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DIGITAL VECTOR GENERATOR APPARATUS FOR PROVIDING
MATHEMATICALLY PRECISE VECTORS AND SYMMETRICAL PATTERNS
1 BACKGROUND OF THE INVENTION

10

20

1. Field of the Invention

The invention relates to digital vector generators, specifically

as applied to electronic displays.

2. Description of the Prior Art

Digital vector generators are utilized in the art in various
applications, including electronic displays. For example, they are used for:
raster scanned or caligraphicaily generated cathode ray tube displays; X-Y
plotters; numerically controlled machines; and robotics. Known vector
generation procedures utilize either open-loop or closed-loop curve
generation techniques. Open-loop techniques are often advantageous because
various vector instruction formats may be incorporated which share'the same
basic hardware. For example, with open-loop techniques, both polar
coordinate and rectangular coordinate vector formats can be effectively
uéilized. The execution of polar coordinaté vectors can greatly ;implify
the rotation of symbology. Additionally, the open-loop.algozithm permits
achieving constant velocity vector generation, independent of vector
angle. Constant velocity vector generators can provide for the generation
of do'tted and dashed vector patte:ns' that do not change as a function o_f
vector angle.

For the rectangular coordinate system, two-dimensional open-loop
vector generatioa is generally implemented utilizing two accumulators for
the X and Y coordinate axes, respectively, of the vector generation system.
To generate a vector, the accumulators are loaded with the X and ¥

coordinates of the initial point of the vector. The vector is then

generated by adding the incremental values of
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DX/N and DY/N to the respective accumulators during each of N clock cycles,
where DX is the X component of the vector and DY is the Y component
thereof. Generally, each accumulator has an integer portion and a
fractional portion, where the integer portions provide the vector generator
outputs that select the picture elements (pixels) to be illuminated for
displaying the vector. ThiF tecbnique of vector generation is denoted as
open-loop integration. Although the subject'invention will be described for
the application of two-dimensional vector generation, open-loop vector
generation is easily extended to three-dimensional space by the addition of
a third accumulator. It should be appreciated that the improvements of the
invention are also applicable to three-dimensional vector generation.

Open-loop integration generally utilizes either the tangent

algorithm or the sine/cosine algofith’n. In the tarigent algorittm, the
accumulator corresponding to the axis of the largest vector component is
advanced by one integer unit on every clock cycle and the other accumulator
is advanced by :he tangent of the vector angle. In the sine/cosine
algorithm, the X and Y coordinates are advanced on each clock cycle by the
cosine and sine, respectively, of the vector argle. An example of a tangent
algofithm vector generator that may be configured in abéordance with the
present invention is disclosed in U.S. Patent 4,115,863; issued Sepéanber
19, 1978; entitled "Digital Stroke Display with Vector, Circle and Character
Generation Capability". An example of a sine/cosine vector generator that
may be configured in accordance with the present invention is disclesed in
United States Patent 4,481,6@5; issued November 6, 1984; entitled "Display
Vector Generator Utilizing Sine/Cosine Accumulation". Said patents

4,115,863 and 4,481,685 are incorporated herein by reference.
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- With vector generation utilizing open-loop integration, truncation
errors in the incremental values that are added to the X and Y accumulators
can result in an accumulation of errors as vectors are generated. Utilizing
open-loop integration results in a compramise to the accuracy of the
displayed symbology causing a degradation in display quality. Such
degradation in accuracy results in the illumination of pixels that are not
located on the mathematical locus of the desired vector, resulting in, for
example, line ends thatrdo not meet and open curves that should be closed.
The truncation errors that result in these display anomolies are inherent in
digital vector generation apparatus utilizing open-loop integration.

Truncation errors can be eliminated by utilizing a closed-loop
vector algorithm which is inherently self-—correcting and in which the
maximum error is inherently bounded. In closed-loop vector generation, the
error does not increase with vector length. The closed-loop algorithms are,
however, incompatible with vector instructions that utilize the polar
coordinate system to simplify the rotation of symbology. The inherent - -
advantage of éolar vectors for the rotation of symbology can outweigh the
error problems due to truncation and coordinate transformation.
Additionally, as discussed abdve, consﬁant velocity vector generation cannot
readily be achieved utilizing a closed-loop algorithm.
‘ SUIMMARY OF THE _INVBH‘ION

The pﬁesent invention permits vector generation with open-loop
algorithms that is free from the anomolies that normally result fram
truncation errors.. This is accomplished by presetting the accumulator
fractional portions to a value of one-half,or to one-half less 1 LSB, prior
to the generation of each vector, and by limiting the maximum vector length

relative to the accumulator fractional resolution.
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- The presetting of the accumulator fractional portions provides
mathematically perfect vectors in the absence of truncation errors. When
truncation errors are present, the fractional Presetting and the limiting of
the maximum vector length restricts the error at the vector end point to the
fractional bits of the accumu%ator. Presetting of the fractional
accumulator bits prior to the generation of each vector eliminates the
buildup of truncation errors over consecutive vectors. Also, a further
limitation of the maximum vector length ensures the generation of
mathematically perfect vectors utilizing the tangent algorithm.

The present invention also forces the generation of symmetrical
patterns when vectors are concatenated to generate complex symbology.
Symmetry is forced by, in effect, controlling the fractional accumulator
presetting to either one-half or to one-half less 1 LSB. This is achieved
by always presetting to one-halﬁ_less 1 LSB and then conditionally enabling
the carry input to the accumulators, on the initial clock cycle of a vector,
as a function of the octant in which the vector angle resides.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic block diagram of a vector processor
utilizing open-loop integration impleﬁented in accordance with the present
invention.

Figure 1A is a chart illustrating the formats of the various .

instructions that can be executed by the hardware of Figure 1 of the present

ou

invention.

Eigure;ZA is an illustration of the generation of a vector in
accordance with the prior art.

Figure 2B is an illustration of the generation of a vector

utilizing the present invention.
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Figure 3A is an illustration of the generation of the letter "V"
in aécofdance with the present invention with the accumulators initialized
to one-half.

Figure 3B is an illustration of the generation of the letter "v*
in accordance with the present invention with the accumulators initialized
to one-half minus 1 LSB.

Figure 3C is an illustration of the generation of the letter "v*
in -accordance with the invention utilizing a symmetrical algoritim.

Figure 4 is a diagram of the cartesiah coordinate octant
definitions utilized in the symmetrical algoritims of the present invention.

Figure 5A is an illustration of the generation, in accordance with

the invention,of an octagon utilizing concatenated vectors without using a

" symmetrical algorithm of the present invention.

Figure SB is an illustration of the generation, in accordance with
the 4nvention,.of an octagon utilizing.céncatenated'vectors using a
symmetrical algorithm of the present invention.
Figure 6 is an annotated octagonal chart useful in explaining the
operation of the symmetrical algoritims of the present invention.
| DESCRIPTION OF THE PREFERRED EMBODIMENTS

- The present invention modifies the basic technique of open-loop
vector generation so as to eliminate the errors that normally result
therefram. A two-dimensional vector in the rectangular coordinate system
can be generated with two digital accumulators, one for the X axis and one
for the Y axis. ‘A vector is generated by adding an incremental value DX/N
to the X accumulator and an incremental value DY/N to the Y accumulator on
each of N clock cycles. Since the fractional portions of the accumulators

are of a finite size, the DX/N and DY/N values that are added thereto can

include truncation errors. Errors can therefore increase
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in the X-and Y accumulators over a number of clock cycles until the integer
values thereof, which are the vector generator outputs, are in error. Since
the probability of an integer error increases with the number of clock
cycles, errors will be prevalent when vectors are concatenated to generate
extensive camplex symbology. The present invention, however, eliminates
error accumulation over the generation of multiple vectors by assuring that
no integer error can occur at the end point of any single vector, and by
resetting the fractional portion of each accumulator on the last clock cycle
of every vector in order to d_iscard any error that has accumulated. The
present invention also generates mathematically perfect vectors using the
tangent algorithm, provided that the fractional resolution of the
accumulators is sufficiently high relative to the length of the generated
vector. A mathematically perfect vector has no integer error at any point
thereof. The invention also provides additional modifications to the open-
loop vector geherator that can force the generation of symmetrical patterns
when vectors are concatenated to generate complex symbology.

In the most general approach to a hardware vecto:'geneiatcr, using
the technique of open-loop integration, an accumulatof device is used for
each vector axis. Thus, two accumulators are required for two-dimensional
vector generation, and three are required for three~dimensional vector
generation. Input data buffer registers, one for each accumulator, can be
used to hold the incremental values that are added to each respective
accumulator on eﬁezy cloeck cycle during the generation of a given vector.
In order to control the number of clock cycles that are used in the
generation of a given vector, a counter circuit is also employed.

The hardware circuitry comprising: the set of accumulators; the
input data buffe: registers; the length counter; and all required control

logic, together constitute a vector execution circuit. A low—cost vector
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generator system might incorporate a general-purpose microcomputer along
with suﬁﬁ'a vector execution circuit. The microcomputer can execute output
instructions in order to transfer the required data parameters to the vector
execution circuit and to initiate each vector generation operation. This
approach to vector generation is, however, rather limited in its
performance. For high throughput. vector generation, a special purpose
processor is often employed.

Figure 1 is a block diagram of a special purpose processor that is
designed to execute vector instructions in accordance with the invention.

It is designed for execution of the instruction types that are illustrated
by Figure 1A. The vector processor of Figure 1 is designed for two-
dimensional vectors. Accordingly,.it incorporates two accumulators. The X
accumulator 30 and the Y accumulator 19 are identical in design. The X
accumulator incorporates a register 31 whose integer and fractional input§
are derived, respectively, fram separate integer 32 and fractional 33
multiplexers. Also included in the X accumulator is an adder 34 whose
inputs consist of the X register outpﬁt 47 and an incremental value that is
derived from the output 35 of an X multiplexer 54 that }s external to the X
accumulator. The range of values for the incremental input is genérally of
less magnitude than the range of values of the X register output. However,
the vélue 35 fram the X multiplexer 54 can be sign extended so that the
incremental input to the adder has the same number of bits as does the X
register,

Al though tﬂg X register output 47 incorporates both integer and
fractional bits, only the integer portion thereof is used as the accumulator
output 48. Similarly, for the Y accumulator 16, only the integer portion 28
of the Y register output 27 is used as the accumulator output. For the

application of a display symbol generator for a raster scanned display, the
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X 48 and Y 28 outputs are normally used to address a two-dimensional display
image memory for the purpose of writing-vectors into said memory. For a

caligraphic CRT display, the X and Y outputs are each converted to an analog

signal. These analog signals then control the position of the electron beam

of the CRT for directly "writing" vectors onto the CRT,display screen.

