pre-loaded in the
“EALU” field (bits 26-19) of data register D0. This should
occur during a set up portion of the program not shown above.
The particular extended arithmetic logic unit operation called
for in instruction 4b is a rotate and add. The rotate is the
default barrel rotate amount stored in the “DBR” field (bits
4-0) of data register D0, which is 16. Note that data register
D3 is pre-loaded with the value Hex “00000000”, thus adding
zero during the rotate and add operation. This prepares the
two differences in the most significant bits for multiple mul-
tiplication by rotating them to the 16 least significant bits. The
global address unit operation (3c¢) loads the first byte (byte 0)
of data register D2 into a half word (16 bits) of index register
X0 with zero extension. The local address unit operation (3d)
performs an address unit arithmetic operation using pre-ad-
dition of the index register to modify the base address register.
This adds a first squared error term LX_SqFrr0 stored in
index register X0 to a running sum stored in address register
A0. The destination register D5 is a dummy and the desired
data is stored in the modified address register A0.

The operations of instruction 4 are similar to those of
instruction 3. Instruction 4 includes a multiple unsigned mul-
tiply operation (4a), which forms another set of squared error
terms. Instruction 4 also includes an extended arithmetic
logic unit operation (4b), which is a rotate and add operation
the same as instruction 3b. In this case a second squared error
term Sq_ErrB stored in data register D4 is rotated 16 bits and
added to the most significant bits of a running sum MSE_
SumB stored in data register D1. The global address unit
operation loads a word “w” of data from the address stored in
address register A8 into data register D5. This operation loads
the preceding block data into data register D5, which is sub-
tracted during instruction 1a of the next cycle through the
loop kernel. The local address unit operation (4d) is an
address unit arithmetic operation using pre-addition of the
index register to modify the base address register. This adds
the second squared error term [LX_SqErrl stored in index
register X1 to the running sum stored in address register A0.
Note that the destination register D5 is a dummy and the
global address unit load operation aborts this local address
unit load operation. However, this is of no consequence
because the desired data is stored in the modified address
register A0.
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Instruction 5 includes only address unit operations. The
global address unit loads index register X0 with a zero
extended half word from the first byte (byte 0) of data register
D4. This operation loads a squared error term formed during
instruction 3a into the index register. The local address unit
performs an address arithmetic operation incrementing a run-
ning sum stored in address register A0 by a third squared error
term. Note that the data stored in data register D5 is not used.

Instruction 6 includes only a global address unit operation.
The global address unit loads index register X2 with a zero
extended half word from the second byte (byte 1) of data
register D4. This operation loads the other squared error term
formed during instruction 3a into the index register.

Instruction 7 includes only address unit operations. The
global address unit loads index register X0 with a zero
extended half word from the first byte (byte 0) of data register
D2. This operation loads a squared error term formed during
instruction 4a into the index register. The local address unit
performs an address arithmetic operation incrementing a run-
ning sum stored in address register A0 by a first squared error
term.

This loop kernel assumes use of hardware loop logic 720
for control of the iterations necessary to form the summation.
This may involve two nested loops as mathematically implied
in the double summation or some form of unrolled loop that
traverses the same terms. Note that this loop kernel also
presupposes that the data terms are properly loaded in
memory accessible by local address unit 620, that is all the
data is stored in the corresponding memories. Additional
outer loop operations handle the case where the number of
elements in the summation is too large to be stored in the
corresponding memories. Some wrap up operations complete
the mean squared error computation. The two running sums
stored in data register D1 and address register A0 are added to
form the final summation. This summation is divided by the
number of elements to determine the final mean squared error.
However, since this loop kernel forms the most often executed
portion of the program, efficiency at this point is most critical.

Median filtering is another technique widely used in image
processing. Median filtering is a nonlinear signal processing
technique useful in image noise suppression. Each input pixel
is replaced with the median value pixel within a block sur-
rounding the input pixel. It is known to employ a 3 pixel by 3
pixel block surrounding the input pixel at the center. Median
filtering does not effect step functions or ramp functions in the
image data. However, median filtering is very effective
against discrete impulse noise, especially single pixel noise.
Real time implementation of median filtering requires com-
parisons of each 3 by 3 pixel block at the pixel input rate.

FIG. 48 illustrates a median filter algorithm suitable for use
by multiprocessor integrated circuit 100. This algorithm
operates separately on each column of the 3 by 3 block of
pixels having the current pixel at the center. The comparisons
for each column then determine the median value. In the
example described in detail below, four 3 by 3 blocks of 8 bit
pixels are processed simultaneously using multiple arith-
metic logic unit operations. When moving to the next adjacent
3 by 3 pixel block, the column comparisons for the two
overlapping columns are retained. The new comparison val-
ues for the new third column are found, and then employed in
determining the new median. This technique permits reduc-
tion in the determination of the column comparisons. The
algorithm advantageously employs conditional operations to
eliminate branches and their corresponding pipeline delay
slots.

FIG. 48a illustrates the processing of each column of the 3
by 3 block. This processing makes comparison of the pixel
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values of each of the three pixels in the column. FIG. 48a
illustrates the comparisons for column 0, but the comparisons
for columns 1 and 2 are identical. Comparison 1051 deter-
mines the minimum and the maximum of Pixel,, and Pixel,), .
The maximum of this comparison is passed to comparison
1051, which determined the minimum and the maximum of
this maximum and Pixel,,. The maximum of comparison
1052 is the maximum of the column, designated Max0. Com-
parison 1053 determines the minimum and maximum of the
minimums of comparisons 1051 and 1052. The maximum of
comparison 1053 is the median of the column, designated
Med0. The minimum of comparison 1053 is the minimum of
the column designated Min0. As noted above, this same set of
comparisons is applied to the pixel values of column 1 yield-
ing Max1, Med1 and Min1 and to the pixel values of column
2 yielding Max2, Med2 and Min2.

FIG. 48b illustrates the processing of the respective col-
umn maximum values Max0, Max1 and Max2. Comparison
1060 determines the minimum of Max0 and Max1. Note that
the maximum of comparison 1060 is discarded. Comparison
1061 determines the minimum of the minimum result of
comparison 1060 and Max2. The maximum of comparison
1061 is discarded and the minimum is designated MinMax.
The value of MinMax is the minimum of the column maxi-
mum values.

FIG. 48c illustrates the processing of the respective column
minimum values Min0, Minl and Min2. Comparison 1062
determines the maximum of Min0 and Minl. Note that the
minimum of comparison 1062 is discarded. Comparison
1063 determines the maximum of the maximum result of
comparison 1062 and Min2. The minimum of comparison
1063 is discarded and the maximum is designated MaxMin.
The value of MaxMin is the maximum of the column mini-
mum values.

FIG. 48d illustrates the processing of the respective col-
umn median values Med0, Medl and Med2. Comparison
1064 determines the minimum and maximum of Med0 and
Medl. Comparison 1065 determines the minimum of the
maximum result of comparison 1064 and Med2. Note that the
maximum determined by comparison 1065 is discarded.
Comparison 1066 determines the maximum of the minimum
of comparison 1064 and the minimum of comparison 1065.
This value designated MedMed is the median of the column
median values. Note that the minimum value of comparison
1066 is discarded.

FIG. 48e illustrates the process of determining the block
median from MaxMin, MinMax and MedMed. Comparison
1067 finds the minimum and maximum of MaxMin and Min-
Max. Comparison 1068 determines the minimum of the
maximum of comparison 1067 and MedMed. The maximum
determined by comparison 1068 is discarded. Comparison
1069 finds the maximum of the minimum of comparison
1068 and the minimum of comparison 1067. This value des-
ignated Median is the median value of the 3 by 3 block of
pixels. Note that the minimum determined by comparison
1069 is discarded.

Below are the instructions of a loop executing this median
filter algorithm. Note that instructions 1 to 9 generally per-
form the column comparison processes illustrated in FIG. 48a
for column 2 of the block, the last column. In this example it
is assumed that two column comparisons have already been
made and are stored for use. This would be the case if the
algorithm were used repeatedly for an entire row of the image
data. For the first columns of each row, the steps of instruc-
tions 1 to 9 must be repeated for column 0 and column 1.
Instructions 10 to 13 perform the column maximum compari-
son processes illustrated in FIG. 48b. Instructions 14 to 17
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perform the column minimum comparison processes illus-
trated in FIG. 48c. Instructions 18 to 24 perform the column
median comparison processes illustrated in FIG. 48d. Lastly,
instructions 25 to 31 perform the formation of the median
processes illustrated in FIG. 48e.

la. Dummy =mc Pack0 — Packl

1b. I *(G_Col2SortAddr += [3]) = BlockMed

2a. TmpMax = @MF & PackO | ~@MF & Packl
2b. I Outl =b *(G_Col2SortAddr + 1)

3a. TmpMin = ~@MF & PackO | ~@MF & Packl
3b. I Out2 =b *(G_Col2SortAddr + 2)

3c. I *(L_OutAddr + LX_TilelIndex) =b Outl

4a. Dummy =mc¢ TmpMax — Pack?2

4b. I Out3 =b *(G_Col2SortAddr + 3)

