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(57) ABSTRACT 

The present invention relates to the architecture and use of 
a computer processor optimized for instruction and data 
processing. The computer processor includes a main pro 
cessor element in operative communication With a main 
memory for storing data, and sub-processor elements in 
operative communication With the main processor element 
for processing the data. Each of the sub-processor elements 
including a dedicated local memory for storing instructions 
and data. The main processor desirably comprises a primary 
processor core, and the sub-processor elements desirably 
include a set of coprocessors. One of the coprocessors may 
be an embedded coprocessor that performs error checking in 
the primary processor core. Another one of the coprocessors 
may be a vector processing unit. A program can directly 
control the vector processing unit or may indirectly control 
it via the primary processor core. 
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MULTIPROCESSOR COMPUTER SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of application 
Ser. No. 10/694,482, ?led on Oct. 27, 2003, Which is a 
continuation of application Ser. No. 09/502,671, ?led on 
Feb. 11, 2000 Which issued as US. Pat. No. 6,807,620, on 
Oct. 19, 2004, the disclosures of Which are hereby incorpo 
rated by reference in their entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to computer system 
architectures. More particularly, the present invention 
relates to the architecture and use of a computer system 
optimiZed for ef?cient modeling of graphics. 

BACKGROUND OF THE INVENTION 

[0003] High resolution, real time computer graphics are an 
important aspect of computer systems, particularly simula 
tors (such as ?ight simulators) and game machines. Com 
puter games, in particular, involve a great deal of computer 
graphics. Computer systems used as game machines, there 
fore, must handle far more computer graphics than a stan 
dard business computer used primarily for Word processing 
or similar applications. 

[0004] The game developer is faced With many limita 
tions. He or she often Wants realistic, highly detailed graph 
ics. Prior art game machines, hoWever, make the implemen 
tation of such graphics dif?cult. High resolution graphics are 
computationally expensive and dif?cult to render in the time 
required by a fast moving game. Current graphics co 
processors, if implemented at all in game consoles, have 
dif?culty supplying the bandWidth necessary to render high 
resolution, real time graphics. 

[0005] Prior art game machines also do not permit easy 
behavioral and physical modeling of game objects. Many 
objects in a game Would be more realistically rendered if 
their position and shape could be calculated, or modeled, 
under a set of rules or equations. HoWever, such modeling 
is computationally expensive, requiring many ?oating point 
operations, and the standard CPU is not optimiZed for such 
calculations. 

[0006] Prior art game machines also cannot easily deal 
With compressed video data. As game developers code larger 
and larger game Worlds, they are in danger of running out of 
space in removable media. The use of compression tech 
niques to store various kinds of data, such as graphics data, 
is limited by the need to decompress such data quickly for 
use in a real time, interactive game. 

[0007] Prior art game machines also are generally 
restricted to gaming applications. Given the increasing com 
putational poWer of gaming systems, developers are looking 
at other applications for game consoles besides gaming. 
HoWever, limitations in input and output interfaces render 
such applications dif?cult. 

SUMMARY OF THE INVENTION 

[0008] The present invention provides an improved com 
puter system particularly suited for simulators and game 
machines. The system includes a neW computer architecture 
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for such devices. This architecture comprises a main pro 
cessor and a graphics processor. The main processor con 
tains tWo co-processors for geometry modeling and a central 
processing unit(CPU). 
[0009] In one aspect, the present invention provides a 
frame buffer and rendering system on the same integrated 
chip. This structure enables the computer system to draW 
many pixels in parallel to the frame buffer at a very high ?ll 
rate (high band Width). As a result, the computer system can 
provide quick renderings of screen images at a high reso 
lution. 

[0010] In another aspect, the present invention provides a 
main processor With a 128-bit bus throughout this processor 
connecting all co-processors and a memory system. This 
structure enables the passing of data and instructions quickly 
from component to component, thereby improving band 
Width resolution and speed. 

[0011] In another aspect, the present invention provides 
sub-processors With four ?oating-point, multiply-add arith 
metic logic units (ALUs). These four ALUs enable the 
processing of four 32-bit operations simultaneously from the 
data of tWo 128-bit registers. This structure, therefore, 
enables parallel, 128-bit ?oating point calculations through 
parallel pipelining of similar calculations to, e.g., assist in 
modeling and geometry transformations. 

[0012] The present invention, in a preferred embodiment, 
further provides a multimedia instruction set using 128 bit 
Wide integer registers in parallel. This structure enables the 
handling of different siZe integers in parallel (64-bits><2, or 
32-bits><4, or 16-bits><8 or 8-bits><16). 