All the registezé and counters of Figure 1 can be loaded or
advanced, as required, on the same edge of a single clock signal, thereby
allowing the use of a single phase clock. During an instruction fetch
cycle, the address of the instruction to be executed is held in the program
counter 61. The output of the program counter 87 is gated through the
multiplexer 63 to the address input 82 of the prcgram memory 64. At the end
of the instruction fetch cycle, the transition of the single phase clock
signal will increment the program counter so that during the next clock
cycle the program counter will hold the program memory address of the next
sequentially higher location in the memory. Said memory location may
contain the next instruction to be executed or may'céntéin the éecénd word
of the instruction that was just fetched.

Note that each of the instruction formats of Figure 1A
incorporates an operation code field that is always located in the more
significant bits of a single-word instruction 128 or in the more significant
bits of the first word of a two-word instruction 18l. At the end of an
instruction fetch cycle, the instruction word (or the first word of a two-
word instruction) is available on the data output 81 of the program memory
64. The transition of the clock signal at the end of the instruction fetch
cycle loads the entire instruction word into the D register 59. Also, the
operation code bits of the instruction word 88 are loaded into the OP cede
register 52; and the lower bits ofifhe instruction word 89, that are used
for a length count in the TAN vector instructioﬁ 164 and in the POLAR VECTOR

instruction 113, are loaded into the L counter 53.
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The output 95 of the OP code register 52 is used by
the control logic 51 during each instruction execution seguence
in drder to derive the control signals that are required for
the proper execution of the instruction. The control signals
required of the two accumulators are shown in Figure 1.
however, in the interest of simplicity, the control signals to
the other blocks of Figure 1 are not depicted. The control
signals to the X accumulator consist of: A carry input 36 to
the least significant bit of the adder 34; A select input 37 to
the fractional multiplexer 33 to control whether the fractional
portion 42 of the adder output 40 or the fixed binary value 43
of .011l...1 is gated to the multiplexer output 45; A select
input 38 the integer multiplexer 32 to control whether the
integer portion 41 of the adder output 40 or the accumulator
input 35 is gated to the multiplexer output 44; and a gated
clock signal 39 for conditionally loading the register 31 of
the X accumulator at the end of a given clock cycle. An
alternative to the use of a gated clock signal 39 would be to
employ a type of register that makes use of the primary clock
signal, which is active on every cycle, along. with.,an enable ' -
signal that determines‘the cycles on which the register is to
be loaded. .
The reference numerals 11-28 denote components in
the Y accumulator 10 identical to those described with respect
to the X accumulator 30.

The preferred embodiment of the invention uses the
binary two's complement number system. The accumulators of
Figure 1 incorporate features that are specifically designed to
accommodate the invention. One such feature is the conditional
carry input to the two's complement adder of each accumulator.
Another is the use of the constant value .0111...1 for the
initial value of the fractional portion of the accumulator.
Still another is the use of separate multiplexers for
independently selecting the fractional and integer inputs to be
loaded into the accumulator register.
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~ On the first cycle of either a jump instruction or a subroutine

junp inséruction, the lower bits of the D register output 84, that
correspond to the address field bits of the jump instruction 121 or of the

subroutine jump instruction 123, are gated through the multiplexer 62 to the

input 86 of the program counter 61 and loaded into the program counter at

the end of the first clock cycle of the respective instruction. The second
clock cycle of these instructions is an instruction fetch cycle. It loads
the next instfuction that is to be executed, which is located at the program
memory address previously loaded into the program céunter. Also, for the
subroutine jump instruction, the output of the program counter 87 is loaded
into the A register 60 at the end of the first clock cycle. This saves, in
register A, the address of the instruction that follows the subroutine jump
instruction. On the first cycle of a return instruction, the A register

output 85 is gated through the multlplexe: 62 tc the program counter input

" 86 and is loaded 1nto the program counter at the clock transition occurrlng

at the end of said first cycle. The second cycle of a return instruction is
an instruction fetch cycle. The return instruction is therefore followed by

the execution of the instruction that immediately follows the most recently

- executed subroutine juwp instruction. It should be appreciated that if

multiple levels of subroutines are required (i.e., nested subroutines), then
the A register 60 can be replaced with a last-in-first-out register stack.'
The load control instruction requires only a single clock cycle
for execution. In addition to being an instruction fetch cycle, this single
clock cycle also Ioads the V register 65 with the lower bits of the output
84 from the D register. These bits correspond to the miscellaneous field
119 and the video field 118 of the load control instruction word. The

output of the V‘reéister 99 can be used to control the video intensity
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and/or the color of displayed vectors. Save of the V register output bits
(e.g., those corresponding to the miscellaneous bits 119) might also be used
to enable/disable a yideo modulation for the generation of vectors having a

selectable dotted or dashed pattern.

On the first clopF cycle of a load bias instruction, the second
word of the instruction, which contains the rotation angle 112, is loaded
into the D register from the output 81 of the program memory. The program
counter 61 is also incremented in order to address the next instruction.

The Eecond clock cycle is an ipstruction fetch cycle, and it also loads the
bias register 57 with the output 84 of the D register. The bias register is
used with polar vector instructions to cause a rotation of the generated

vectors.

The load XY instruction is used to load an initi;l X value 104@ an&
an initial Y value 103 into the X and Y accumulators, respectively. On the
first clock cycle of the instruction execution, the output 84 of the D
register is gated thiouéh‘the addend logic Saité‘the input 92 of the X
multiplexer 54. It is also gated through the X multiplexer 54 to the input
35 of the integer multiplexer 32, gated through the infeger multiplexer to
the integer portion 44 of the input 46 to the register 31 of the X
accuhuiator, and loaded into the integer portion of said register 31 at the
end of the cycle. Also, the value @.1ll...l is gated through the fractional

multiplexer 33 to the fractional portion 45 of the input 46 to the register

31 of the X accumulator, and it is loaded into the fractional portional of

said register at the end of the cycle.
Also on the first clock cycle of the load XY instruction, the

secord word of the instruction, which includes the initial value of Y 163,
is transferred from the program memory to the D register. The program

counter is also incremented. The second clock cycle is an instruction fetch
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cycle. Also on the second clock cycle, the D register is gated through the
addend loéic 58, the Y multiplexer 5@, and the Y integer multiplexer 12, and
is loaded into the integer portion of the register 11 of the Y accumulator.
The value @.lll...l is also gated through the Y fractional multiplexer 13
and loaded into the fractional portion of the register }1 of the Y
accumulator.

On the first clock cycle of either the tan vector or the polar
vector instruction, the program counter 61 is incremented and the second
word of the respective instruction is transferred froﬁ the program memory to
the D register. Note that the length parameter for the tan vector
instruction 184, or for the polar vector instruction 113, which specifies
the number of accumulation cycles to be used in generating the given vector,
would have been loaded into the L counter on the clock cycle that was used
to fetch the respective instruction.

After the first clock cycle of the instruction execution sequence,

the incremental values. that are to be added to the two accunulators are

: .geneiéted. The correct incremental value to be 2dddd to the X aécunulator '

is gated through the X multiplexer 54 to the X accumulator input 35.
Similarly, the correct incremental value to be added to the Y accumulator is
gated through the Y multiplexer 58 to the Y accumulator input 15. Because
of the time ﬁequired for these incremental values to be generated and to
became stable at the respective accumulator inputs, the first accumulation
clock cycle will occur at the third clock cyqle of the vector instruction
execution. For a single step vector, which is determined by the value in
the L counter 53, this third clock cycle would also be the last clock cycle
of the instruction execution, and would therefore be an instruction fetch
cycle. For vectors with multiple steps, the accumulation clock cycles are
repeated, with the L counter decremented at each said clock cycle, until the
value in the L counter indicates the occurrence of the last accumulation

clock cycle, which is also an instruction fetch cycle.
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"For the tan vector instruction, the incremental addend value to at
least one of the accumulators will be either +1 or -l.
The octant code 187 for the vector, which is contained in the D register 59
and which is an input 84 to the control logic 51, determines whether the X
multiplexer 54 or the Y mul?iplexe: 5@, shall gate the fixed value of either
+1l or -1 to its respective output. The octant code also detemmines which of
these two values is to be gated. The other of these two multiplexers will
gate the output 92 fram the addend legic 58. The slope value 108 consists
of only the fractional poztion'of the two's camplement incremental value
that is the correct input to the appropriate accumulator. The integer bits
for this input are appended to the fractional bits by the addend logic 58,
and they are a function of the octant cede. For most cases, the integer
bits will be all ones or all zeroes, according to the sign of the
incremental value-as is detemmined by the octant code. However, the value
of +1 or -1 is required for vectors that are oriented at an angle of exactly
450 fram either the X or the Y axis. Note that the octants are defined so
that a given octant includes only one of the three values: 0; +1; or -1, as
possible slope values. For any of these values, and for only these values,
all of the bits of the fractional slope 198 are equal to zero. Therefore,
the correct integer bits can be appended to the fractional slope value by
the addend logic as a function of the octant code and a function of whether
or not the fractional slope bits are all equal to zero.

The polar vector instruction is designed to allow the simple
rotation of symbology by autamatically rotating all polar vectors by a '
rotation angle'llz that is held in the bias register 57 as a result of the
execution of a load bias instruction. The angle 117 of a polar vector is

loaded into the D register 59 on the first clock cycle of the instruction
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executiori, and it is then added to the output 90 of the bias register 57 in
the adder 56. The output 91 of the adder 56, which is the correct angle for
the rotated vector, is the input to a SIN/COS generator 55. The SIN/COS
generator can be implemented, for example, with read-only-memories, using
the tabie-look-up technique. For the polar vector instruction, the COS
output 94 of the SIN/COS generator is used for the addend input to the X
accumulator and it is therefore gated through the X multiplexer 54. The SIN
output 93 is used for the addend to the Y accuhulator, and it is gated
through the Y multiplexer 58. The first accumulation clock cycle for the
polar vector instruction occurs on the third clock cycle of the instruction
execution, as was the case for the Tan instruction. The last accumulation
clock cycle, as determined by the value of the L counter, is also an
instruction fetch cycle.

_ By loading, the fractional value of .Olll...l into the fractional
pogtions of the accumulator registers 11, 31 on the load XY instruction, the
invention improves the accuracy of vectors generated with both the tan
vector instruction and the polar vector instruction. The accuracy of
vectors generated wiﬁh thé tan vector instruction are further improved by
loading the value of .0Oll...l into the fractional portions of.the
acéunulato: registers on the last accumulation clock cycle of each vector,
which also loads the integer portion of the register with the integer
portion of the output from the accumulator adder 14, 34. Because the number
of fractional accumulator bits is made large enough relative to the maximum
number of accumulation clock cycles fot'any vector, the effect of the akove
technique is to eliminate all errors at the end points of vectors that are
drawn with the tan vector instruction. Also, when the fractional resolution

is sufficient, errors at any point along a vector are eliminated. The
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invention also forces, or favors, the generation of symmetrical
symbology using concatenated tan vector instructions, by
selectively enabling the carry inputs 16, 36 to the accumulator
adders 14, 34 on only the first accumulation clock cycle of
some vectors, whereby said enabling is, for each accumulator, a
function of the octant 107 of the vector.