4. I *(L_OutAddr + LX_Tile2Index) =b Out2

Sa. Max2 = @MF & TmpMax | ~@MF & Pack2
5b. I Out0 =b *G_Col2SortAddr

Sc. I *(L_OutAddr + LX_Tile3Index) =b Out3

6a. TmpMed = ~@MF & TmpMax | @MF & Pack2
6b. I *(G_Col2SortAddr —= [3]) = Max2

6e. I *1,_OutAddr ++= [b] Out0

Ta. Dummy =mc¢ TmpMin - TmpMed

7b. I Max0 = *G_Col0SortAddr

8a. Med2 = @MF & TmpMin | ~@MF & TmpMed
8b. I Max1 = *G_CollSortAddr

Qa. Min2 = ~@MF & TmpMinl @MF & TmpMed
9b. I *(G_Col2SortAddr + [1]) = Med2

10a. Dummy =mc Max0 - Max1

06, | *(G_Col2SortAddr + [2]) = Min2

11a. TmpMin = ~@MF & Max0 | @MF & Max1
b, | Max2 = *G_Col2SortAddr

12a. Dummy =mc¢ Max2 — TmpMin

126 | Min0 = *(G_Col0SortAddr + [2])

13a. MinMax = ~@MF & Max2 | @M & TmpMin
13b. | Minl = *(G_CollSortAddr + [2])

14a. Dummy =mc¢ Min0 - Minl

14b. I *(G_Col1SortAddr + [3]) = MinMax

15a. TmpMax = @MF & Min0 | ~@MF & Minl
156, | Min2 = *(G_Col2SortAddr + [2])

16a. Dummy =mc Min2 - TmpMax

16b. | Med0 = *(G_Col0SortAddr + [1])

17a. MaxMin = @MF & Min2 | ~@MF & TmpMax
176, | Med1 = *(G_CollSortAddr + [1])

18a. Dummy =mc¢ Med0 — Med1

18b. I *(G_ColOSortAddr + [3]) = MaxMin

19a. TmpMax = @MF & Med0 | ~@MF & Med1
9. | Med2 = *(G_Col2SortAddr + [1])

20a. TmpMin = ~@MF & Med0 | ~@MF & Med1
20b. I In0 =b *(G_InputRow2Addr += 1)

2la. Dummy =mc¢ Med2 — TmpMax

21b. I Inl =b *(G_InputRow2Addr + GX_TilelIndex)
2lc. I *L,_PackedRow2Addr ++=b In0

22a. TmpMedB = ~@MF & Med2 | @MF & TmpMax
22b. I In2 =b *(G_InputRow2Addr + GX_Tile2Index)
22b. I *L,_PackedRow2Addr ++=b Inl

23a. Dummy =mc¢ TmpMedB - TmpMin

23b. I In3 =b *(G_InputRow2Addr + GX_Tile3Index)
23c. I *L,_PackedRow2Addr ++=b In2

24a. MedMed = @MF & TmpMedB | ~@MF & TmpMin
24b. I MinMax = *(G_CollSortAddr + [3])

25a. Dummy =mc¢ MinMax — MedMed

25b. I NewCollSortAddr = G_Col2SortAddr

25¢. I *L_PackedRow2Addr ++=b In3

26a. TmpMaxB = @MF & MinMax | ~@MF & MedMed
26b. | MaxMin = *(G_Col0SortAddr + [3])

27a. TmpMin = ~@MF & MinMax | @MF & MedMed
27b. I NewCol2SortAddr = G_ColOSortAddr

28a. Dummy =mc¢ MaxMin — TmpMaxB

28b. I G_Col2SortAddr = NewCol2SortAddr

29a. TmpMedB = ~@MF & MaxMin | @MF & TmpMaxB
29b. I NewCol0OSortAddr = G_CollSortAddr

29¢. I Pack2 = *(L PackedRow2Addr - [1])

30a. Dummy =mc¢ TmpMin - TmpMedB

30b. I G_Col0SortAddr = NewColOSortAddr

30c. I Packl = *L,_PackedRowlAddr ++
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3la. BlockMed = @MF & TmpMin | ~@MF & TmpMedB
31b. I G_CollSortAddr = NewCollSortAddr
3le. I PackO = *I,_PackedRowOAddr ++

Table 60 lists proposed data register assignments for imple-
menting this example of a median filter algorithm.

TABLE 60

Data

Register Variable Name Data Assignment

D1 Pack0 packed column 2 row O pixels
Max0 packed column 0 maximum pixels
Med0 packed column 0 median pixels
Min0 packed column O minimum pixels
NewCollSortAddr temporary for address pointer swap
D2 Packl packed column 2 row 1 pixels
Max1 packed column 1 maximum pixels
Medl packed column 1 median pixels
Minl packed column 1 minimum pixels
MedMed packed median of column medians
NewCol2SortAddr temporary for address pointer swap
D3 Pack?2 packed column 2 row 2 pixels
Med2 packed column 2 median pixels
Min2 packed column 2 minimum pixels
MaxMin packed maximum of column minimums
D4 MinMax packed minimum of column maximums
TmpMax packed intermediate maximums
TmpMedB packed intermediate medians
D5 TmpMin packed intermediate minimums
D6 Max2 packed column 2 maximum pixels
TmpMaxB packed intermediate maximums
TmpMed packed intermediate medians
BlockMed final packed block medians
Outl block B median pixel
Out2 block C median pixel
Out3 block D median pixel
In0 input block A pixel
Inl input block B pixel
In2 input block C pixel
In3 input block D pixel
NewColOSortAddr temporary for address pointer swap
D7 Dummy unused result
Out0 block A median pixel

As shown in Table 60, more than one variable is assigned to
each data register. The complexity of the algorithm requires
this reassignment ofthe data registers. Note that several of the
variables are listed as packed variables. This algorithm oper-
ates on 4 blocks of eight bit pixels simultaneously employing
multiple arithmetic. A packed variable is divided into 4 sec-
tions as follows:

Iblock A pixellblock B pixellblock C pixellblock D pixell

Packing the variables in this way speeds processing because
four pixels may be handled during each arithmetic logic unit
operation and fewer memory loads and stores are required.

Table 61 lists proposed address register assignments for
implementing this example of the median filter algorithm.

TABLE 61

Address

Register Variable Name Data Assignment
A0 L_PackedRowOAddr  packed row n input pointer
Al L_PackedRowlAddr  packed row n + 1 input pointer
A2 L_PackedRow2Addr  packed row n + 2 input pointer
A3 L_OutAddr output pointer
A8 G_Col2SortAddr pointer to sorted column 2 data
A9 G_InputRow2Addr pointer to unpacked row n + 2
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TABLE 61-continued
Address
Register Variable Name Data Assignment
Al0 G_CollSortAddr pointer to sorted column 1 data
All G_ColOSortAddr pointer to sorted column 0 data

Table 62 lists proposed index register assignments for
implementing this example of the median filter algorithm.

TABLE 62
Index
Register Variable Name Data Assignment
X0 LX_TilelIndex pitch between blocks A and B
X1 LX_Tile2Index pitch between blocks A and C
X2 LX_Tile3Index pitch between blocks A and D
X9 GX_TilelIndex pitch between blocks A and B
X10 GX_Tile2Index pitch between blocks A and C
X11 GX_Tile3Index pitch between blocks A and D

All comparisons are made in a manner not requiring
branches. This substantially reduces the time to execute the
algorithm due to the elimination of pipeline delay slots. These
comparisons used conditional operations based upon the
expanded state of multiple flags register 211. Such condi-
tional operations permit selection of either the lesser or the
greater of two sets of packed values following a subtraction to
set multiple flags register 211.

Instructions 1 to 9 perform the column comparison pro-
cesses illustrated in FIG. 48a. Instruction 1a forms the differ-
ence between two sets of packed pixels. These are the top and
center rows of column 2 of the 3 by 3 block. As noted, the
actual value of the difference is unimportant for this algo-
rithm and so is designated Dummy. The “mc” mnemonic
indicates a multiple operation that stores the respective carry
bits in multiple flags register 211. This example operates on
pixels of 8 bits, thus arithmetic logic unit 220 is divided into
four sections of 8 bits each. This is accomplished by setting
both the “Msize” field and the “Asize” field of status register
210 to “100”. Thus each packed variable Pack0 and Packl
include a pixel from an A, a B, a C and a D block. Instruction
1b is a store operation controlled by global address unit 610
that temporarily stores packed block median data from the
prior loop at the global column 2 sort address designated by
G_Col2SortAddr as incremented by an offset value of 3 as
scaled via index scaler 614 by the data size. Since this is a
word access the scaling is three bit positions. The instruction
format indicates that G_Col2SortAddr is pre-incremented
and modified.