[0013] In yet another aspect, the present invention pro 
vides tWo geometry engines feeding in parallel into one 
rendering engine. One geometry engine preferably consists 
of the CPU, for ?exible calculations, tightly coupled to a 
vector operation unit as a co-processor, for complex irregu 
lar geometry processing such as modeling of physics or 
behavior. The second geometry engine preferably is a pro 
grammable vector operation unit for simple, repetitive 
geometry processing such as background and distant vieWs 
(simple geometrical transformations). 
[0014] In accordance With this aspect of the invention, 
each geometry engine preferably provides data (termed 
display lists) that are passed to the rendering engine. Arbi 
trator logic betWeen the geometry engines and the rendering 
engine determines the order in Which these data are passed 
to the rendering engine. The second geometry engine pref 
erably is given priority over the ?rst, as the second geometry 
engine generally has more data to send, and the ?rst geom 
etry engine is buffered in case of interruption. With this 
structure, the application programmer can, e.g., specify 
Which geometry engine should do particular graphics pro 
cessing, thereby enabling sophisticated behavioral and 
physical modeling in real time. 

[0015] Also, in accordance With this aspect of the inven 
tion, the rendering engine remembers the data from each 
geometry engine and stores these data until deliberately 
changed. These data, therefore, do not require resetting 
When the rendering engine begins receiving data from a 
different geometry engine, thereby enhancing speed. 

[0016] In yet another aspect, the present invention pro 
vides a specialiZed decompression processor for decom 
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pressing high-resolution texture data from a compressed 
state as stored in main memory. This processor allows for 
more ef?cient use of memory. 

[0017] In a preferred embodiment, the present invention 
provides a system for packing modeling data into optimal bit 
Widths in data units in main memory. Unpacking logic in the 
vector processors automatically unpacks these data Without 
sacri?cing performance. 

[0018] In yet another aspect, the present invention pro 
vides all processors With a local cache memory. This archi 
tecture reduces the amount of data that is required to be 
transmitted on the relevant buses. In accordance With this 
aspect of the invention, the cache of the CPU is divided into 
an instruction cache and a data cache. The data cache ?rst 
loads a necessary Word from a cache line (sub-block order 
ing) and permits a haZard-free, cache-line hit While a pre 
vious load is still in process (hit-under-miss). The output 
from the cache is also buffered in a Write back buffer. This 
structure alloWs Write requests to be stored until the main 
bus is free. 

[0019] Aparticularly preferred embodiment of the inven 
tion provides a scratchpad RAM that Works as a double 
buffer for the CPU. In an application dealing primarily With 
computer graphics, most of the data Written out of the 
primary processor Will be in the form of display lists, Which 
contain the results of geometry calculations in the form of 
vertex information of primitive objects. These display lists, 
once generated, Will not be needed again by the primary 
processor because they are a ?nal result to be passed on to 
the geometry processor. Therefore, there is no bene?t 
derived from caching these data in a traditional data cache 
When Writing out this data (a Write access scheme). HoW 
ever, most data read by such a computer graphics application 
are three-dimensional object data. A Whole object must be 
cached in order to effect the speed of the CPU access to the 
object. The scratchpad alloWs a fast Way to simultaneously 
Write the display lists and read the object data Without going 
through the standard data cache. Direct memory access 
(“DMA”) transfers betWeen the main memory and the 
scratchpad alloWs data transfer Without CPU overhead. 
Treating the scratchpad as a double buffer hides main 
memory latency from the CPU. 

[0020] Another aspect of the present invention is the 
provision of common protocol data jacks for enabling mul 
tiple types of inputs and outputs. 

[0021] In accordance With another embodiment of the 
present invention, a computer processor is provided. The 
processor comprises a main processor element and a plu 
rality of sub-processor elements. The main processor is in 
operative communication With a main memory for storing 
data. The plurality of sub-processor elements are in opera 
tive communication With the main processor element for 
processing the data. Each of the sub-processor elements 
including a dedicated local memory for storing instructions 
and data. In one alternative, the dedicated local memory 
includes a built-in instruction memory and a data memory. 

[0022] In another alternative, each of the sub-processor 
elements operates as an independent processor based on 
instructions stored in the dedicated local memory. In this 
case, each of the sub-processor elements preferably operates 
in a single instruction multiple data mode. 
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[0023] In yet another alternative, the plurality of sub 
processor elements includes a pair of vector processing units 
and an image processing unit interconnected by an internal 
processor bus. 