The program memory 64 of the vector processor is
designed to be time-shared by the vector processor and by a
general purpose processor (not shown). The memory address 83
from general purpose processor can be gated through the
multiplexer 63 to the address input 82 of the program memory.
Data 80 from the general processor can be written to the
program memory so that the general processor can store a
program in the memory for subsequent execution by the vector

processor.
It should be appreciated that various technigues

could be used to improve the performance of the vector
processor shown in Figure 1. For example, two independent
program memories might be used so that memory access conflicts
between the vector processor, and the general proceséor could
be eliminated. Also, the vector execution hardware (i.e., the
accumulators, L counter and required control logic) might be
designed independently from the instruction fetch and format
hardware. With buffer registers, or first-in-first-out memory,
between the hardware of these two functions, the vector
execution operation could occur simultaneously with the
fetching and formatting of new instructions, thereby improving
over-all throughput. The instruction set of the vector
processor, Figure 1A, might also be expanded. For example, it
could include a SIN/COS type of vector instruction. General
purpose instruction types (e.g., Add, Subtract, Load, Store)
could also be included in the instruction set.
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As discussed above, only the integer portions of the X and Y
accumulators are used as outputs. For the application of a raster CRT
display system, the X and Y outputs are utilized to address a two-
dimensional display-image mamory. The vector generator stores a complete
image in the memory by writ@ng the appropriate sequence of vectors. The
memory is then read outrin ;ynchronization with the display raster scan in
order to provide the video information to refresh the display. In real-time
applications, two image memories may be utilized so that the vector
generator can update the display image in one manory while the second memory
is utilized to provide the display video information. The functions of the
memories are interchanged when the vector generator campletes an updated
version of the display image. For many other applications, such as for a
caligraphic CRT display or a numerically controlled machine, analog X and §
signals are required. In these applications, the integer portions of the X
and Y accumulators are applied as inputs to digital-to-analog converters.

A nominal magnitude of one integer unit is often used for the
incremental step size on each of the N clock cycles utilized to generate a
vector. This requires a minimum range from -1 to +1, inélusive, for the
DX/N and DY/N inputs to the accumulators of Figure 1. A general'purpose
design, however, may require a significantly larger range for these inputs.

For example, one design may be utilized in several applications that have

- different resolution requirements. A low resolution application does not

require the entire integer portions of the X and Y accumulators as outputs,

and may utilize only the more significant bits of these integers. The less
significant integer bits (i.e., those not being used for the X and Y
outputs) are loaded with the value zero when the X and Y accumulators are

initialized. The DX/N and DY/N inputs would then be increased in magnitude
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for such low-resclution applications in order to achieve an
adequate incremental step size at each clock cycle of a vector.
High-resolution applications, in particular those utilizing
analog X and Y output signals, can also make use of a larger
than normal step size in order to increase the speed at which
vectors are drawn.

For the tangent vector algorithm and the sine/cosine
vector algorithm, two different approaches are normally
utilized for determining the number of clock cycles, N, to be
used in generating a vector. For the tangent algorithm, the
value of N is normally provided by the absolute magnitude of DX
or the absolute magnitude of DY, whichever is the larger. For
example, if IDA 2 'DYl, then N is given by: N = lDX ; and the
incremental values added to the X and Y accumulators are,
respectively, DX/|DX] (i.e., either +1 or -1) and DY/'DXI. The
value added to the Y accumulator in this case is equal in
magnitude to the tangent of the acute angle defined by the
intersection of the desired vector with the X axis, hence the
designation of tangent algorithm. Scaled versions of the
tangeht algorithm, for example, where N is given by twice thé
larger of IDXI or |DY| or by approximately 1/2 the larger of DX
or DY , will not be described. It is appreciated, however,
that the invention is applicable to such variations of the

tangent vector algorithm.

7 For the unscaled tangent algorithm, at least one of
the accumulators is advanced by exactly one integer unit on
each clock cycle of a vector. For a 45° vector, both

" accumulators are advanced by one integer unit on each clock

30

35

cycle. With the tangent algorithm, the magnitude of the
incremental step size at each clock cycle of a vector is a
function of the vector angle. The incremental step size varies
from a magnitude of 1, for a horizontal or vertical vector, to
a magnitude of the square root of 2, for a 45° vector. The
magnitude of the velocity of the generated vector varies with
vector angle in the same manner as does the stép size.
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The tangent algorithm is inherently more accurate than the
sine/cosix;e algorithm, and it generally results in more aesthetically
pleasing vectors. However, because of the variation in step size that
occurs with the tangent aigorithm, the sine/cosine algorithm is more
appropriate for some applications. For example, in some display
applications, dotted or dashed- vectors are generated by modulating the video
signal on and off with a pattern that is controlled by the accumulator clock
signal. With the tangent algorithm, the distance over which the dot/dash
pattern is repeated, is a function of vector angle. This is due to the
variation in step size with vector angle. This problem does not occur with
the sine/cosine algorithm, since it has a relatively constant step size.

For the unscaled sine/cosine algorithm, the number of clock cycles
used in generating a vector is nominally given by: [DX2 + DY2]1/2, This
results in a step size of one integer unit régardless of the vector-angle.
It is appreciated, however, that the number of clock cycles must be an

integer, and the value N is actually derived by rounding off the value of

[Dx2 + D¥2]1/2 to the nearest integer.

The present invention improves the accuracy_of vectors generated
with either the tangent or the sine/cosine algorithms. However, when used
with the inherentlf more accurate tangent algorithm, the invention can
generate vectors of the highest possible mathematical accuracy. Although
the invention is primarily described herein as applied to the tangent
algorithm, it is also applicable to the sine/cosine algorithm.

Prior to discussing further detailé of the invention, a commonly
employed variation in the hardware implementation of the tangent algorithm
will now be described. Instead of utilizing two accumulators, as

illustrated in Figure 1, the tangent vector algorithm may be implemented
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with tiwo up/down counters (i.e., one for the X output and one for the Y
output) and one accumulator that does not include an integer portion, but
only the circuitry required to detect overflow in the adder from the
fractional accumulator into the integer portion. As described above with
respect to the tangent algorithm, at least one of the outputs (i.e., either
X or Y) advances by exactlf one integer unit on each clock cycle of the
generated vector. This can be implemented by advancing the corresponding X
or Y counter of this alternative implementation, either up or down, on each
clock cycle. The other counter is advanced only on clock cycles in which
the fractional accumulator overflows into the integer units, which would be
on every cycle in the case of a 450 vector. The values of the X and Y
outputs wit% this alternate implementation are identical to those of the

embodiment of Figure 1. In applying the invention to this alternative

implementation, the fractional accumulator is treated, for any given vector,

as‘the accumulator of Figure 1 that corresponds to the axis of the smallest

vector component.

In order to contrast vector generation in accordance with the
Prior art and vector generation in accordance with the present invention,
the following Table 1 illustrates the generation of a vector in accordance

with the tangent algorithm with DX = +3 and DY = -8,

TABLE 1
- 1A 1B
CLCOCK INITIAL VALUE = @ INITIAL VALUE = 4.5
CYCLE X Y X Y
INITIAL [ [/ 8.5 3.5
1 8.375 -1 g.875 -3.5
2 g.75 ~2 1.25 -1.5
3 1.125 =3 1.625 ~2.5
4 1.5 -4 2.0 -3.5
5 1.875 =5 2.375 -4.5
6 2.25 -6 2.75 =5.5
7 2.625 =7 3.125 -6.5
8 3.0 -8 3.5 =7.5
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. Table 1 delineates the initial valués in the X and Y accumulators
of Figure 1 and the values after each of the eight clock cycles utilized to
generate the vector. Table 1A provides the X and Y values for the prior art
generation of the vector and Table 1B provides the X and Y values for
generating the vector with the fractional portions of the X and Y

‘
accumulators initialized to the value of 1/2 in accordance with the
invention. Figure 2A illustrates the pixels illuminated for generating the
vector in accordance with the prior art as delineated in Table 1A. Figure
2B illustrates the vector generated in accordance with the invention as
delineated in Table 1B. It is éppreciated that énly the integer portions of
the values delineated in Table 1 are utilized for the outputs that determine
the illuminated pixels of the displayed vectors illustrated in Figures 22
and 2B. Although the accumulator values in Table 1 are, for convenience,
provided in décimal,the vectors displayed in Figures 2A and 2B are
predicated on a two's complement binary hardware implementation.

The present invention modifies the prior art vector generator to
improve the accuracy of the resulting symbology. The first modification is
to initialize the fractional portion of the accumulators to a value of 1/2,
or to a value of 1/2 léss the value of the LSB of the accumulator (i,e.,
where 1/2 = .10@...0 and 1/2 -1 LSB = .gll...1, in binary two's
camplement) . Ebr the exemplified vector, this modification results in the
accumnulator values delineated in Table 1B above and the corresponding vector
illustrated in Figure 2.

The accuracy of the vector of Figure 2B, initialized to the value
of 1/2 in accordance with the invention, and the vector of Figure 2a,
initialized to zero in accordance with the prior art, may be compared by

lines 71 and 70 drawn between the respective vector end points. The lines
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78 and 71 define the location of the actual vector the hardware is
attempfgng to generate. The line 71, compared to the line 708, illustrates
that the present invention has generated a more accurate vector than the
prior art. In the absence of truncation errors, the present invention
illuninates only pixels that are within the distance of 1/2 the pixel-to-
pixel spacing from the actual vector. This is the closest representation of
the actual vector that can be achieved with a given display resolution, and

it defines a "mathematically perfect vector". The prior art vector

‘generator, which clears the fractional portions of the accumulators when the

integer portions are loaded, can illuminate pixels that approach a distance
of a full pixel-to-pixel spacing fram the actual vector.