Instruction 2a merges the maximums of the packed column
0 and column 1 pixels. If Pack0-Pack1>0; and thus
Pack0>Pack1 for any of the blocks A, B, C or D, then instruc-
tion la generates a carry/borrow signal of “1”. Multiple flags
register 211 stores this “1”. During instruction 2a this “1” is
expanded in expander 238 to “11111111” (@MF). Thus the
OR of instruction 2a returns the value from Pack0. Alterna-
tively, if Pack0-Pack1<0 and thus Pack0<Pack1, then instruc-
tion 1a generates a carry/borrow signal of “0”. Multiple flags
register 211 stores this “0” until instruction 2a, when
expander 238 expands it to “00000000” (~@MF). Thus the
OR of instruction 2a returns the value from Packl. Thus
TmpMax stores the block wise maximums of rows 0 and 1 of
column 2 of the blocks A, B, C and D. This completes deter-
mination of the maximum of comparison 1051. Instruction 2b
loads the median value of block A from the prior loop stored
in one more than the global column 2 sort address into a data
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register employing global address unit 610. The “b” mne-
monic indicates that this is a byte load operation.

Instruction 3a is the inverse of instruction 2a. Note that the
@MF term in instruction 3a is of the opposite sense in the two
halves of the OR statement than that of instruction 2a. Instruc-
tion 3a uses the carry/borrow data stored in multiple flags
register 211 and expander 238 to select the minimums of the
packed column 2 pixel values of Pack0 and Packl. This
completes determination of the minimum of comparison
1051. Instruction 3b is a global byte load operation of the
block B median pixel into a data register. Instruction 3c is a
byte memory store operation. The data stored in data register
D6 (Outl) is stored in the memory location having an address
equal to the sum of the output pointer [._OutAddr and the n+1
packed row pointer LX_TilelIndex.

Instruction 4a is another subtraction setting carry/borrow
bits of multiple flags register 211. In this case the difference is
between the packed temporary maximums and the packed
row 2 data. This begins comparison 1051. Instruction 4b is a
global address unit byte load of the block D median pixel
stored at address G_Col2SortAddr plus 2. Instruction 4c is a
local address unit byte store of the block B median pixel.

Instruction Sa is similar to instruction 2a. This instruction
determines and merges block wise the maximums of Tmp-
Max and the row 3 data stored in Pack2 using the carry/
borrow data stored in multiple flags register 211. These
merged maximums are stored in Max2. Instruction 5b is a
global address unit byte load of the block A medial pixel.
Instruction 5c¢ is a local address unit byte store of the block D
median pixel.

Instruction 6a is similar to instruction 3a. This instruction
determines and forms a block wise merge of the minimums of
TmpMax and the row 3 data stored in Pack2 using the carry/
borrow data still stored in multiple flags register 211. These
merged minimums are stored in TmpMin. Instruction 6b is a
global address unit store of the Max2 data formed in instruc-
tion 5a. This completes comparison 1052. The instruction
mnemonic indicates that global address register
G_Col2SortAddr is pre-decremented and modified by the
offset value 3 as scaled to the data size in index scaler 614.
Instruction 6c is a local address unit store of the median pixel
value of block A at the local output pointer address stored in
L_OutAddr. This address register is pre-incremented by 1.

Instruction 7a forms a difference to set the carry/borrow
signals in multiple flags register 211. As in the case of instruc-
tions 1a and 4a the actual difference in discarded. This sub-
traction begins comparison 1053. Instruction 7b loads the
packed column 0 maximum pixels via global address unit 610
from the global column 0 sort address.

Instruction 8a determines the maximum of comparison
1053. This result is the column median Med2. Instruction 8b
loads the packed column 1 maximum pixels via global
address unit 610 from the global column 1 sort address.

Instruction 9a determines the minimum of comparison
1053. This result is the column minimum Min2. Instruction
9b stores the packed column medians Med2 into memory at
the global column 2 sort address plus 1 scaled to the data size.

Instructions 10 to 13 perform the column maximum com-
parison processes illustrated in FIG. 48b. This involves a
comparison of the column maximum pixels for the three
column, retaining only the minimum of these column maxi-
mums. Instruction 10a forms the difference of Max0 and
Maxl1, setting multiple flags register 211 for the minimum
determination in instruction 11. This begins comparison
1060. Instruction 10b stores the packed column 2 minimums
to memory via global address unit 610.
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Instruction 11a determines the block wise minimums of the
column 0 and column 1 maximums. As previously described,
this determination is made from the expanded carry/borrow
signals stored in multiple flags register 211. This produces
TmpMin and completes comparison 1060. Instruction 11b
loads the packed column 2 maximums from memory via
global address unit 610.

The subtraction of instruction 12a begins comparison
1061. This subtraction sets multiple flags register 211 based
upon the carry/borrow output. This begins comparison 1061.
Instruction 12b loads the packed column 0 minimums from
memory via global address unit 610.

Instruction 13a completes comparison 1061. MinMax is
set to the minimum of the respective column maximums for
each block A, B, C and D. Instruction 13b loads the packed
column 1 minimums from memory via global address unit
610.

Instructions 14 to 17 perform the column minimum com-
parison processes illustrated in FIG. 48c. Instructions 14a and
15a form the maximums of the packed column 0 and column
1 minimums. This performs comparison 1062. Instruction
16a and 17a perform comparison 1063 between the maxi-
mum of comparison 1062 and the column 2 minimums.
Instruction 14a stores the packed minimum of the column
maximums MinMax formed instruction 13a via global
address unit. Instructions 15b, 16b and 17b load the column 2
minimums Min2, the column 0 medians and the column 1
medians, respectively, via global address unit 610.

Instructions 18 to 24 perform the column median compari-
son processes illustrated in FIG. 48d. Instructions 18a, 19a
and 20a perform comparison 1064. Instruction 19a deter-
mines the maximums of the column 0 and column 1 medians.
Instruction 20a determines the minimums of the column 0
and column 1 medians. Instruction 18b stores the MinMax
results of instruction 17a in memory via global address unit
610. Instruction 19a loads the column 2 packed median data
Med2. Instruction 20a employs global address unit 610 to
load a byte of block A pixel data. This begins a process of
rearranging data to be in the desired packed column format
for the next loop.

Instructions 21a and 22a perform comparison 1065. The
result is TmpMedB, the packed column temporary median
values. Instruction 21b loads the pixel data of block B via
global address unit 610. Instruction 21c¢ stores the byte of
pixel data of block A via local address unit 620. Instruction
22b loads a byte of block C pixel data employing global
address unit 610. Instruction 22¢ employs local address unit
620 to store the byte of block B pixel data.

Instructions 23a and 24a perform comparison 1066. The
result is MedMed, the block wise packed median of the col-
umn medians. Instruction 23b performs a block load of block
D pixel employing global address unit 610. Instruction 23c
stores a byte of the block C pixel data using local address unit
620. Instruction 24b loads the packed minimums of column
maximum MinMax employing global address unit 610.

Instructions 25 to 31 perform the formation of the median
processes illustrated in FIG. 48e. Instructions 25a, 26a and
27a perform comparison 1067. Instruction 26a determines
the maximums of MinMax and MedMed. Instruction 27a
determines the minimums of MinMax and MedMed. Instruc-
tion 25b begins the process of realigning the address pointers
for the next loop by setting a temporary value
NewCollSortAddr equal to the prior column 2 global sort
address G_Col2SortAddr. Instruction 25¢ stores a byte of
pixel block D data using local address unit 620. Instruction
26b loads the maximum of the column minimums MaxMin
via global address unit 610. Instruction 27b continues realign-
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ing the address pointers for the next loop by setting a tempo-
rary value NewCol2SortAddr equal to the prior column 0
global sort address G_ColOSortAddr.

Instructions 28 and 29 perform comparison 1068. Instruc-
tion 28a is a subtraction setting multiple flags register 211.
Instruction 29a determines the minimums of MaxMin and the
temporary maximum TmpMaxB from instruction 26a.
Instruction 28b continues the pointer rotation by setting the
global column 2 sort address equal to the new column 2 sort
address set in instruction 27b. Instruction 29b continues the
pointer rotation by setting a temporary value
NewColOSortAddr equal to the global column 1 sort address.
Instruction 29c loads the packed column 2 pixels using local
address unit 620.

Instructions 30 and 31 perform comparison 1069 and
determine the block medians BlockMed. Instruction 30a is
the subtraction setting multiple flags register 211. Instruction
31a determines the maximum of comparison 1069, which is
the block medians BlockMed. Instruction 30b continues the
pointer rotation by setting the global column 0 sort address
equal to the new column 0 sort address NewColOSortAddr set
in instruction 29b. Instruction 30c loads the packed column 1
pixels via local address unit 6320. Instruction 31b completes
the pointer rotation by setting the global column 1 sort
address equal to the new column 1 sort address
NewColOSortAddr set in instruction 25b. Instruction 31c
loads the packed column 0 pixels using local address unit 620.

Several other programming techniques are supported by
the above described hardware of the digital image/graphics
processors 71, 72, 73 and 74. These include: employing the
write priority of Table 51 to perform single instruction
“if .. .then .. .else...” operations; mixed conditional
operations; and zero overhead hardware branches with con-
ditional test for zero.

An example of a single instruction “if . . . then . . .
else . . .” operation is listed below. Note that a condition of
status register 210 must be set before the single instruction
“if...then...else...” operation can be performed. In this
example the condition is Data=0.

1. Data = Data
2a. Zero_Run = Zero_ Run + 1
2b. I Zero_Run = [nz] A15

Table 63 shows an example of the register assignments for
this program code example.