[0024] In a further alternative, the main processor element 
comprises a primary processor core. In this case, the primary 
processor core may have a tWo-Way super scalar architecture 
enabling execution of tWo instructions per cycle. 

[0025] Alternatively, the primary processor core may 
include a program counter With a branch target address 
cache operable to perform branch predictions. In this case, 
the primary processor core preferably further includes a 
translation look-aside buffer for associating physical 
memory addresses With virtual addresses, and an on-chip 
instruction cache operatively associated With the translation 
look-aside buffer. 

[0026] Optionally, the primary processor core may include 
a scratchpad memory functioning as a double buffer to hide 
latency of the main memory from the primary processor 
core. 

[0027] In another alternative, the plurality of sub-proces 
sor elements preferably includes a set of coprocessors. A?rst 
one of the coprocessors is an embedded coprocessor for 
error checking in the primary processor core. A second one 
of the coprocessors is a vector processing unit. 

[0028] A program may indirectly control the vector pro 
cessing unit through the primary processor core in a ?rst 
mode, and may directly control the vector processing unit in 
a second mode. 

[0029] The ?rst mode may have a ?rst instruction set 
associated thereWith and the second mode may have a 
second instruction set associated thereWith. The second 
instruction set may be different from the ?rst instruction set. 
Operation resources and registers of the vector processing 
unit can be operated directly by the primary processor core 
in the ?rst mode. 

[0030] The vector processing unit is preferably operable to 
execute programs independently from the primary processor 
core in the second mode. In this case, the dedicated local 
memory of the vector processing unit preferably includes an 
instruction memory. The vector processing unit may execute 
programs in the second mode by implementing instructions 
stored in the instruction memory. 

[0031] In an alternative, the vector processing unit com 
prises means for simultaneously performing a ?oating point 
product sum calculation and a ?oating point division or an 
integer calculation. 

[0032] In another alternative, the computer processor fur 
ther includes a vector interface. The vector interface is 
operatively coupled to the vector processing unit and is 
operable to perform a data packing function. Preferably, the 
vector interface is also operable to initiate program execu 
tion. 

[0033] In a further alternative, the vector processing unit 
includes ?rst and second vector processing units. The ?rst 
vector processing unit is operable to function in both a 
coprocessing mode and a stand alone mode. The second 
vector processing unit is operable to function only in the 
stand alone mode. In this case, the computer processor may 
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further comprise a graphics processor interface for arbitrat 
ing between the second vector processing unit and the 
primary processor core and the ?rst vector processing unit. 

[0034] In yet another alternative, the computer processor 
may further comprise an image processing unit that is 
operatively connected to the primary processor core and at 
least some of the coprocessors. The image processing unit is 
operable to interpret and decode an MPEG bitstream. 

[0035] These and other aspects of the present invention 
Will become apparent by reference to the folloWing detailed 
description of the preferred embodiments and the appended 
claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0036] FIG. 1 is a block diagram of the key components 
of the computer system. 

[0037] FIG. 2 is a block diagram of the primary processor. 

[0038] FIG. 3 is a block diagram of the primary processor 
core. 

[0039] FIG. 4 is a block diagram shoWing the relationship 
of the primary processor core to vector processing unit Zero 
and vector processing unit one. 

[0040] FIG. 5 is a block diagram of vector processing unit 
Zero. 

[0041] FIG. 6 is a diagram further illustrating the rela 
tionship of the primary processor core and vector processing 
unit Zero. 

[0042] FIG. 7 is a block diagram of vector processing unit 
one. 

[0043] FIG. 8 is a block diagram of the graphics processor 
interface (“GIF”) shoWing its possible data paths. 

[0044] FIG. 9 is a block diagram of the image processing 
unit (“IPU”). 

[0045] FIG. 10 is a block diagram of the S bus interface 
(((SIP‘J’)~ 
[0046] 

[0047] FIG. 12 is a block diagram of the process of 
rendering pixels in the graphics processor. 

[0048] FIG. 13 is a block diagram of the process of texture 
mapping in the graphics processor. 

FIG. 11 is a block diagram of the graphics proces 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0049] As discussed above, the present invention provides 
a computer system for providing high resolution computer 
graphics. The invention is particularly suited for interactive 
devices operating in real time or With other response time 
requirements (e.g., simulators and game machines). A pre 
ferred embodiment of the present invention, designed for a 
computer game machine, is described beloW. 