Since the correct value of DX/N or DY/N can be an irrational
number, the actual value that is utilized by the vector generator can
incorporate a truncation error. These errors can build up over a number of
clogk cycleé_until the integeg value of an accumulator is in error. This
problem is most likely to occur when consecutive vectors, including blank
vectors, are used to generate extensive camplex symbology. The result is a
degradation in the appearance of the symbology. |

A further modification to the prior art vector generator can
however, prevent this problem. If the accumulator fractions are initialized
to either 1/2 or to 1/2 less 1 LSB; if the number of fractional bits in the
accumulator is K; if the incremental value added to the accumulator is
rounded to the nearest LSB (i.e., to the Kth fractional bit); and if the
number of clock cycles used to generate the vector is limited to a max imum
value of 2K; then the error at the vector end point will be restricted to
the fractional bits of the accumulator. Therefore, by re-initializing the
fractional bits of the accumulators on the last clock cycle of every
generated vector (i.e., by loading them with 1/2 or 1/2 less 1 LSB), the

build-up of truncation errors over consecutive vectors is eliminated.
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The previously described modifications to the prior art vector
generator guarantee that, for either the tangent or sine/cosine algoritim,
every vector will temminate precisely at its correct end point.
Mathematically perfect vectors are, however, not necessarily achieved.
Errors can still occur in the integer portions of the accumulators at
intermediate points along a gene{:ated vector. For the tangent algorithm,
these errors can also be eliminated if the fractional resolution of the
accumulators is increased relative to the maximum vector length (i.e., the
vector length as determined by the maximum number of clock cycles). For
example, if the accumulators have VK fractional bits, then mathematically
perfect vectors aﬁe generated for all vectors with the number of clock
cycles less than or equal to 2K/2,

Even with mathematically perfect vectors, a problem arises in the
generation of symmetrical symbology. When a given vector lies exactly
between two pixels, it is mathematically arbitrary which pixel is
flluminated. When, however, vectors are concatenated to form symbols, this-
choice is no longer arbitrary if symmetrical symbology is to be generated.
An example of this problem is illustrated by the letter "V of Figure 3A.
This symbol, which is clearly unsymmetrical, was generated with a vector -
having DX = +3 and DY = -8 (as in the _previous example), followed by a
vector wi.th DX = +3 and DY = +8. Table 1B delineates the accumulator 'values

after each clock cycle of the first vector. After clock cycle 4, the

m

integer values of X and Y are equ;l to +2 and -4, 'respectively (i.e., as the
accumulator values are expressed in the binary 2's camplement number
system). At Y = -4, the actual vector is at X = 1.5. Therefore, it is
mathematically arbitrary whether the pixel at X =1, Y = -4 or the pixel at
X =2, ¥=-4 is illuninated. Similarly, for the second vector it is
ax:bj.trary whether the pixel at X = 4, Y = -4 or the pixel at X = 5,

Y = -4 ig illuminated.
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Figure 32 illustrates the symbol generated with the accumulator
fractions initialized to 1/2. If the accumulator fractions are initialized
to 1/2 less 1 LSB, then the opposite choices are effected with respect to
which of the mathematically arbitrary pixels are illuminated. The symbol
illustrated in Figure 3B is thus generated. If one of the vectors is
initialized to 1/2, and th; other initialized to 1/2 less 1 LSB, the
resulting symbol will be symmetrical as illustrated in Figure 3C. The
mathematically arbitrary pixel in the first vector is denoted by reference
numerals 75 and 75' and the mathematically arbitrary pixel of the second
vector is denoted by referencé numerals 76 and 76'. Thus, a further
advantage of the present invention is illustrated by the comparison of the
three examples of the generation of the letter "V" depicted in Figures 3a,
3B and 3C.

The present ‘invention generates symmetrical symbology by
initializing the accumulator fractions to the value of 1/2 less 1 LSB, ard
then enabling the accumulator carry input (lines 16, 36 of Figure 1) on the
first clock cycle of same vectors. Enabling the carry input on the first
clock cycle is equivalent to initializing the accumulator fraction to 1/2,
instead of to 1/2 less 1 LSB, and not enabling the carry input. The
decisibn on whether to enable the carry input on the first clock cycle of a .
vector is predicated on the octant in which ‘the vector to be generated
resides.

Figure 4 illustrates the octant definitions utilized in generating
symmetrical symbology. The following Table 2 provides two algorithms for
the generation of symmetrical symbology utilizing concatenated vectors with

the tangent vector generation algorithm.
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TABLE 2
CARRY INPUT ON 1ST CLOCK
ALGORITHM AXIS OCTANT %
g1 1 121 314T75T67]7
X 111l * ] *lofJof«*
#1 Y O *1*11{1]*]+*7T0
X O jJOo x| x ] 11171 =
#2 Y Li*/*j0oJO0 | *[+*171

10

20

* = DON'T CARE
The algorithms of Table 2 are implemented by a portion of the control logic

51 of the vector processor of Figure 1. The X and ¥ carry input signals are
applied to the lines 36 and 16, respectively.

» In the embodiments of the invention heretofore described, the
values DX/N and DY/N are provided by rourding to the LSB bit position of the
accumulators. The aspects of the invention regarding symmetrical symbology,
as discussed, did not consider the éffect of truncation errors with respect
to the choice between two mathematically arbitrary pixels. The possibility’
of truncation errors requires that, to guaréntee the generation of *
symmetrical symbology using concatenated vectors, a different truncation
élgorithm must be utilized in providing the DX/N and DY/N signals. For K
fractional bits, symmetrical symbology, as-well as mathematically perfect

vectors, can be generated with vectors having up to 2¥/2 clock cycles.

However, when the number of clock cycles is an even integer, the DX/N or-

DY/N value must be truncated for all vectors in octants with the carry input
to the correspording accumulator disabled on the first clock cycle of the
vector. Also, when the number of clock cycles is ;n even integer, the DX/N
or DY/N value must be rounded up, when not represented exactly in K
fractional bits,for all vectors in octants with the carry input to the
corresponding accumulator enabled on the first clock cycle of the vector.
For vectors with an odd number of clock cycles, the DX/N and DY/N values are

always rounded to the nearest LSB.
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Alternatively, for K fractional bits, symmetrical symbology is
generated if the maximum number of clock cycles in a vector is limited to
2(K=1)/2, and if the DX/N and DY/N values for all vectors (i.e., regardless
of whether the number of clock cycles is an even or odd integer) are
determined in the same manner as described above for the vectors having an

even number of clock cycles.

It is appreciated that the software system that establishes the
value for the slope 188 of the tan vector instruction word of Figure 1A
accommodates the above-described limitations so that symmetrical symbology
is generated in the presence of truncation errors.

Referring again to Figures 3A-3C, the advantage of symmetrical
symbology generated in accordance with the present invention is exemplifigd
by a camparison of Figure 3C, which was generated by algorithm number 1 of
Table 2 above, with Figures 3A and 3B which are non-symmetrical. Referring
to Figures 5A and 5B, the advantages of the symmetrical symbology aspect of

" the present invention are further ‘exemplified. Figure SA illustrates the

generation of an octagon in a counterclockwise direct%on with
mathematically perfect concatenated vectors. The accumulator fractions are
initialized to one-half in accordance with the invention. Tﬁe octagon of
Figuie 5B is generated in the counterclockwise direction utilizing
concatenated vectors with algorithm #1 of Table 2. The advantages of the
present invention regarding the generation of symmetrical symbology are
appreciated by comparing the ;ppearance of the octagon of Figure 5B with
that of Figure 3A.

As previously described, the present invention can utilize the
sine/cosine vector generation algorithm to eliminate error accumulation when

generating concatenated vectors. Unlike the tangent algorithm, however, the

sine/cosine algorithm cannot generate mathematically
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perfect vectors. Nevertheless, the sine/cosine algorithm can be utilized to
generate symmetrical symbology with concatenated vectors. The following

Table 3 defines four symmetry algorithms for sine/cosine vector generation.

TABLE 3
CARRY INPUT ON 1ST CLOCK

OCTANT # I

ALGORITHM | AXIS Ol 1121374571671 71
X l]1J1T1TJo0foloTo
#1 Y Olol1]ITI I TOoT Do
X OlOoOJOoTJoOI[ITIT T
2 Y lLll]lolo0Jolol T
X oll]l1Jo0[TIf{olol1
3 Y Ol1JoJIJIToTl1T0
X 1 0 0 1 0 i1 1 [0}
$4 Y 1 0 1 0 0 1 0 1

The octant definition with respect to Table 3 is illustrated in Figure 4.

It is noted that the algorithms utilized to generate symmetrical symbology
using the sine/cosine technique are similar to those for the tangent
algorithm, except that the accumulator carry inputs on the first clock cyci;
are never "Don't Cares", as is the situation in half of the table entries of
Table 2 above,

Referring to Figure 6, an annotated octagon is illustrated for use
in the development of the symuetry algorithms. The octagon is drawn with
concatenated vectors in the counterclockwise direction and the numbers
inside éhe octagon denote the octant of each such vector. The notations
outside the octagon provide the X and Y directions from each vector toward
the outside of the octagon. Specifically, the notations outside the octagon
comprise two notatiéhs associated with each vector, one of which is either
X+ or X-, and the other of which is either Y+ or Y-. For each vector, the
notations indicate which X direction (i.e., X+ or X~) and which Y directionv, -
is on the side of the vector that lies outside of the octagon. Enabling the
carry input on the first clock cycle will bias an accumulator, and the

associated component of the
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1 generated vector, toward the positive direction (i.e., toward
the X+ or Y+ direction). Similarly, by disabling the carry
input on the first clock cycle, the accumulator is biased
toward the negative direction (i.e., toward X- or ¥-).

5 Symmetrical symbology is generated if the carry inputs to the
accumulators are selected in accordance with the bias that is
shown in Figure 6 to always select between mathematically
arbitrary pixels such that the pixel towards the outside of the
octagon will be illuminated. Assuming that the octagon is

10 drawn in the counterclockwise direction, this selection results
in algorithm #1 of Table 2, for vectors generated with the
tangent algorithm, and algorithm #1 of Table 3, for vectors
generated with the sine/cosine algorithm. Symmetry will also
result if the carry inputs are selected so that the pixels

15 toward the inside of the octagon are illuminated. This results

in algorithm #2 in both Tables 2 and 3. It is noted that

algorithm $#1 illuminates the pixels that are toward the outside

of the octagon only when the octagon is drawn in the
counterclockwise direction and illuminates the pixels that are

' 20 toward the inside when the octagon is drawn in the clockwise -
direction. Similarly, algorithm #2 illuminates the inside
pixels when drawing the octagon in the counterclockwise
direction, and the outside pixels when drawing in the clockwise
direction. _

25 i For the sine/cosine technique, two additional
algorithms are provided for the generation of symmetrical
symbology. Algorithm #3 of Table 3 results from the selection
of the outside pixels for the axis that corresponds to the
shortest component of each vector, and the selection of the

30 inside pixels for the axis that corresponds to the longest
component of each vector, when the octagon is generated in the
counterclockwise direction. Similarly, algorithm #4 results
from the selection of the inside pixels for the axis that
corresponds to the shortest component of eacﬁ
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vector, and_ the selection of the outside pixels for the axis that
correspords to the longest component of each vetor, when the octagon is
generated in the cour;terclockwise direction. In the manner described above
with respectrto Table 2, Table 3 is implemented by a portion of the control
logic 51.