TABLE 63

Register Variable Name Data Assignment

D6
D7

test data
number of consecutive examples of Data = 0

Data
Zero_Run

Instruction 1 doesn’t change the contents of the data reg-
ister D6. This instruction does cause the status register 210 to
set the negative “N”, carry “C”, overflow “V” and zero “Z”
status bits based upon the result of arithmetic logic unit 230.
Though instruction 1 does not change the contents of data
register D6, this instruction may still set the negative status
“N” if D6<0 or the zero status “Z” if D6=0.

Instruction 2 performs the “if . . . then . . . else . . .
operation. If Data=0, then the condition of instruction 2b is
true. Thus Hex “0” is moved from the zero value address
register A15 to data register D7. Thus if Data=0, then the
number of consecutive zeros is set to zero. Note that accord-
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ing to Table 51 this address unit operation has priority over the
data unit operation. Thus if the condition is true, the register
to register move operation occurs and the data unit operation
aborts. Only if Data=0 does the data unit operation of instruc-
tion 2a increment Zero_Run. Thus instruction 2 performs “if
Data=0, then Zero_Run=0, else Zero_Run=Zero_Run+1.”

Below is a second example of a single instruction “if . . .
then...else...” operation. This example uses a compare for
the conditional operation.

la. Dummy = Datal — Data2
1b. I Dummy = Dummy

2a. Datal = Data2

2b. I Datal = [It] A15

Table 64 shows an example of the register assignments for
this program code example.

TABLE 64
Register Variable Name Data Assignment
D5 Data2 second data element
D6 Datal first test element
D7 Dummy dummy register not used

The subtraction of instruction 1a effectively compares the
numbers Datal and Data2. If Datal<Data2, then the negative
“N” status is set in status register 210. If Datal=Data2, then
the zero “Z” status is set. Lastly, if Datal>Data2, then neither
of'these bits are set. This example illustrates another use of the
write priority rules of Table 51. The unconditional address
unit register move of Dummy to Dummy, protects Dummy
from change while permitting status register 210 to be set
based upon the arithmetic logic unit result. The register to
register move aborts storing the arithmetic logic unit result. If
instruction 1a sets the negative “N” status bit, the instruction
2b sets Datal equal to zero. Otherwise instruction 2a sets
Datal equal to Data2. Thus instruction 2 performs the opera-
tion “if Datal<Data2, then Datal=0, else Datal=Data2.”

This same sequence can perform other “if . . ., then . . .,
else. ..” operations. The sequence requires a first arithmetic
logic unit operation to set status register 210. A following
instruction performs the “if.. ., then...,else...” operation.
This instruction includes a conditional data unit register move
or load operation based upon at least one condition set in the
first instruction. The “else” operation is a data unit operation
having the same destination as the register move or load
operation.

It is possible to set conditions for conditional operations
based upon plural tests. In a first example two tests are
ANDed.

1. Dummy = D1 - D2
2. Dummy = [z] D3 - D4
3. BR =[z] IPRS

Instruction 1 sets the zero “Z” status bit if D1=D2. Instruction
2 is conditional based upon the zero “Z” status bit. If the zero
“7” status bitis “0”, then instruction 2 is not performed and no
status bits are changed. If the zero “Z” status bit is “1”, then
instruction 2 is performed, and the status bits are set based
upon the difference of D3 and D4. Instruction 3 is a condi-
tional subroutine return. Note writing to BR changes only
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program counter PC 701 and does not change instruction
pointer return from subroutine IPRS 704. Writing to program
counter PC 701 places the previous address stored in program
counter PC 701 into instruction pointer return from subrou-
tine IPRS 704. This subroutine return is conditional on the
zero “7” status bit. Thus the subroutine return occurs only if
D1=D3 and D3=D4 is true. Note that this conditional opera-
tion could also be based upon the negative “N” status bit, the
carry “C” status bit or the overflow “V” status bit. This con-
ditional operation could also be based upon any of the com-
pound conditions listed in Table 41.

Instruction 3 above is only an example of a conditional
instruction. Any desired conditional instruction based upon
the selected status bit or bits could be placed here. This could
be an arithmetic logic unit operation, a register load opera-
tion, a memory store operation of a register to register move
operation. Other program flow control operations such as a
branch or call are also possible. This conditional instruction
may be an “if . .., then ..., else...” operation such as
described above.

In a second example two tests are ORed. This is listed
below.

1. Dummy =D1 - D2
2. Dummy = [nz] D3 - D4
3. BR= [z] IPRS

Instruction 1 sets the zero “Z” status bit if D1=D2. Instruction
2 is conditional based upon the inverse of the zero “Z” status
bit (not zero). If the zero “Z” status bit is “1”’!, thatis D1=D2,
then instruction 2 is not performed and no status bits are
changed. If the zero “Z” status bit is “0”, then instruction 2 is
performed, and the status bits are set based upon the differ-
ence of D3 and D4. Instruction 3 is a conditional subroutine
return. As stated above, instruction 3 could be any conditional
instruction based upon the zero “Z” status bit. If D1=D2, the
zero “Z” status bit is “1” and instruction 2 aborted without
changing any status bits. Thus instruction 3 executes. If
D1=D2, then instruction 2 executes and the zero “Z” status bit
is set to “1”if D3=D4. So instruction 3 executes if D1=D2 OR
D3=D4. Note that instructions 2 and 3 could be based upon
any single status bit or any compound condition so long as
they are logical inverses.

This technique may also be used for mixed conditions. An
example of this is listed below.

1. Dummy =D1 - D2
2. Dummy = [u.z] D3 - D4
3. BR= [le] IPRS

Instruction 1 sets the zero “Z” status bit if D1=D2. The “u.z”
mnemonic of Instruction 2 indicates this instruction is uncon-
ditional and that the zero “Z” status bit is protected form
change by this operation. Thus the negative “N” status bit is
set if D3<D4, but the zero “Z” status bit is not set if D3=D4.
Instruction 3 is conditional based upon a “less than or equal”
condition. As seen in Table 41, this condition is formed by
(N&~V)I(-N&V)IZ. Thus the subroutine return is taken if
D1=D2 and D3<D4. This is not the only mixed conditional
operation feasible. Any compound condition listed in Table
51 (positive p, lower than or same 1s, higher than hi, less than
It, less than or equal le, greater than or equal ge or greater than
gt) can be used for instruction 3 of this example. Note as
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previously stated, any conditional instruction can be substi-
tuted into instruction 3 for the conditional subroutine return
of' this example.

Conditional “hardware branching” using the zero overhead
loop logic were described above in conjunction with the
description of the zero-overhead loop logic. Below is an
example of a character search routine using a single instruc-
tion with conditional hardware branching. This character
search routine makes four byte comparisons per loop using
multiple arithmetic.

1. Match = Hex “FOFOFOF0”
2. LE2 = Loop2_End
3. LRS2=0
4. LRSE1 =511
5. LS2 = Loop2_Start
6. Data = *(A0O = DBA)
Loopl_Start:
Loopl_End:
Loop2_End:
Ta. Dummy = mz Data - Match
7b. || LS2 =MF
Te. || Data = *AQ++
8.
Loop2_Start:
10. A0=A0-4

11.

Instruction 1 loads the pattern to be matched into a register.
In this case the pattern is one byte long and is repeated 4 times
when stored. Instruction 2 sets the loop end address LE2 to
the single instruction loop address. Instruction 3 writes the
count “0” into both the loop count register LC2 and the loop
reload register LR2. Instruction 4 is a single instruction loop
fast initialization. Writing “511” to LRSE1 writes the loop
count 511 into both loop count register .C1 and loop reload
register LR1, loads the value PC+3 into both the loop start
register [L.S1 and the loop end register LE1, and sets the
program flow control unit loop control register LCTL to asso-
ciate loop end register LE1 with loop count register L.C1.
Instruction 5 loads the loop start register LS2 with the branch
address. Lastly, instruction 6 initializes address pointer A0
and loads the first word to be searched from the memory
location pointed to by address pointer A0.

Instruction 7 forms the single instruction loop. Instruction
7a forms the difference between the dataloaded in instruction
6 and the reference data Match. The “mz” mnemonic indi-
cates that instruction 7a is a multiple instruction and that the
zero status bits are stored in multiple flags register 211. Note
that the “Msize” field of data register D0 must have been set
to the desired data size. This sets the multiple flags register
211 according to the multiple differences. Instruction 7b
loads loop count register LC2 with the data stored in multiple
flags register 211. Note that multiple flags register 211 was set
by the difference Data-Match of the prior loop. Instruction 7¢
modifies the address register A0 to point to the next data, and
loads this data for the next loop. Instruction 8 starts the
portion of the program that handles the case if no match is
found before 512 loops recorded by loop count register LC1.
Instruction 10 starts the portion of the program that handles
the case when a match is found. Note that this instruction is at
the address corresponding to Loop2_Start stored in loop start
register L.S2.