[0050] FIG. 1 is a block diagram of computer system 1. 
Computer system 1 consists primarily of primary processor 
3, graphics processor 5, main memory 7 and input/output 
processor 9. 
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[0051] Primary processor 3 is a single 240 mm2 chip, 
created using a 0.25-micron photolithography process, With 
10.5 million transistors Which operates at 300 MHZ. Primary 
processor 3 is connected to graphics processor 5 by a 64-bit 
bus 11 and to main memory 7 by a pair of 16-bit buses 13. 
Primary processor 3 is further connected to input/output 
processor 9 by a 32-bit SBUS 15. Graphics processor 5 is 
connected to a monitor (not shoWn) through monitor con 
nection 17. Input/output processor 9 transmits and receives 
data through input/output device connections 19. 

[0052] FIG. 2 shoWs the major components of primary 
processor 3. Primary processor 3 includes a 128-bit internal 
primary processor bus 21, primary processor core 23, ?oat 
ing point unit (FPU) 25, a ?rst vector processing unit 
(VPUO) 27, a second vector processing unit (VPUl) 29, 
image processing unit (IPU) 31, dynamic random access 
memory controller (DRAMC) 33, S-bus interface (SIF) 35, 
direct memory access controller (DMAC) 37, timer 39, 
interrupt controller (INTC) 41 and graphics processor inter 
face (GIF) 43. 

[0053] FIG. 3 shoWs the primary components of primary 
processor core 23. Primary processor core 23 is the CPU of 
computer system 1. Primary processor core 23 has a 2-Way 
superscalar architecture for enabling tWo instructions to be 
executed per cycle. 

[0054] The primary components of the primary processor 
core include a 32-bit program counter 45. The program 
counter 45 contains a 64-entry branch target address cache 
(BTAC) for use in performing branch predictions. Primary 
processor core 23 predicts Whether a conditional branch Will 
be taken and Whether to prefetch code from the appropriate 
location. When a branch instruction is executed, its address 
and that of the next instruction to be executed (the chosen 
destination of the branch) are stored in the branch target 
address cache. This information is used to predict Which Way 
the next instruction Will branch When it is executed so that 
instruction prefetch can continue. 

[0055] The instruction address from program counter 45 is 
transmitted to the instruction translation look-aside buffer 
47. Instruction translation look-aside buffer 47 is a table 
used in a virtual memory system for listing the physical 
address page number associated With each virtual address 
page number. Instruction translation look-aside buffer 47 is 
used in conjunction With instruction cache 49 Whose tags are 
based on virtual addresses. Instruction cache 49 is an on 
chip memory Which is much faster than main memory 7 and 
Which sits in betWeen primary processor core 23 and main 
memory 7. Instruction cache 49 stores recently accessed data 
to speed up subsequent accesses to the same data. Instruction 
cache 49 does this exclusively With instructions. 

[0056] Avirtual address is presented simultaneously to the 
instruction translation look-aside buffer 47 and to instruction 
cache 49 so that cache access and the virtual-to-physical 
address translation can proceed in parallel (the translation is 
done “on the side”). If the requested address is not cached, 
then the physical address is used to locate the requested data 
in main memory 7. Instruction cache 49 is a 2-Way set 
associative cache. It receives physical instruction addresses 
from the instruction translation look-aside buffer 47 and the 
virtual instruction addresses from the program counter 45. 
The instruction cache 49 receives cached instructions over 
BIU bus 51. 
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[0057] Instruction cache 49 also performs an instruction 
prefetch to minimize the time primary processor core 23 
spends Waiting for instructions to be fetched from main 
memory 7. Instructions following the one currently being 
executed are loaded into a prefetch queue When the external 
busses are idle. If the primary processor core 23 executes a 
branch instruction, or receives an interrupt, then the queue 
must be ?ushed and reloaded from the neW address. 

[0058] Instruction issue logic and staging register 53 
receives the appropriate instructions from the instruction 
cache 49 as determined by program counter 45, and then 
determines hoW to route the instructions to the appropriate 
one of six pipelines 65, 67, 63, 61, 71 and 73. Instruction 
issue logic and staging register 53 can pass the instructions 
to either general purpose registers 55 or the pipelines 
themselves. 