As described above, the present invention eliminates truncation
errors at the vector end point. The following is an error analysis for the
correct vector end point and provides a derivation of the maximum error at a
vector end point. '

Assume a vector is drawn from point Xj, Yj, to X3, Y. Then, DX =
X2 - X] and DY = Y3 - Y;, where DX and DY are integers. If a total of N
clock cycles are used to generate the vector, the incremental values that
should be added to the X and Y accumulators at each clock cycle are given by
DX/N and DY/N, respectively. Consider only the error in the Y accunulator.
The analysis is aiso valid for the X accumﬁlator because of symmetry.

The actual value added to the Y accumulator on every clock cycle
is given by.DY¥/N + e, where the error temm, e, is given by:
1) e = Actual Value - Correct Value = [DY/MN + e] - DY/N. The error term
results from the necessity of representing DY/N with a finite number of
fractional bits. If DY is an irrational number,-then its exact
representation in 2's camplement binary requires an infinite number of
fractionai bits. If the accumulator has K fractional bits, the weight of
the Least Significant Bit (LSB) of the accumulator is equal to 27K, In the
exact 2's complement representation of DY/N, all the bit positions to the
right of the KTH fractional bit contribute same value, E, to the total
amount of DY/N (where E is greater than, or equal to, zero; and is less than

2-K). If the value added to the accumulator is derived by dropping (i.e.,
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truncating) the value E fran_the exact representation of DY/N, e will be
given by:
2) e = -E (for truncation)
1f, for the case when E > 1/2 LSB, the value added to the accumulator is
rounded up (i.e., by add;?g(+l to the LSB and truncating the value E), then
3) | e = LSB - E (for rounding up).
The integer portion of the Y accumulator is initially loaded with the value
Y1, and the fractional portion of the accumulator 'is initialized to the
value of 1/2 or to the value 1/2 less 1 LSB. If the initial fractional
value of Y is designated as F, then the value of the Y accumulator at the
vector end point (i.e., after N clock cycles), is given by
4) Y=Y1+F+[(DY/N)+e]N=Yl+DY+F+e.N,
where ¥j and DY are integers and F is the initial value of the fraction. If
no error is allowed in the integer value of th%-y accumulator, then:
5) OKF+eN<1
Using worst case values of F (i.e, 1/2 for the positive limit and 1/2 less 1
LSB for the negative limit), and solving for e, gives:
6) -(1/2N) + (LSB/N) < e < 1/2N |

_ The number of fractional Bits in the accumulators must be large
enough so that the error tem in the incremental value added to the
accumulator is within the range defined by inequality 6); where N is the
number of clock cycles used to generate a vector, and LSB is the value of
the least signifiant .bit of the accumulator. This will ensure that the
integer value of the accumulator will not be in error at the vector end
point. Tﬁe fractional portions of the accumulators can then be initalized
(i.e., loaded with 1/2 or with 1/2 - 1 LSB) on the last clock éycle of every

vector., This will prevent error build up on consecutive vectors.
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1 — If K bits are available to define the value N, then the maximum
number of clock cycles is equal to 2K, (Note that zero length vectors can
be disallowed.r The value of N can then be defined as one greater than the
- number defined within the K bits). It will now be shown that with N < 2K, a
5 total of K fractional bits are sufficient to meet the requirements of 6).
The worst case value of N, relative to inequality 6), is given by
2K-1 (note that e will be O for N = 2K, Substituting into 6), with LSB =
27K, gives: ' .

- 1 + 27K <ex 1
10 LS Ey] K1 pLE2 )

The actual value used for DY/N can include an error value, e, due to the
limitation of K fractional bits. If any number between -1 and +1 were .
possible for the correctrvalue of DY/N, then by rourding to the closest LSB

(i.e., nearest 2-K), the actual range of e would be given bys’

Is 8) - 1 <e<. 1

If the actual range of e (given by inequality 8) lies within the required

range (given by inequality 7), then K fractional bits would indeed be

sufficient to Prevent integer errors at the end point. This is clearly the

case for the positive limits of the -inequalities. It is not, however, the
20 case for the negative limits.

If inequality 6) is solved for N = 2K-2, then the result is given by:

9 - 1 + 2-K <e< 1

2R¥ LA R LS S S
It can be demonstrated that the negative limit of 8) is equal to

5 the negative limit requirement of 9). Therefore, K fractional bits are
sufficient to prevent integer errors with vectors having 2K -2, or fewer,

clock cycles.

SUBSTITUTE SHEET



PCT/US89/04911

WO 90/05355

10

15

20

25

-31-
Inequality 8) was deﬁived under the assumption that DY/N could be any value
between -1 and +l. Because this is not precisely true, the negative limit
of inequality 8) is less than. the value that can actually occur. The limit
assumed a truncated value, E, that is arbitrarily close to (but still less
than) the value of 1/2 LsB Ewhe:e 1/2 LsB = 2 =K=1), A more exact value for
the negative limit of e will now be determined.

If the correct value to be added to the Y accumulator,

DY/N, is divided by the weight of the LSB (i.e.; by 27K), this has the
effect of moving the binary point to the right by K bit positions,

Therefore, the fractional portion of the result of this division will

consist of all the bits to be truncated in deriving the value that will be

used to approximate DY/N (i.e., in deriving the value (DY) + e). If the

worst case fractional result of this division (i.e., the fraction that is

closest to, but still less than, 1/2) is multiplied by the weight;of the

LSB, this will give the magnitude of the worst case negative limit for e.
The previously prescribed division can be expressed as:

19) OY) . _1 =Q+R
™ LB N

where Q is an integer and R is a positive integer that is less than N. The
largest value of R/N that is less than 1/2 occurs when N is the largest '
possible odd integer. It is given by:
11) Fraction = N/2 -1/2 =  N-1

N 2N
The magnitude of the negative error limit can now be determined by
multiplying this fraction by the LSB (i.e., where LSB = 2-K and N = 2K-1).

The result is given by:

12) Neg. limit = - 2K .1-1  (2K) =- 1 + -kl
. -3 (_ZK_-l) IRTL =7 2RFL -2

Substituting this value for the negative limit of inequality 8) gives:
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13 - 1 + 2K+l e ¢ 1
28T 22 LS L

Inequality 13) gives the actual limits in the error term of the value that
is added to the accumulator (i.e, for K fractional bits and 2X maximum clock
cycles). These limits lie within the required limits that are given by
inequality 7). (In fact, the negative limits of inequalities 7) and 13) are
equal). Therefore, no er;:c;r can occur in the integer bits of the
accumulators at the vector end point when:
1) The accumulator fractions are initialized ta either 1/2 or 1/2 - 1 LSB.
2) K fractional bits are available for the accumulators; 3) the value added
to an accumulator is rounded to the nearest LSB (i.e., to the K'H fractional
bit); and 4) a maximum of 2K clock cycles is used to generate the vector.
Increasing the fractional resolution of the accumulators beyond
that required for the elimination of vector end-point errors, can, with the -
tangent algorithm, result in tl‘!e gengrat:ion of mathematically perfect C .
vectors. The following é:rc;r analysis derives the resolution requirements
for mathematically perfect vectors. The redquirements for cambining
symmetrical symbology with mathematically perfect vectors are also derived.
Assume a vector is drawn from point Xj, ¥ to point X, Y.
Let X3 - X} = N, and Y3 -~ ¥] = M. Both N and M are integers. Consider the
tangent al;;orittm with |N| cloc;k cycles (i.e., |N| > |M].
CASE $#1: initial value of accumulator fraction = 1/2. The "co:réct“ value
for the Y accumulator after clock cycle "i" (i.e., with no truncation
errors) is given bj‘_r:'

14) Yo(i) =¥+ 1 +_ M .1
2 [N]
But the approximate value that is added to the Y accumulator is given by:

M/ |N|) + e, where the error tem, e, results fram truncation {and possibly
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from rounding). Therefore, the "actual" value of Y after clock cycle 1 is:

15) C oYa() =¥+l 4 M Li4e.i
2 IN]

Note that e is given by:
16) e = Actual slope value - Correct slope value =
[(M/|N]) +e] -M/|N|
Therefore, if the value E (;s defined above) is dropped (or truncated) from
the correct value to form the actual value used, then:
17) e = -E (for truncation)
If the actual value is derived by rounding up (i.e., by adding +1 to the LSB
and then truncating the value E) (i.e., when E > 1/2 LSB), then:
18) e = LSB - E (for rounding up)
The temm, (M/]N]).i, in equations 14) and 15) can be expressed as:

19) M .1 = Q + R

T T
where Q and R are both integers ,-and |RAN| < 1. °

Substituting into equations 14) and 15) gives:

20) Yo(i) =¥1+ 1 +Q+ R
2 _ [Nl
+Q + R + e.d
N
The highest susceptibility to an error in the integer value of the Y

21) YA(J'.) = Y1 +

0o 1

accumulator occurs when R/[N{ is very close to (but not equal to) +1/2 or
-1/2. (When R/|N| = + 1/2, either of two integers is a "mathematically"
equivalent approximation to the Y value. Therefore, this case is relevant
to generating symmetrical symbols (e.g., N =6, M =1 or 5), but is not a .
worst case for gene;ating "mathematically™ corréct vectors). The R/|N| temm

will be closest to +1/2 when N is an odd integer, and when N is large. For

. these cases,

22) R= + N + 1
2 2
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Substituting into 28) and 21) gives:
23)- ey =y + 1 +Q+ 1 + 1
2 2 Y
24) ‘ ) =¥+ 1 40+ 1+ 1 4ei
2 2 2N

10

15

20

‘ot

where the sign'of the term +1/2 will be the same as the sign of the value
Q, and N is a large odd integer.

If ¥p(i) is to have the same integer value as Yo(i) then, fram
equations 23) and 24),

25) -1 Leik 1 |, and

2N | 2N |
26) -[L | e < 1 |
2N1 N1

The most stringent requirement on e occurs when N is the largest magnitude
odd integer, and-when i is gjven by: Y-

27) i=|N] -1

(Note that when i '= [N], the vector end point is attained and the error
sensitivity is very low).

Now, if L bits are available. to specify the vector length (i.e., the number
of clock cycles), and if zero length vectors are not allowed; then the
maximum length is given by 2L, and the maximum odd value is:

28) N =201

Substituting 27) and 28) into equation 26) gives:

29) - 1 <ex 1

2<LT LU 0¥ 50FL 13 = 24LFLT OLFZ OLFL 44
It would therefore be sufficient (but not quite necessary) to require

that:

30) - 1 < e < 1
24LF1 - 240FL

in order to prevent errors in the Y integer for Case $l with the fraction
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initially equal to 1/2. This requirement, which is more
stringent than 29), is the result of rounding the value of M/N
to the nearest value that can be represented with 2L fractional
bits. Therefore, "mathematically" perfect vectors will result
with 2L fractional bits, rounded slope values, and fractions
initialized to 1/2. It can be demonstrated that 2L-1
fractional bits would be insufficient for this case (e.g., with
N =55, i =54, M = 27).