While none of the four bytes of Data and Match are iden-
tical, each difference is nonzero. Thus multiple flags register
211 stores all zeros for the four sections. This status result is
loaded into loop count register LS2. With loop count register
LS2 equal to zero, and loop count register L.C1 not equal to
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zero: loop count register LC1, the outer loop, is decremented;
loop count register LC2 is reloaded with the value of loop
reload register LR2, which is zero; program counter 701 is
loaded with the address stored in loop start register [.S1,
which is the address of the one instruction loop. Thus the
instruction repeats.

The loop may end in two ways. First, loop count register
LC1 may decrement to zero. In this case the program contin-
ues with instruction 8, the next following instruction. Second,
the multiple difference may detect at least one match. In this
event multiple flags register 211 is nonzero because at least
one of the multiple differences is zero. When this nonzero
result is loaded into loop count register LC2, the hardware
loop logic branches to the second loop start address, which is
Loop2_Start at instruction 10.

Instruction 10 subtracts 4 from address register A0. This
resets address register A0 to the memory location having the
match. As illustrated in FIG. 49, the program executes the
single loop instruction 7 four times before the branch is taken.
In FIG. 49 instruction slot 1070 does not detect a match, thus
multiple flags register 211 stores “000”. The global address
operation of instruction slot 1070 stores a nonzero result in
loop count register LC2 from the previous iteration of the
loop. In instruction slot 1071 a match is found and at least one
of'the bits of multiple flags register 211 is not zero. The global
address operation of instruction slot 1071 stores the zero
multiple flags register 211 contents from the arithmetic
operation of instruction slot 1070 in loop count register LC2.
The global address operation of instruction slot 1072 stores
the nonzero multiple flags register 211 contents from the
arithmetic operation of instruction slot 1071 in loop count
register LC2. There follows two delay slots, instruction slots
1073 and 1074, which occur because the global address
operation executes at the beginning of the execute pipeline
stage and two instructions are in the pipeline before the
branch can be taken. During each of these instructions the
hardware loop logic continues to load the single loop instruc-
tion due to the state of loop count register LC1. At instruction
slot 1075 the branch is taken and the hardware loop logic
branches to Loop2_Start. In instruction slot 1076 program
counter 701 advances normally to the next memory address.

FIGS. 50, 51, 52 and 53 illustrate members of a family of
hardware dividers. FIG. 50 illustrates the hardware in a
divider that forms two bits of the quotient per iteration. FIG.
51 illustrates in a schematic form the data flow through the
apparatus of FIG. 50. FIG. 52 illustrates the hardware in a
divider that forms three bits of the quotient per iteration. FIG.
53 illustrates in schematic form the data flow in a divider that
forms three bits of the quotient per iteration. Each of the
members of this family of hardware dividers employs a con-
ditional subtract and rotate algorithm. Each of the members of
this family employs hardware parallelism to speed the divi-
sion process.

FIG. 50 illustrates hardware divider 1100. Register 1101
stores the unsigned portion of the divisor, if the divisor is a
signed number and sign latch 1102 stores the sign bit. If the
divisor is unsigned, then register 1101 stores the entire divisor
and sign latch 1102 stores a bit indicating a positive number.
Register 1103 stores the unsigned portion of the numerator
with sign latch 1104 storing the sign bit. If the numerator is
unsigned, register 1103 stores the entire numerator and sign
latch 1104 stores a bit indicating a positive number. Control
sequencer 1130, which may be a state machine, controls
loops of an iteration process with reference to a loop count
stored in loop counter 1131. Control sequencer 1130 controls
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data flow via multiplexers 1117, 1118 and 1121 and forms
two bits of the quotient each iteration. This quotient is stored
in register 1105.

Hardware divider 1110 includes three full adders 1112,
1113 and 1114. These operate in parallel during the condi-
tional subtract and rotate operation. Those skilled in the art
would realize that the numerator will generally have more bits
than the denominator. The DIVI instruction discussed above
provided for division of a 64 bit numerator by a 32 bit divisor
and division of a 32 bit numerator by a 16 bit divisor. Hard-
ware divider 1100 is suitable for either case with suitable
capacity of registers and the full adders. In the preferred
embodiment the numerator will have two times the number of
bits of the divisor. Full adders 1112,1113 and 1114 operate on
the full width of data stored in register 1101 and the most
significant half of data stored in register 1103. To prevent loss
of data during carries (borrows), full adders 1112, 1113 and
1114 should have one more bit than the number of bits of
register 1101.

Full adders 1112, 1113 and 1113 operate in parallel during
each iteration. Full adder 1112 subtracts the number stored in
register 1101 from the most significant bits of the number
stored in register 1103, effectively subtracting the divisor
from the most significant bits of the numerator/running
remainder. Full adder 1113 subtract the number stored in
register 1101, left shifted one place by shift left circuit 1141,
from the most significant bits stored in register 1103. This
effectively subtracts two times the divisor from the most
significant bits of the numerator/running remainder. Full
adder 1114 has two alternate operations. In an initial opera-
tion, control sequencer 1130 controls multiplexer 1117 to
select the output from shift left circuit 1141 and multiplexer
1118 to select the output from register 1101. Thus full adder
1114 adds the divisor to two times the divisor. The resultant of
three times the divisor is stored in latch 1144. During normal
operation, control sequencer 1130 controls multiplexer 1117
to select the most significant bits of register 1103 and multi-
plexer 1118 to select the output of latch 1144. Full adder 1114
then subtracts three times the divisor from the most signifi-
cant bits of the numerator/running remainder.

Control sequencer 1130 controls the loop operation of
hardware divider 1100. Negative detectors 1122, 1123 and
1124 determine if the subtractions performed by the respec-
tive full adders 1112, 1113 and 1114 result in a negative
difference. Based upon these determinations, control
sequencer 1130 generates two bits of the quotient, which are
stored in register 1105, and controls multiplexer 1121. Mul-
tiplexer 1121 selects either the original data in register 1103
or the resultant of one of full adders 1112, 1113 or 1114 for
storage in register 1103 depending upon the results of the
negative determinations. Following each such storage opera-
tion, control sequencer 1130 controls register 1103 to shift
left two places. Note that the storing the data selected accord-
ing the negative detectors 1122, 1123 and 1124 insures that no
data is lost in this shift operation. Control sequencer 1130
repeats this operation a number of times as set by the loop
count in loop counter 1131. The quotient from register 1105
may be negated by negate circuit 1135 based upon the origi-
nal sign bits stored in sign latches 1102 and 1103. If needed,
the remainder is stored in register 1103 and may be negated by
negate circuit 1136 depending upon the original sign bits
stored in sign latches 1102 and 1103.

FIG. 51 illustrates in schematic form the data flow during
operation of hardware divider 1100. Initially the apparatus
simultaneously forms the quantities D, 2D and 3D, where D
is the divisor stored in register 1101. These quantities may be
formed using simultaneous addition blocks 1141, 1143 and
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1143, respectively, employing the three full adders 1112,
1113 and 1114 as shown in FIG. 51 with the results stored in
corresponding latches. Addition block 1141 adds “0” and D to
get D. Addition block 1142 adds “0” and D left shifted one
place to get 2D. Addition block 1143 adds D and D left shifted
one place to get 3D. Alternatively, only 3D need be formed by
an adder (block 1143) and stored as illustrated in FIG. 50
because the quantities D and 2D can easily be formed in real
time during each iteration.

Next, hardware divider 1100 simultaneously forms the
differences N(hi)-D, N(hi)-2D and N(hi)-3D using the three
full adders 1112, 1113 and 1114 in blocks 1151, 1152 and
1153, where N(hi) is the most significant bits of the numera-
tor/running remainder stored in register 1103. The results of
these three trial subtractions determine the two bit partial
quotient and the data to be recirculated as the numerator/
running remainder. Simultaneous negative test blocks 1154,
1155 and 1156 determine if the quantities N(hi)-D, N(hi)-2D
and N(hi)-3D are negative. There are four possible results of
these simultaneous negative tests. [f N(hi)-D<0, then the two
quotient bits V are “00” and N(hi) is recirculated (block
1161). If N(hi)-D>0 and N(hi)-2D<0, and then the two quo-
tient bits V are “01” and N(hi)-D is recirculated (1162). If
N(hi)-2D>0 and N(hi)-3D<0, then the two quotient bits V
are “10” and N(hi)-2D is recirculated (1163). Lastly, if
N(hi)-3D>0, then the two quotient bits V are “11”* and N(hi)-
3D is recirculated (block 1164). These results represent the
four possible outcomes for the trial subtractions and the cor-
responding quotient and recirculation quantities.

The data within register 1103 is then left shifted by two
places (block 1170). As previously described, the selection of
the recirculated data based upon the trial subtraction insures
that no data is lost in this shift operation. Block 1170 also
forms an OR of the shifted numerator/running remainder and
V. Since the two least significant bit places have just been
cleared by the left shift, this OR operation places the just
calculated quotient bits into the least significant bits of reg-
ister 1103. Since the numerator has the same number of bits as
the sum of the bits of the remainder and the quotient, this
process permits the same register to initially hold the numera-
tor, the running remainder and to hold the final remainder and
quotient at the end of the process. Note that this same result
can be achieved by shifting in the two bits of V during the left
shift operation. This is similar to the manner of shifting data
register 200a and multiple flags register 211 as illustrated in
FIG. 44, except that two bits are shifted in rather than only
one. The loop count is incremented in block 1171. If the loop
count is not greater than 8 (block 1172), then another iteration
begins with simultaneous subtractions blocks 1151, 1152 and
1153. Note that the loop count of 8 is appropriate for a
division of a 32 bit numerator by a 16 bit divisor yielding a 16
bit quotient. For the division of a 64 bit numerator by a 32 bit
divisor yielding a 32 bit quotient a loop count of 16 is
selected.

Two clean up operations occur following completion of the
selected number of iterations. Block 1173 determines the sign
of the quotient from an exclusive OR of the sign of the
numerator and divisor. If the sign of the quotient is negative,
then block 1174 forms the inverse of the computed quotient.
In parallel is a determination of the sign of the remainder.
Block 1175 determines if the numerator was less than zero. If
the numerator was less than zero, then block 1176 forms the
inverse of the computed remainder that is stored in register
1103. In any case the division operation is complete and
ended at exit block 1177.

A hardware divider such as illustrated in FIG. 50 may be as
useful as multiplier 220 illustrated in FIG. 5. In the preferred
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embodiment a division operation employs similar data paths
and instruction word formats as those used for multiplication.
It is feasible to employ some of the adders used in the com-
mon Booth adder type multiplier circuit to embody full
adders 1112, 1113 and 1114. Thus the hardware divider
would require few additional components.

FIG. 52 illustrates the major components of hardware
divider 1100a that forms three bits of the quotient per itera-
tion. Hardware divider 1100a includes register 1101, sign
latch 1102, register 1103, sign latch 1104, control sequencer
1130 and loop counter 1131, which are similar to the corre-
sponding parts illustrated in FIG. 50. Hardware divider 1110a
includes seven full adders 1112, 1113, 1114, 1115, 1116,
1117 and 1118. These operate in parallel during the condi-
tional subtract and shift operation. During the initial step,
multiplexer 1154 supplies the divisor from register 1101 and
the divisor from register 1101 left shifted via shift left circuit
1141 to full adder 1114. Full adder 1114 thus forms three
times the divisor, which is stored in latch 1144. During the
initial step, multiplexer 1156 supplies the divisor from regis-
ter 1101 and the divisor from register 1101 left shifted two
places via shift left circuits 1141 and 1142 to full adder 1116,
thus forming five times the divisor, which is stored in latch
1146. During the initial step, multiplexer 1157 supplies the
divisor from register 1101 left shifted via shift left circuit
1141 and the divisor from register 1101 left shifted two places
via shift left circuits 1141 and 1142 to full adder 1117. This
forms six times the divisor, which is stored in latch 1147. Also
during the initial step, multiplexer 1158 supplies the divisor
from register 1101 and the divisor from register 1101 left
shifted three places via shift left circuits 1141, 1142 and 1143
to full adder 1118. Full adder 1118 then subtracts the divisor
from eight times the divisor, forming seven times the divisor,
which is stored in latch 1148. During each iteration, full
adders 1112,1113,1114,1115,1116, 1117 and 1118 subtract
respectively one times, two times, three times, four times, five
times, six times and seven times the divisor stored in register
1101 from the most significant bits of register 1102. Note that
during each iteration multiplexers 1154, 1156, 1157 and 1158
select the numerator and the multiple of the divisor.

Control sequencer 1130 controls the loop operation of
hardware divider 1100. Negative detectors 1122, 1123, 1124,
1125, 1126, 1127 and 1128 determine if the subtractions
performed by the respective full adders 1112, 1113, 1114,
1115, 1116, 1117 and 1118 result in a negative difference.
Based upon these determinations, control sequencer 1130
generates three bits of the quotient. These three bits of the
quotient are stored in the least significant bits of register 1103.
Note that register 1103 is shifted three bits each iteration,
making room for the quotient bits. In other respects control
sequencer 1130 of FIG. 52 operates like that previously
described with regard to FIG. 50. The quotient from the least
significant bits of register 1103 may be negated by negate
circuit 1135 based upon the original sign bits stored in sign
latches 1102 and 1103. If needed, the remainder stored in the
most significant bits of register 1103 may be negated by
negate circuit 1136 depending upon the original sign bits
stored in sign latches 1102 and 1103.

FIG. 53 illustrates schematically data flow within hardware
divider 1100a illustrated in FIG. 52. The divisor is stored in
register 1101, the numerator in register 1103 and the loop
count limit in register 1131. Initially the process uses seven
full adders to compute seven multiples of the divisor. This is
accomplished by simultaneous addition blocks 1201, 1202,
1203,1203,1204, 1205, 1206 and 1207. Addition block 1201
forms 0+D=D; addition block 1202 forms 0+D<<1=2D;
addition block 1203 forms D+D<<1=3D; addition block
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1204 forms O0+D<<2=4D; addition block 1205 forms
D+D<<2=5D; addition block 1206 forms D<<1+D<<2=6D;
addition block 1207 forms D<<3-D=7D; where <<n is left
shifting n places. Thus simultaneous addition blocks 1201,
1202, 1203, 1203, 1204, 1205, 1206 and 1207 form each
multiple of D from 1 to 7. At least 3D, 5D, 6D and 7D are
stored in latches for use each iteration. Note that D, 2D and
4D need not be stored in latches because these quantities can
be easily formed from D stored in register 1101.

Next the respective multiples of D are subtracted from the
most significant bits of the numerator/running remainder
stored in register 1103. Simultaneous subtractions 1211,
1212,1213, 1214, 1215, 1216 and 1217 form the differences
between N(hi) and D, 2D, 3D, 4D, 5D, 6D and 7D, respec-
tively. As in simultaneously addition blocks 1201, 1202,
1203, 1203, 1204, 1205, 1206 and 1207 above, these simul-
taneous subtractions are formed using seven full adders. The
results of these seven trial subtractions determine the three bit
partial quotient and the data to be recirculated as the numera-
tor/running remainder. Simultaneous negative test blocks
1221, 1222, 1223, 1224, 1225, 1226 and 1227 determine if
the quantities N(hi)-D, N(hi)-2D, N(hi)-3D, N(hi)-4D,
N(hi)-5D, N(hi)-6D and N(hi)-7D are negative. There are
eight possible results of these simultaneous negative tests. If
N(hi)-D<0, then V=000 and N(hi) is recirculated (block
1231). If N(hi)-D>0 and N(hi)-2D<0, and then V="001" and
N(hi)-D is recirculated (block 1232). If N(hi)-2D>0 and
N(hi)-3D<0, then V="010" and N(hi)-2D is recirculated
(block 1233). If N(hi)-3D>0 and N(hi)-4D<0, then V=011"
and N(hi)-3D is recirculated (block 1234). If N(hi)-4D>0
and N(hi)-5D<0, then V=100 and N(hi)-4D is recirculated
(block 1235). If N(hi)-5D>0 and N(hi)-6D<0, then V="101"
and N(hi)-5D is recirculated (block 1236). If N(hi)-6D>0
and N(hi)-7D<0, then V=110 and N(hi)-6D is recirculated
(block 1237). If N(hi)-7D>0, then V=-111" and N(hi)-7D is
recirculated (block 1238).

The data within register 1103 is then left shifted by three
places (block 1241). Block 1241 also forms an OR of the
shifted numerator/running remainder and V. This OR opera-
tion places the just calculated three quotient bits into the least
significant bits of register 1103. Similarly to that discussed
above in conjunction with block 1170 of FIG. 51, this same
result can be achieved by shifting in the three bits of' V during
the left shift operation.

The loop count is decremented in block 1242. If the loop
count has not reached zero (block 1243), then another itera-
tion begins with simultaneous subtractions blocks 1211,
1212, 1213, 1214, 1215, 1216 and 1217. Note that FIG. 52
illustrates decrementing the loop count from a set loop limit to
zero rather than incrementing the loop count from 1 to a limit.
Either of these techniques may be employed in hardware
dividers of this type. If iterations are complete, then block
1244 representing a clean-up operation occurs. This process
has been previously described in conjunction with blocks
1173,1174,1175 and 1176 of F1G. 51. The division operation
is complete and ended at exit block 1245.

As previously mentioned, FIGS. 50,51, 52 and 53 illustrate
members of a family of hardware dividers. Each member of
this family of hardware dividers employs 2”V-1 parallel full
adders to form every trial subtraction from 1 to 2V-1 times the
divisor. N bits of the quotient and a running remainder are
determined from the results of these trial subtractions. The
quotient may be formed in a separate register. Alternatively,
the quotient may be shifted into the emptied bits of the
numerator/running remainder register. This takes advantage
of'the relationship between the number of bits of the numera-
tor, final remainder and quotient. Table 65 illustrates the
properties of members of this family of hardware divider.
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Note that the DIVI instruction described above falls into the
first member of this family, hardware divider 1100 illustrated
in FIG. 50 the second member of this family and hardware
divider 1100a illustrated in FIG. 52 the third member of this
family.