CASE §2: Initial value of accumulator is equal to 1/2 less

the LSB of the accumulator fraction.

This case is of interest primarily for the special
case of forcing symmetrical symbology for concatenated vectors.
For vectors that are exactly between two pixels, the system
must control which of the pixels is illuminated if symmetrical
symbols are to result.

As a first step, it will be determined if
"mathematically" perfect vectors will result for the same
criteria as for Case #1 (i.e., with L-bits for vector length,
2L fractional accumulator bits, and rounded values of M/N).

The “"arbitrary" case of a vector being'exéctly between two
pixels will not be considered.

The equations for the "Correct" value of Y and the
"Actual" value of Y are given by:

31) Yo(i) =Yy +1/2-LSB+ __M .i, and
IN|
32) - Yp(i) =Yy +1 - LSB + M _.i + ei, where
2 TN

33) LSB = 2%

Recalling from Case #1 that:
19) i=0Q+ R , gilves:

M .
1N "IN
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1 34) . Yc(i)=21+%_-LSB+Q+ R, and
N

35) Ya(i) =¥y + 1 -LSB+Q+ R +ei
2 N

The greatest susceptibility to an error in the integer value of Yp(i) occurs
when R/]N] is close to (but not equal to) +1/2 or -1/2. (Note that when

5 R/|N| = + 1/2, then the vector will be exactly between two pixels and it is
maéhanatically arbitrary which pixel is illuminated. This case is not of

immediate interest). The R/|N| term will be closest to + 1/2 when

22) R=+ N+ 1,
-2
where N is a large odd integer.
10 Substituting into 34) and 35) gives:
36) fef) =vp + 1 -LSB+Q+ L + _1
2 2 2N
37N Ya(i) =¥1 + 1 -LSB+Q+ 1 +_1 +ei
. _— 2 2 TN
Fram equations 36) and 37)
38) -_1 +LsB<ei<_1 + LSB,
2N 2N
15 if no error is to occur in the integer value of Yp.

Solving for e, and substituting 33), 28) and 27) for LSB, N, and i,
respectively, gives:

39) - 1 + 1 <ex 1 + 1
(25F1-2) (25<7) 2%C(2Lg) (2LF122) (25=2) 225(26=7)

The above expression defines the acceptable range of e for the
20 generation of mathematically perfect vectors. The actual range of e for 2L
fractional bits with rounding of M/N was given by:

30) - 1 < e < 1
— 22CFL - 22071

Since the acceptable range of e in 39) has a smaller magnitude for the

negative limit of the range than for the positive limit, it will only be
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necess;rf to campare the negative limits of 30) and 39). If the magnitude
of the acceptable negative limit of 39) is larger than (or equal to) the
magnitude of the éctual negative limit of 30), then 2L fractional bits are

sufficient for mathematically perfect vectors. This is shown to be true as

follows:
1 - 1 27 1
(20%122) (2B<2) 24L(2L-2) 24LFT
2L+l o (2L+1 -2) >? (2L+1 -2) (2L -2)
(2BFI22) (2b=2) 2&+1 (257122) (28=2) zaﬁ-l.
2L+l _oL+2 44 >? 22L+1 _oL+2 o L+l 44
QED

It has now been demonstrated that "mathematically" perfect
vectors will result when: the fractional portions of the accumulators are
initialized to either 1/2 or to 1/2 less 1 LSB; the slope value is rounded
to the nearest LSB; and 2L bits are available for the slope and accunulator
fractions (i.e., vqherg L bits define the vector length in terms of the
number of accumulaéor‘clock cfcles). When the desired vector lies exactly
between two pixels, it is mathematically arbitrary which pixel is
illuminated. However, if symmetrical symbology is desired when vectors are
concatenated to form symbols, then it is no longer arbitrary which of these

mathematically equivalent pixels is illuminated. .
If the problem of truncation errors is neglected, then

synmetrical symbols can be generated with chained vectors by using an
algorithm that ihitializes the accumulator fractions to either 1/2 or to 1/2
less 1 LSB, depending on the direction (i.e., the octant) of the vector to
be drawn. This can also be accanplished by always initializing the

fractions to 1/2 less 1 LSB, énd then forcing a carry input to the
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accumulator/adder on the first clock cycle of vectors that are in selected
octants. Then for octants with the carry input enabled (i.e., on the first
clock cycle only), the larger, or more positive, of two mathematically
equivalent integers (pixel locations) will be selected. For actants with
the carry input disabled, the lesser,or more negative, of two mathematically
equivalent integers is selec;ted. This approach generates symmetrical
symbology, using chained vectors, when the slope value is exact. When,
hnwevér ¢+ the slope cannot be represented exactly by 2L fractional bits, then
a different approach to truncation is required (i.e., other than rounding to
the nearest LSB). .
CASE #3: Symmetrical vectors for octants with carry input enabled.

This case is equivalent to initializing the accumulator fraction
with 1/2 and not enabling the carry input (i.e., as in Case #1). The

equations for the correct and the actual values for the Y accumulator were

given by:
20) Yo(i) =¥+ 1 +Q+_R
2 |N|
21) Ya(i) =¥1+ 1 +Q+ R +ei

2 N
For the mathematically arbitrary case: R/|N| = + 1/2. The carry input was

enabled on the first clock cycle in order to force the larger of the
matheﬁatically equivalent integers for the Y accumulator. Therefore,
considering only the case where R/ [N| = +1/2, if no error is to be allowed
in the integer value of Yp(i), then:

40) 0<e.i<1l.

Of course, inequality 3¢) must still be met (i.e., in addition to 44), to
meet the requirements for mathematically corzect vectors. Inequality 40)
requires that, for symmetrical symbology, a simpie truncation can no longer

be used on the slope value of vectors that are in octants that have the
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carry input enabled on the first clock cycle. If the slope
value cannot be exactly represented, then it must always be
rounded up to the next LSB. Using this_method to derive the
slope value, and meeting the requirements of both inequalities
30) and 40), would require a minimum of 2L + 1 fractional bits
for the accumulators and the slope value. The slope error
would then be given by:

1 0<ecX 1
41) Le —s2trr—

By separating Case #3 into two distinet "subcases",
and by using different algorithms for determining the slope
values for these subcases, it is possible to have
mathematically correct vectors and symmetrical symbology with
only 2L fractional bits (i.e., instead of 2L+l bits).

CASE $3A: Carry input enabled with N, an odd integer -

It is noted that a vector can lie exactly between
two pixels only when the term R/N of equations 20) and 21) is
given by + 1/2. But, since R and N are integers, this is only
possible when N is an even integer. Therefore, when N is odd,

. the error term can be given by: * . .
30) - 1 < e X 1
—32LF¥I -  T3ZLFr

25

30

as in Case #1. This requires 2L bits for the slope value with
rounding to the nearest LSB.
CASE #3B: Carry input enabled with N, an even integer

The analysis of Case #1 examined the worse case
error susceptibilit?, which occurs when N is an odd integer.
Therefore, this must now be considered for the case with N an
even integér. Equations 20) and 21) show that the highest
susceptibility to an error in the integer value of Yp occurs
when R/|N| is very close to (but not equal to) +1/2 or -1/2.
(The case for R/|N| = + 1/2 pertains only to symmetrical

. symbols and results in the inequality of 40)).

The worst case error susceptibility for the case

with N an even integer occurs when .

SUBSTITUTE SHEET



10

*15

WO 90/05355

PCT/US89/04911

=40~

42) R=+ N+l

[NT}-4

Substituting into equations 20) and 21) gives:

43) Yé(i)=¥l+;_+Qili_]__
2 2 N

44) i) =¥+ 1 +Q+ 1 + 1 +ei
2 2 *N

"
Therefore, to prevent errors in the integer value of Ya(i) requires

that:
45) - 1 e .1¢ N
. mEini BElN
The most stringent requirement on e occurs for large values of N ard i,
and specifically for
46) N = 2L-2, and

47) i=N-1, .
where L bits are available to specify the vector length. (Recall that N is

an even integer, and note that N = 2L will not result in truncation errors
for the slope value).
Substituting 46) and 47) into 45) and solving’e gives:

48) - 1 | <ex 1
2L (T + 6 2L (3L 7 §

It would therefore be sufficient to require that:
49) - 1 <e < 1

. 3 = Tam
which could be realized with 2L-1 fractional bits with rounding of the slope
value to the nearest LSB. 1If, however,symmetrical symbology is required,
then both 48) and 49) must be met. This gives:
58) 0<eX 1

=T TEme

This requirement must be met when N is an even integer and the carry is
enabled (on the f:‘irst clock cycle), in order to force symmetrical
symbology. The requirement is met with 2L fractional bits for the slope.

When the slope value is not exact, it must always be rounded up to the next

LSB value.
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To camplete the analysis for symmetrical symbology, the case for
octants with the carry input disabled is now examined.

CASE #4: Symmetrical symbology for vectors in octants with the carry input

disabled.
This case is similar:to Case #2 and the equations for Yo and Yp were

given by:

34) Yo(i) =¥y + 1 -LSB+Q+ R
2 - [N

35) Ya(i) =¥ + 1 =-LSB +Q + R +ei
2 N

For the mathematically arbitrary case: R/|N| = + 1/2. If no error is
allowed in the integer value of Yp for this case, then:
s1) -l +LsB<eiO
(Note that the actual upper limit of "ei < 1 LSB" has been simplified to
"ei<0". These limits are equivalent for all practical purposes due to the
slope refqlution of 1 LSB). o

Cambining the inequalfty of 51), reéuized for symmetry, with the
inequality of 30), required for mathematically correct vectors, gives:
52) - 5 1 <eX0

This range of slope error can be obtained by always truncating, or
dxoppiné, all fractional bits of lower significance than the LSB; and by
using a minimum of 2L + 1 fractional bits. However, only 2L fractional bits
are required if this case is divided into two subcases, as was Case #3; and
different algorithms are used for determining the sloge values of each
subcase.
CASE 4A: Symmetrical symbology; carry input disabled; and N is odd integer.

As noted in Case #3A, the temm R/]N| cannot equal +1/2 when N is

odd. Therefore, this case is equivalent to Case #2. The error limits are

given by 30), 2L fractional bits are required, and the slope value must be

rounded to the nearest LSB.
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CASE 4B: Symmetrical symbology; carry input disabled; and N is an even
integer.
As with Case #3B, the worst case error susceptibility, for N an
even integer, occurs when:

42) R=+ N +1

Ll
2

Substituting 42) into equations 34) and 35) for Yo and Yp gives

53) Yo(i) = ¥; + 1 - LSB +Q + 1+ 1
2 2 N

54) ai) =¥1 + 1 -LSB+Q+ 1 + _1 +ei
. 2 2 N

If no error is allowed in the Yp(i) integer, then:

55) -_1 +ISB<ei<_1 +LSB
N N

Substituting for LSB, N, and i in equation 55) (from equations 33), 46)

and 47)) gives: .
56) - 1 T o+ 1 cev 1 1
(2b=2) (2L-3) 2<L(2L.3) (2b=2) (2L=3) 24L(2l.3)

It can be shown that more stringent limits are expressed by:

57) ' - 1 < e ¢ 1
, , —I. - =5z

which requires only 2L-1 fractional bits with rounding. Combining
41) and 57), however, gives:
58) - 1 <exo
I <

This can be met with 2L fractional bits and truncation of the slope value
(i.e., never rounding up).