TABLE 65
Quotient Number of Number of iterations for
bits per iteration parallel adders 32/16 64/32
1 1 16 32
2 3 8 16
3 7 6 11
4 15 4 8
5 31 4 7
6 63 3 6
7 127 3 5
8 255 2 4
16 65535 1 2
32 4294967295 1 1

Table 65 illustrates a startling diminishing return to scale. If
the number of bits per iteration is N, the then number of
parallel full adders needed is 2"~1. The greatest number of
bits per iteration for practical devices in current semiconduc-
tor technology is probably 3 or 4. Current Booth re-coding
multiply circuits may have 9 full adders. Thus 15 full adders
for division is not unreasonable, particularly if the adders can
be used for both hardware multiply and hardware divide. Use
of additional hardware for divides of more than 4 bits per
iteration is not currently economically feasible.

FIG. 54 illustrates an alternative embodiment of this inven-
tion. In FIG. 54 multiprocessor integrated circuit 101
includes master processor 60 and a single digital image/
graphics processor 71. Multiprocessor integrated circuit 101
requires less silicon substrate area than multiprocessor inte-
grated circuit 100 and consequently can be constructed less
expensively. Multiprocessor integrated circuit 101 is con-
structed using the same techniques as previously noted for
construction of multiprocessor integrated circuit 100.
Because the width of each digital image/graphics processor
matches the width of its corresponding memory and the asso-
ciated portions of crossbar 50, multiprocessor integrated cir-
cuit 100 may be cut between digital image/graphics proces-
sors 71 and 72 to obtain the design of multiprocessor
integrated circuit 101. Multiprocessor integrated circuit 101
can be employed for applications when the processing capac-
ity of four digital image/graphics processors is not required.

Multiprocessor integrated circuit 101 is illustrated in FIG.
54 as part of a color facsimile apparatus. Modem 1301 is
bidirectionally coupled to a telephone line for sending and
receiving. Modem 1301 also communicates with buffer 1302,
which is further coupled the image system bus. Modem 1301
receives a fascimile signal via the telephone line. Modem
1301 demodulates these signals, which are then temporarily
stored in buffer 1302. Transfer controller 80 services buffer
1302 by transferring data to data memories 22, 23 and 24 for
processing by digital image/graphics processor 71. In the
event that digital image/graphics processor 71 cannot keep
ahead of the incoming data, transfer controller 80 may also
transfer data from buffer 1302 to memory 9. Digital image/
graphics processor 71 processes the image data of the incom-
ing facsimile. This may include image decompression, noise
reduction, error correction, color base correction and the like.
Once processed, transfer controller 80 transfers image data
from data memories 22, 23 and 24 to video random access
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memory (VRAM) 1303. Printer controller 1304 recalls the
image data under control of frame controller 90 and supplies
it to color printer 1305, which forms the hard copy.

The apparatus of FIG. 54 can also send a color facsimile.
Imaging device 3 scans the source document. Imaging device
3 supplies the raw image data to image capture controller 4
that operates under control of frame controller 90. This image
datais stored in video random access memory 1303. Note that
the embodiment illustrated in FIG. 54 shares video random
access memory 1303 for both image capture and image dis-
play in contrast to the embodiment of FIG. 1, which uses
separate video random access memories. Transfer controller
80 transfers this image data to data memories 22, 23 and 24.
Digital image/graphics processor 71 then processes the image
data for image compression, error correction redundancy,
color base correction and the like. The processed data is
transferred to buffer 1303 by transfer controller 80 as needed
to support the facsimile transmission. Depending upon the
relative data rates, transfer controller 80 may temporarily
store data in memory 9 before transfer to buffer 1302. This
image data in buffer 1302 is modulated by modem 1301 and
transmitted via the telephone line.

Note that the presence of an imaging device and a color
printer in the same system permits this system to also operate
as a color copier. In this event data compression and decom-
pression may not be required. However, digital image/graph-
ics processor 71 is still useful for noise reduction and color
base correction. It is also feasible for digital image/graphics
processor 71 to be programmed to deliberately shift colors so
that the copy has different coloring than the original. This
technique, known as false coloring, is useful to conform the
dynamic range of the data to the dynamic range of the avail-
able print colors.

We claim:

1. A data processing apparatus comprising:

a first [input bus] register of N bits;

a second [input bus] register of N bits;

a multiplier having a first input of L. bits connected to
receive a first set of L bits of said first [input bus] regis-
ter, L. being less than N, a second input of L bits con-
nected to receive a second set of L bits of said second
[input bus] register, and a product output of 2L bits
producing a product of data that was supplied to said first
and second inputs;

aleft shifter having an input connected to receive the prod-
uct output of said multiplier[, a shift amount input] and
having an output [connected to said output bus], said left
shifter [left shifting said input by said shift amount,]
discarding [said shift amount of] az /east one most sig-
nificant [bits] bit of said [input] product output, the left
shifter producing a shifted result at said output; and

an output [bus] register of N bits [coupled] connected to
receive said output of said left shifter, said output [bus
including] register storing a first portion corresponding
to a most significant set of L bits of said [product output
of 2L bits] shifted result and a second portion of M bits,
where said second portion of M bits [does not include a
least significant set of] is not connected to receive the
remaining L bits of said [product] shifted result, and
where N=L+M and M=L.

2. The data processing apparatus of claim 1, wherein:

said left shifier further includes a shift amount input con-
trolling a shift amount of said left shifter; and

the data processing apparatus further comprising:

a data register file including
a plurality of data registers, each data register storing a

plurality of N bits of data, said plurality of data reg-
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isters including said first register, said second register,
said output register and a special function data regis-
ter including a shift amount field,

a first output bus connected to said first [input bus]
register for recalling from [a] said first [specified
data] register said N bits stored therein,

a second output bus connected to said shift amount input
of'said /eft shifter for recalling from said special func-
tion data register [said N bits] a shift amount stored
[therein] in said shift amount field,

a third output bus connected to said second [input bus]
register for recalling from [a third specified data] said
second register said N bits stored therein, and

a first input bus connected to said output of [N bits] said
left shifter for storing in [a fourth specified one of said
data registers said combination of said first, second
and third input signals] said output register said first
portion of bits and said second portion of bits.

3. The data processing apparatus of claim 1, further com-

prising:

a rounder having an input connected to receive the output
of said left shifter, and an output connected to said output
[bus] register, said rounder forming a rounded product.

4. The data processing apparatus of claim 3, further com-

prising:

a data register file including a plurality of data registers,
each data register storing a plurality of N bits of data,
said plurality of data registers including said first regis-
ter, said second register, said output register, and a spe-
cial function data register having a rounding bit; and

wherein said rounder is selectively enabled if said rounding
bit has a first state and not enabled if said rounding bit
has a second state different from said first state.

5. The data processing apparatus of claim 3, wherein:

said rounder is selectively enabled if a predetermined
rounding bit in an instruction has a first state and not
enabled if said predetermined rounding bit has a second
state different from said first state.

6. The data processing apparatus of claim 1, wherein:

said second portion of M bits of said output [bus] register
are derived from at least some bits of at least one of said
first [N bit input bus] register other than said first set of

L bits and said second [N bit input bus] register other

than said second set of L bits.

7. The data processing apparatus of claim 1, wherein:

said second portion of M bits of said output [bus] register
consists of bits of said first [input bus] register other than
said first set of L bits.

8. The data processing apparatus of claim 1, further com-

prising:

a data register file including
a plurality of data registers for storing data including

said first register, said second register and said output
register,

a first source output bus connected to said first [input
bus] register for recalling data stored in [a] said first
[data] register of said plurality of data registers, said
first vegister specified by a multiply instruction,

a second source output bus connected to said second
[input bus] register for recalling data stored in [a] said
second [data] register of said plurality of data regis-
ters, said second register specified by a multiply
instruction, and

a first destination input bus connected to said output
[bus] register for storing said first portion and said
second portion of bits in [a third data] said output
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register of said plurality of data registers [data on said
output bus), said output register specified by a multi-
ply instruction.

9. The data processing apparatus of claim 1, wherein:

said number of bits M is greater than said number of bits L.

10. The data processing apparatus of claim 1, wherein:

said number of bits L. equals 16 bits.

11. The data processing apparatus of claim 1, wherein;

said number of bits L equals 8 bits.

12. The data processing apparatus of claim 1, wherein:

said left shifter is further operable to zero fill [said] a shift
amount of least significant bits of said input.

13. A data processing apparatus comprising:

a first [input bus] register of N bits;

a second [input bus] register of N bits;

a multiplier having a first input of L. bits connected to
receive a first set of L bits of said first [input bus] regis-
ter, L. being less than N, a second input of L bits con-
nected to receive a second set of L bits of said second
[input bus] register, and a product output of 2L bits
producing a product of data that was supplied to said first
and second inputs;

aleft shifter having an input connected to receive the prod-
uct output of said multiplier[, a shift amount input] and
an output [connected to said output bus], said left shifter
[left shifting said input by said shift amount,] discarding
[said shift amount of] at /east one most significant [bits]
bit of said [input] product output, the left shifter produc-
ing a shifted result at said output, the left shifier zero
filling the least significant bits of the shifted result by the
same number of bits that were discarded; and

an output [bus] register of N bits [coupled] connected to
receive said output of said left shifter, said output [bus
including] register storing a first portion of L bits corre-
sponding to a most significant set of L bits of said [prod-
uct output of 2L bits] shifted result and a second portion
of M bits, said second portion of M bits not including the
least significant bits of said product output, where
N=L+M and M=L.

14. The data processing apparatus of claim 13, wherein:

said left shifier further includes a shift amount input con-
trolling a shift amount of said left shifter; and

the data processing apparatus further comprising:

a data register file including
a plurality of data registers, including said first register,

said second register and said output vegister specified
by a single instruction, each data register storing a
plurality of N bits of data, said plurality of data reg-
isters further including a special function data register
including a shift amount field for storing a shift
amount,

a first output bus connected to said first [input bus]
register for recalling from [a] said first [specified
data] register specified by said single instruction said
N bits stored therein,

a second output bus connected to said shift amount input
of'said /eft shifter for recalling from said special func-
tion data register [said N bits] a shift amount stored
therein,

a third output bus connected to said second [input bus]
register for recalling from [a third specified data] said
second register specified by said single instruction
said N bits stored therein, and

a first input bus connected to said output of [N bits] said
left shifter for storing in [a fourth specified one of said
data registers said combination of said first, second
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and third input signals] said output register specified
by said single instruction said first portion and said
second portion of bits.
15. The data processing apparatus of claim 13, further
5 comprising:
a rounder having an input connected to receive the output
of said left shifter, and an output connected to said output
[bus] register, said rounder forming a rounded product.
16. The data processing apparatus of claim 15, further
10 comprising:
a data register file including a plurality of data registers,
each data register storing a plurality of N bits of data,
said plurality of data registers including said first regis-
ter, said second register, said output vegister and a spe-
cial function data register having a rounding bit; and
wherein said rounder is selectively enabled if said rounding
bit has a first state and not enabled if said rounding bit
has a second state different from said first state.
17. The data processing apparatus of claim 15, wherein:
said rounder is selectively enabled if a predetermined
rounding bit in an instruction has a first state and not
enabled if said predetermined rounding bit has a second
state different from said first state.
18. The data processing apparatus of claim 13, further
25 comprising:
a data register file including
a plurality of data registers for storing data including
said first register, said second register and said output
register, said first vegister, said second register and
said output register specified by a single instruction,

a first source output bus connected to said first [input
bus] register for recalling [data stored in a] the first set
of L bits from said first [data] register of said plurality
of data registers specified by said single instruction,

a second source output bus connected to said second
[input bus] register for recalling [data stored in a] the
second set of L bits from said second [data] register of
said plurality of data registers specified by said single
instruction, and

a first destination input bus connected to said output
[bus] register for storing said first portion of L bits and
said second portion of M bits in [a third data] said
output register of said plurality of data registers [data
on said output bus] specified by said single instruc-
tion.

19. The data processing apparatus of claim 13, wherein:

said number of bits L. equals 16 bits.

20. The data processing apparatus of claim 13, wherein;

said number of bits L. equals 8 bits.

21. The data processing apparatus of claim 13, wherein:

said left shifter is further operable to zero fill [said] a shift
amount of least significant bits of said input.

22. A data processing apparatus comprising:

a first [input bus] register of N bits;

a second [input bus] register of N bits,;

a multiplier having a first input of LL bits connected receive
to a first set of L bits [of] from said first [input bus]
register, L. being less than N, a second input of L. bits
connected to receive a second set of L bits [of] from said
second [input bus] register, and a product output of 2L
bits producing a product of data that was supplied to said
first and second inputs;

a rounder having [a first] an input connected to receive L
most significant [L] bits of the product output of said
multiplier [a second input connected to a L+1 most
significant bit of said product output] and an output
[connected to said output bus forming a rounded prod-
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uct, said rounder rounding the L. most significant bits of
said product dependent on the L.+1 most significant bit
of said product], said rounder producing a rounded
result of L bits; and

an output [bus] register of N bits [coupled] connected to
receive said output of said rounder, said output [bus
including] register including a first portion correspond-
ing to a most significant set of L bits of said output of
said rounder and a second portion of M bits, where said
second portion of M bits does not include a least signifi-
cant set of L bits of said product, and where N=L.+M and
M=zL.

23. The data processing apparatus of claim 22, further

comprising:

a data register file including a plurality of data registers
including said first vegister, said second register and
said output register, each data register storing a plurality
of N bits of data, said plurality of data registers including
a special function data register having a rounding bit;
and

wherein said rounder is selectively enabled if said rounding
bit has a first state and not enabled if said rounding bit
has a second state different from said first state.

24. The data processing apparatus of claim 22, wherein:

said rounder is selectively enabled if a predetermined
rounding bit in an instruction has a first state and not
enabled if said predetermined rounding bit has a second
state different from said first state.

25. The data processing apparatus of claim 22, wherein:

said second portion of M bits of said output [bus] register
are derived from at least some bits of at least one of said
first [N bit input bus] register other than said first set of
L bits and said second [N bit input bus] register other
than said second set of L bits.

26. The data processing apparatus of claim 22, wherein:

said second portion of M bits of said output [bus] register
consists of bits of said first [input bus] register other than
said first set of L bits.

27. The data processing apparatus of claim 22, further

comprising:

a data register file including

a plurality of data registers for storing data including
said first register, said second register and said output
register, said first register, said second register and
said output register specified by a single instruction,

a first source output bus connected to said first [input
bus] register for recalling data stored in [a] said first
[data] register of said plurality of data registers,

a second source output bus connected to said second
[input bus] register for recalling data stored in [a] said
second [data] register of said plurality of data regis-
ters, and

a first destination input bus connected to said output
[bus] register for storing said first portion and said
second portion of bits in [a third data] said output
register of said plurality of data registers [data on said
output bus].

28. The data processing apparatus of claim 22, wherein:
said number of bits M is greater than said number of bits L.
29. The data processing apparatus of claim 22, wherein:
said number of bits L. equals 16 bits.

30. The data processing apparatus of claim 22, wherein;
said number of bits L equals 8 bits.
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31. The data processing apparatus of claim 26, further

comprising:

circuitry connected to receive the output of the multiplier
and said rounder, said circuitry zevo filling at least one
least significant bit of the product output of 2L bits.

32. The data processing apparatus of claim 26, wherein;

said rounder increments the most significant L bits of said
product if the L+1 most significant bit of said product is
a“l”.

33. The data processing apparatus of claim 22, wherein:

said input of said rounder including a first input connected
to receive L most significant bits of said product output
of said multiplier and a second input connected to
receive a L+1 most significant bit of said product output,
said rounder rounding the L most significant bits of said
product dependent on the L+1 most significant bit of said
product.

34. A data processing apparatus comprising:

a first rvegister of N bits;

a second register of N bits;

a multiplier having a first input of L bits connected to
receive a first set of L bits of said first register, L being
less than N, a second input of L bits connected to receive
a second set of L bits of said second register, and a
product output of 2L bits, the multiplier producing a
product of data that was supplied to said first and second
inputs;

circuitry having an input connected to receive the product
output of said multiplier and having an output, said
circuitry producing an L bit rounded result, said
rounded result not including at least one most significant
bit of said product output; and

an output register of N bits connected to receive said output
of said circuitry, said output register including a first
portion corresponding to said L bit rounded result and a
second portion of M bits, where said second portion of M
bits does not include a least significant set of L bits of
said product, and where N=L+M and M=L.

35. The data processing apparatus of claim 34, wherein:

said circuitry includes a left shifter circuit discarding the at
least one most significant bit of the product output and
producing a shifted output.

36. The data processing apparatus of claim 35, wherein:

said circuitry further includes a rounder circuit connected
to receive the L+1 most significant bits of said shifted
output, said rvounder circuit producing said L bit
rounded result dependent upon the value of a L+1 most
significant bit of said shifted output.

37. The data processing apparatus of claim 35, wherein:

said left shifter is further operable to zevo fill in said shifted
output and at least one least significant bit of said prod-
uct output equal in number to said at least one most
significant bit of said product output.

38. The data processing apparatus of claim 34, wherein:

said circuitry includes a rounder circuit, the rounder cir-
cuit receiving L+1 consecutive bits of said product out-
put and producing said L bit rounded result dependent
upon the value of a least significant bit of the L+1 con-
secutive bits.

39. The data processing apparatus of claim 34, wherein:

said rounded result does not include up to 3 most signifi-
cant bits of said product output.

40. The data processing apparatus of claim 22, wherein:

said rounder rounds the L most significant bits dependent
upon the L+1 most significant bit of said product.

41. The data processing apparatus of claim 34, further

comprising:

a data register file including
a plurality of data registers for storing data including
said first register, said second register and said output
register,
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a first source output bus connected to said first data
register for recalling data stored in said first register
of said plurality of data vegisters, said first register
specified by a multiply instruction,

a second source output bus connected to said second
register for recalling data stored in said second reg-
ister of said plurality of data registers, said second
register specified by said multiply instruction, and

a first destination input bus connected to said output
register for storing said first portion and said second
portion of bits in said output register of said plurality 1°
of data registers, said output vegister specified by said
multiply instruction.
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