The foilowing is concluded from the foregoing Error Analysis for
Perfect Vectors and Symmetrical Symbology.

1) For "Mathematically" Perfect Vectors (Tangent Algorithm)

Fractional portions of accumulators should be initialized to 1/2,
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or to 1/2 less 1 LSB, when accumulators are loaded (i.e., initial position

instruction).

Fractional portions of accumulators should also be loaded with 1/2,
or 1/2 less 1 LSB, on the last clock cyéle of every vector. (This
initializes fractions for the execution of consecutive vectors by clearing
any error accumulation). ‘

If the initialization value of 1/2 less 1 LSB is used, then the
adder carry input can be enabled on the first clock cycle of a vector. This
has the same effect as changing the initialization value to 1/2.

The slope value to be added to one of the accumulators should be

rounded off to the nearest LSB.

If K bits are available for the slope and for the accumulator

fractions, then vector lengths of up to 2K/2 clock cycles can be generated

with mathematical perfection. (For an Accumulator with an 1l-bit fraction,

" this allows maéhematically perfect vectors of up to 45 steps).

Vectors that are longer than 2K/2 clock cycles, and therefore might
not achieve mat&enatical perfection, can also be drawn. However, no vector
longer than 2K clock cycles should be drawn (where K is the number of
fractional bits in the accumulator and in the rounded slope value). This
restriction is necessary in order to guarantee that no errors will occur in
the integer portions of the accumulators at vector end points.

It is noted that "Perfect Véctors" illuninate only pixels that lie
within half of the pixel-to-pixel spacing fram the actual desired vector.

2. For Symmetrical Symbology

Symmetrical symbology from chained vectors can be generated by
controlling which of two pixels is illuminated when both are equally distant

from the desired vector. This is achieved by always initializing the
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accumulator fractions to 1/2 less 1 LSB and by enabling the
carry input to an accumulator adder, or to both accumulator
adders, on the first clock cycle of the vectors in certain
octants.

Although symmetrical symbology can be achieved with
either the SIN/COS or the tan vector generator algorithm, only
the tan algorithm also results in the exclusive generation of
mathematically perfect vectors. The basic resolution
requirement for the accumulator fractions is, in fact, the same
for the generation of symmetrical symbology as for the
generation of mathematically perfect vectors with the tan
algorithm. However, a different algorithm must be used to
derive the values that are added to the accumulators. Two such
algorithms are available.

For accumulators having K fractional bits, symmetry
can be realized for all vectors that are generated with a
maximum of 2K/2 clock cycles if: 1) the values added to the
accumulators are derived by rounding to the Kth fractional bit
for all vectors having an -odd number of clock cycles, and 2)

for vectors having an even number of clock cycles, the value

added to an accumulator having the carry input disabled on all
clock cycles is truncated to K fractional bits; and 3) also for
vectors having an even number of clock cycles, the value added
to an accumulator having the carry input enabled on only the
first clock cycle of the vector is rounded up (i.e., by adding
1 to the Kth fractional bit position) when not represented
exactly within the K fractional bits. Note that the carry
inputs to the accumulators on the first clock cycle of each
vector are determined by the octant of the generated vector
according to one of the symmetry algorithms of Table 2 or
Table 3.

) Again for accumulators having K fractional bits,
symmetry can also be realized for all vectors that are
generated with a maximum of 2(K-1)/2 3ok cycles if: 1) the
value to be added to an accumulator having the '
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carry input disabled on all clock cycles is truncated to K fractional bits;
and if 2) the value added to an accumulator having the carry input enabled
on only the first clock cycle is rounded up when not represented exactly
within the available K fractional bits.

Neither of these algorithms, for deriving the values to be added to
the accumulators, would normaily be used for vectors having more than the
maximum number of clock cycles for symmetry. The second algorithm can
result in errors in the integer bits of the accumulators, at vector end
points, for vectors having more than 2K-1l clock cycles.

While the invention has been described in its preferred
embodiments, it is to be understood that the words which have been used are
words of description rather than limitation and that changes may be made
within the purview of the appended claims without departing from the true

scope and spirit of the invention in its broader. aspects.
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CLAIMS

1 1. Vector generator apparatus for generating a vector having an

2 initial point and an end point comprising:

3 first accumulator means having a first integer portion and a first

4 fractional portion, said first integer portion providing a signal

5 representative of a first component of said vector,

6 second accumulator means having a second integer portion and a

second fractional portion, said second integer portion providing a signal

8 representative of a second component of said vector, and

9 first and second presetting means for presetting said first and
10 second fractional portions, respectively, to a non-zero value prior to
11 generating said vector so that no error exists in said first and second
12 integer portions at said end point of said vector.

i 2. The apparatus of Claim 1 wherein:

2 7 said first presetting means comprises means for presetting said

3 first fractional portion to a value selected fram the group consisting of

4 the value of one-half and the value of one-half less the value of the least

5 -significant bit of said first accumulator means, and

6 said second presetting means comprises means for presetting said

7 second fractional portion to a value selected fram the group consisting of

8 the value of one-half and the value of one~half less the value of the least

9

significant bit of said second accumulator means.
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3. The apparatus of Claim 1 wherein each said first and second

accumulator means has a carry input and said first and second presetting

means camprises:

means for presetting said first fractional portion to a value of
one-half less the value of the least significant bit of said first

accumulator means,

means for presetting said second fractional portion to a value of

one-half less the value of the least significant bit of said secord

accumulator means,

first carry enabling means for selectively enabling said carry

input of said first accumulator means, and

second carry enabling means for selectively enabling said carry

input of said second accumulator means.
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4. The apparatus of Claim 3 wherein:

said vector is generated at an angle residing in one
of a plurality of angular sectors, and

said first and second carry enabling means comprises
means for selectively enabling said carry inputs of said first
and second accumulator means in accordance with said angular
sector so that said vector generator apparatus generates

symmetrical symbology.

5. The apparatus of Claim 4 wherein said plurality of
angular sectors comprise eight octants.

6. The apparatus of Claim 2 further including:

clock means having clock cycles for controlling
generating said vector,

First incrementing means for providing a first
incremental value signal to said first accumulator means for
accumulation therein during each said clock cycle, and

second incrementing means for providing a second
incremental value signal to said second accumulator means for
accumulation” therein during each said clock cycle.
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1 7. -The apparatus of Claim 6 wherein:
2 - said first and second fractional portions each comprise K bits,
3 said first and second incrementing means comprises means for
4 providing said first and second incremental value signals rounded to the
5 nearest least significant bit.of said first and second accumulator means,
6 and
7 means for limiting said clock cycles utilized to generate said
8 vector to a maximum value selected fram the group consisting of 2K and 2K/2,
1 8. The apparatus of Claim 5 further including:
2 clock means having clock cycles for controlling generating said
3 vector,
4 first incrementing means for providing a first incremental value
5 , - signal to said first accumulator means. for accumulation therein during each
6 said clock cycle, and
7 second incrementing means for providing a second incremental value
8 signal to said second accumulator means for accumulation therein during each
9 ~said clock cycle.
1 9. ’Iﬁe apparatus of Claim 8 further including means for limiting said
2 clock cycles utilized to generate said vector to a maximum of 2K/2 clock
3 cycles and wherein said first and second fractional portions each comprise
4 K bits.
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10. The apparatus of Claim 9 wherein

said number of clock cycles for generating said
vector comprises and even integer,

said first incrementing means comprises means for
providing said first incremental signal rounded up, when not
represented exactly in K fractional bits, whenever said first
carry enabling means is enabling said carry input of said first
accumulator means and for providing said first incremental
signal truncated whenever said first carry enabling means is ¢
disabling said carry input of said first accumulator means, and

said second incrementing means comprises means for
providing said second incremental signal rounded up when not
represented exactly in K fractional bits, whenever said second
carry enabling means is enabling said carry input of said
second accumulator means and for providing said second
incremental signal truncated whenever said second carry
enabling means is disabling said carry input of said second
accumulator means.
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1 11, The apparatus of Claim 9 wherein
Z said number of clock cycles for generating said vector comprises an

3 odd integer,

4 said first incrementing means comprises means’for providing said
5 first incremental signal rounded to the nearest least significant bit of
& said first accumulator means,

7 said second incrementing means comprises means for providing said

8 second incremental signal rounded to the nearest least significant bit of

9 said second accumulator means.
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12. The apparatus of Claim 8 further including means for
limiting said clock cycles utilized to generate said vector to
a maximum of Z(K'l)/2 ¢clock cycles and wherein

said first and second fractional portions each
cbmprise K bits,

said first incrementing means comprises means for
providing said first incremental signal rounded up, when not
represented exactly in K fractional bits, whenever said first
carry enabling means is enabling said carry input of said first
accumulator means and for providing said first incremental
signal truncated whenever said first carry enabling means is
disabling said carry input of said first accumulator means, and

said second incrementing means comprises means for
providing said second incremental signal rounded up, when not
represented exactly in K fractional bits, whenever said second
carry enabling means is enabling said carry input of said
second accumulator means and for providing said second
incremental signal truncated whenever said second carry
enabling means is disabling said carry input of said second
accumulator means. - ' |
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L 13, The apparatus of Claim 5 wherein said first and second carry
2 enabling means comprises means for enabling said carry input of said first
3 accumulator means and said carry input of said second- accumulator means in
4 accordance with an algorithm selected from the group consisting of algorithm
3 1 and algorithm 2 of Table 2.
1 14, The apparatus of Claim 5 wherein said first and second carry
2 enabling means camprises means for enabling said carry input of said first
3 accumulator means and said carry input of said second accumulator means in
4 accordance with an algorithm selected fram the group consisting of
3 algorithm 1, algorithm 2, algorithm 3 and algorithm 4 of Table 3.
i 15. The apparatus of Claim 1. wherein said first and second presetting

means comprises means for presetting said first and second fractional
3 portions, respectively, to non-zero values prior to generating said vector
4 so as to bias initial accumulator values approximately midway between the
5 next larger integer value and the next smaller integer value.
1 16. ~ The apparatus of Claim 15 further including first and second
2 integer presetting means for presetting said first and second integer
3 portions to the respective values that correspond to the initial point of a
4 vector that is to be generated.
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1 17. Vector generator apparatus for generating a vector having an

2 initial point and an end point canprising: first accumulator means having a
3 first integer portion and a first fractional portion, said first integer

4 portion providing a signal representative of a first component of said

5 vector, second accumulator means having a second integer portion and a

6 second fractional portion, said second integer providing a signal

7 representative of a second component of said vector, first and second

8 integer presetting means for presetting said first and second integer

9 portions to the respective values that correspord to the initial point of a
10 vector that is to be generated, and first and second fractional presetting
11 means for presetting said first and second fractional portions,
12 respectively, to non-zero values prior to generating said vector so as to
13 bias initial accumulator values approximately midway between the next larger o
14 integer value and the next smaller integer value.

1 18, The apparatus of Claim 17 wherein: said first fractional

2 Presetting means comprises means for presetting said first fractional

3 portion to a value selected from the group consisting of the value of one-
4 half and the value of one-half less the value of the learst significant bit

5 of said first accumulator means, and said second fractional presetting means
6 camprises means for presetting said second fractional portion to a value

7 selected from the group consisting of the value of one~half and the value of
8 one-half less the value of the least significant Bit of said second

Y accumulator means.
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1 19. The apparatus of Claim 17 or of Claim 18 wherein said first

2 and second accumulators incorporate, respectively, a first and second

3 accumulation means comprising: first addition means for setting the first

4 accumulator integer and fractional values to a value representative of the

5 sum of the present accumulator value and the value of an addend input to

6 said first accumulator; and second addition means for setting the second

7 accumulator integer and fractional values to a value representative of the

8 sum of the present accumulator value and the value of an addend input to

S said second accumulator, and wherein each accumulator incorporates a set of
10 input control signal means for controlling the initial presetting means and
11 the accumulation means of each respective accumulator, and wherein each
12 vector generation operation is effected by a sequence of one or more
13 activation cycles of a clock signal means whereby each activation cycle in
14 said- sequence results in a single accunulation~qper§tion by each accumulator
15 so that said generated vector consists of a sequence of integer accumulator
16 outputs whereby each set of accumulator outputs within said sequencé
17 ~correspords to the location of a point that is appfoximately on the desired
18 vector and whereby said sequence of outputé corresponds to a sequence of
19

points that lie approximately along the path of the desired vector.
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1 20. The apparatus of Claim 19 wherein said first and second

2 accumuléi:or means also incorporate an optional accumulation means

3 comprising: addition means for setting the integer portion of the first

4 accumulator value to the integer portion of a valﬁe representative of the

5 sum of the present accumulator value and the value of an addend input to

6 said accumulator, and the essentially concurrent means for setting the

7 fractional portion of the first accumulator value to a value selected from

8 the group consisting of the value of one-half and the value of one-half less

9 the value of the least significant bit of said flrst accumulator means; and
10 addition means for setting the integer portion of the second accumulator
11 value to the integer portion of a value representative of the sum of the
12 present accumulator value and the value of an addend input to said
13 accumulator, and the essentially concurrent means for setting the fractional
14 portion of the second accumulator value to a value selected from the group
15  consisting of the value of one-half and the value of one-half less the value
i6 of the least significant bit of said second accumulator means.
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21. A vector generator apparatus as in Claim 20 in
which the accumulation, or the sequence of accumulations, that
are required by each accumulator in the generation of a single
vector are of the types described in Claim 19 or 20; and in
which, for each generated vector, the last accumulation of each
accumulator is always of the optional type described in Claim
20, whereas any other accumulations prior to said last
accumulation are of the type described in Claim 19, and where
furthermore: the number of fractional bits in each accumulator
is large enough relative to the largest number of accumulations
used in the generation of any single vector so that any build-
up of accumulator errors that results from truncation or round-
up errors in the addend inputs to the accumulators shall, at
the end point of any vector, be limited to only the fractional
portions of the sum values whose integer portions are used as
inputs to the integer portions of the respective accumulators
on the last accumulation cycle of any vector, so that the
complete elimination of accumulator errors at the end points of
all generated vectors is achieved, and furthermore, so that
complex symbology can ‘be generated by'thé‘concatenation of
vectors and that said complex symbology generation is achieved
without error accumulation and without a requirement for
initializing the accumulators between vectors as a means of
preventing error accumulation.

™
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1 ) 22. A vector generator apparatus ras in Claim 28 that also
2 incorporates the means for generating vectors by either one of two types of
3 vector generator algorithms whereby one of these algorithm types is as
4 described in Claim 21 in which the last accumulation operation of each .
5 accumulator for a given vector employs thé optional accumulation technique
6  of Claim 20 and in which any other accumulations for a given vector employ
7 the accumulation technique of Claim 19, and whereby the second type of
8  vector generation algorithm employs accumulation operations that are
9  comprised exclusively of the accumulation technique that is described in
10 ciaim 19.

‘r
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1 23. The vector generator apparatus as in any of Claims 19 through

2 22 which also incorporates an optional addition means for each accumulator

3 means whereby each addition means also incorporates an input carry signal to

4 the least significant bit of the addition circuit means, and whereby the

5 output of said addition circuit when said.carry input is disabled is given

6 Dby the sum of the present accumulator value and the value of an addend input

7 to said accumulator, where'said sum is identical to that described for Claim

8 19 or 20, and whereby the output of said addition circuit for the optional

9 case of the carry input signal being enabled is given by the sum of: the
10 present accumulator value; the value of the addend input to the accumulator;
11 and the value of the carry input, where the carry input value is equal to
12 the value of the least significant fréctional bit of the accumulator; and
13 where furthermore, the selection of the optional addition means described

‘ 14 ‘herein, }n which cqse,the‘garry input signal is enabled, may be controlled .

15 independently for each accumulator, and is independent from the selection of
16 an optional accumulation means as described in Claim 20, whereby the
17 fractional portion of an accumulator is set to either the value 1/2 or to
18 .the value 1/2 less the value of the least significant bit of the accumulator
19 fraction, instead of set to the fractional portion of the output from the
20 addition circuit.
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24. The vector generator apparatus of Claim 23
except that when the integer portion of an accumulator is
preset to a value'corresponding to the beginning point of a
vector to be generated, as described in Claim 18, the
fractional portion of said accumulator is preset to only the
valﬁe of 1/2 less the value of the least significant bit of the
accumulator fraction; and.excepf that when the optional
accumulation technique described in Claim 20 is utilized to set
the fractional portion of an accumulator on the last
accumulation of a generated vector, then the fractional portion
of said accumulator shall be set to only the wvalue of 1/2 less
the least significant bit of the accumulator; and whereby each
vector that is generated with said apparatus is generated at an
angle that resides in one of a plurality of angular sectors;
and whereby the input carry signal for each accumulator of said
apparatus is enabled on only the first accumulation cycle of
selected vectors, where the state of the carry input signal on
the first accumulation cycle is, for each accumulator, a
function of the angular sector of the vector to be generated,
‘and wherebﬁ said functions are defined accordind to one of a
number of algorithms that are designed to force or to favor the
generation of a symmetrical symbology when multiple vectors are
concatenated for the purpose of generating complex symbols.
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25. The vector generator apparatus of Claim 17 or
Claim 18 that also incorporates a third accumulator apparatus
of the same type as the other two accumulators that are
described in the corresponding claims and whereby the integer
portion of said third accumulator provides a third output that,
along with the integer outputs from the other two accumulators,
provide for the generation of three~dimensional vectors.

26. The apparatus of Claim 24 wherein said
plurality of angular sectors comprises eight octants, and

10 wherein the carry input to the accumulators on the first

15

accumulation clock cycle of a generated vector are determined
by the octant of the vector according to either; algorithm #1;
algorithm #2; algorithm #3; or algorithm #4, all of Table 3,
where the octants are defined as in Figure 4.

27. The apparatus of Claim 24 wherein said
plurality of angular sectors comprises eight octants, wherein
the addend input to the accumulator associated with the axis of
the longest vector component is given by either the value +1 or
the value‘-l, and wherein the carry inputs to the accumulators

20" on the firs% accumulation clock cycle of a generated vector are’

determined by the octant of the vector according to either
algorithm #1 or algorithm #2 of Table 2, where the octants are

defined as in Figure 4.
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. 28. The vectorr generator apparatus of Claim 17 -or Claim 18
wherein the value of the addend input to the specific accumulator that
corresponds to the axis of the longest camponent of a vector that is to be
generated is restricted to a value of either +1 or -1, and whereby the
integer portion of the addition means for each accumulator is thereby
simplified to an increment or a decrement means, and whereby the fractional
accumulator and fractional addition means of the two accumulators in
each of Claims 17 through 22 is replaced by a single fractional accumulator
that incorporates addition means whereby the range of possible values of
addend inputs to said single fractional accumulator includes the values of
+1 and -1 and whereby said single fractional accumulator incorporates an
overflow detection'means for designating a carry output condition or a
borrow output condition fram the fractional portion of sa1d add:.tmn means
and where firthermore: a glven vector is generated by a sequence of one or
more accumulation clock cycles in which the integer accumulator that
corresponds to the axis of the longest vector component is either
incremented or decremented, according to the orientation of the given
vector, on each of said accumulation clock cycles, and in which, for a given
vector, the secondAintegéz accumulator is either incremented or decremented
on only those corresponding accumulation clock cycles in which the
fract:.onal addition means designates » respectively, a carry output condition
or a borrow output condition, and whereby the single fractional accumulator
is operated, in regards to accumulation operationé and setting and
Presetting operations, in an identical manner as is prescribed iﬁ each of
Claims 17 through 22 for the two fractional accumulators of Claims 17

through 22,
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1 29. A vector generator apparatus as in Claim 28 whereby the single

2 fractional accumulator is set, on the last accumulation clock cycle used in

3 the generation of any given vector, to the value of 1/2 less the value of

4 the least significant bit of the fractional accumulator, and also set to

5 this same value whenever the integer accumulators are set to values that

6 correspord to the initial point of a vector that is to be generated, and

7 whereby the addition means of said fractional accumulator incorporates a

8 carry input signal such that when said carry input éignal is disabled, the

g output of said addition means is equal to the sum of the present value of
10 the fractional accumulator and the value of the addend input to the
11l accumulator, and when said carry input is enabled the output of the addition
12 means is equal to the sum of: the present value of the fractional
13 accumulator; the addend input; and the carry input, where the carry input is
14 equal to the value of the least significant bit of the fractional
15 accunulator, and where furthermore: each vector that is generated with said
16 apparatus is génerated at an angle that resides in one of a ﬁlurality of
17 angular sectors, and where the input carry signal is enabled on only the
18 first accumulation cycle of selected vectors, where the state of the carry
19 input signal on the first accumulation is a function of the angular sector
20 of the vector to be generated, and whereby said function is defined
21 according to one of a number of algorithms that are designed to force or to
22 favor the generation of symmetrical symbology when multiple vectors are
23 concatenated for the purpose of generating complex symbols.
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