[0059] General purpose registers 55 contain 32 128-bit 
general purpose registers. This large number of registers 
alloWs for the handling of many instructions in parallel. 
These registers are passed information from the result and 
move buses 57. General Purpose registers 55 can also 
transmit information to, and receive information from, oper 
and/bypass logic 59. An operand is an argument of the 
machine language instruction set of primary processor core 
23. Operand/bypass logic 59 can also receive information 
from the result and move busses 57. This scheme alloWs 
operand/bypass logic 59 to take operands from the pipelines 
for immediate use, thus improving performance. If neces 
sary, data can be stored back in the general purpose registers 
55. The operand/bypass logic 59 can also send appropriate 
data to scratchpad RAM 77 and data cache 75. Operand/ 
bypass logic 59 can, of course, also pass appropriate data to 
the appropriate pipes of the pipelines. 

[0060] Each of the 6 pipelines, pipelines 65, 67, 63, 61, 71 
and 73, is a sequence of functional units (“stages”) for 
performing a task in several steps, like an assembly line in 
a factory. Each pipeline is passed operands from the oper 
and/bypass logic 59, or the instruction issue logic staging 
register 53, and passes its results to the result and move bus 
57. Each functional unit of a pipeline receives inputs from 
the previous unit and produces outputs Which are stored in 
an output buffer. One stage’s output buffer is the next stage’s 
input buffer. This arrangement alloWs all the stages to Work 
in parallel thus giving greater throughput than if each input 
had to pass through the Whole pipeline before the next input 
could enter. 

[0061] Four of the six pipelines are integer pipelines. The 
tWo primary integer pipelines are I0 pipeline 61 and I1 
pipeline 63. These pipelines each contain a complete 64-bit 
ALU (arithmetic logic unit), a shifter, and a multiply accu 
mulate unit. The ALU performs addition, subtraction mul 
tiplication of integers, AND, OR, NOT, XOR and other 
arithmetic and Boolean operations. I1 pipeline 63 contains a 
LZC (leading Zero counting) unit. Pipelines IO 61 and I1 63 
also share a single 128-bit multimedia shifter. These tWo 
pipes are con?gured dynamically into a single 128-bit 
execution pipe per instruction to execute certain 128-bit 
instructions, such as Multimedia, ALU, Shift and MAC 
instructions. 

[0062] LS pipe (load/store pipe) 65 and BR pipe (travel 
pipe) 67 also are integer pipelines. LS pipe 65 contains logic 
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to support 128-bit load and store instructions Which can 
access main memory 7. BR pipe 67 contains logic to execute 
a branch instruction. 

[0063] The remaining pipelines, C1 pipe 71 and C2 pipe 
73 support the tWo coprocessors of system 1, ?oating point 
unit (FPU) 25 and vector processing unit (VPUO) 27 (see 
FIG. 2). 

[0064] Floating point registers 69 are used to hold and 
pass data for C1 pipe 71. This pipe contains logic to support 
the ?oating point unit 25 as a coprocessor. There are 32 
32-bit ?oating point registers 69 Which are given data by the 
operand/bypass logic 59. 

[0065] C2 pipe 73 contains logic to support VPUO 27 as a 
coprocessor. 

[0066] As noted above, all of the pipelines provide their 
output to result and move bus 57. Result and move bus 57 
passes the data back to operand/bypass logic 59. Operand/ 
bypass logic 59 sends data that are ?nished With computa 
tion to data cache 75 and the scratchpad RAM 77. 

[0067] Data cache 75 is a 2-Way set associative cache 
Which is 8 KB in siZe. Data cache 75 loads a necessary Word 
from a cache line ?rst (sub-block ordering) and permits a 
haZard-free cache-line hit While a previous load is still under 

process (hit-under-miss). 
[0068] The smallest unit of memory than can be trans 
ferred betWeen the main memory and the cache is knoWn as 
a “cache line” or “cache block”. Rather than reading a single 
Word or byte from main memory at a time, a Whole line is 
read and cached at once. This scheme takes advantage of the 
principle of locality of reference: if one location is read, then 
nearby locations (particularly folloWing locations) are likely 
to be read soon afterWards. It also takes advantage of 
page-mode DRAM Which alloWs faster access to consecu 
tive locations. 

[0069] The output from data cache 75 is also buffered in 
Write back buffer 79. Data cache 75 has a Write back 
protocol. Under this protocol, cached data is only Written to 
main memory 7 When a later Write runs out of memory in the 
cache and forces out the previous cache. Write back buffer 
79 is an 8-entry by 16-byte ?rst-in-?rst-out (FIFI) buffer 
(“FIFO”). Its use alloWs Write requests to data cache 75 to 
be stored until the main internal primary processor bus 21 is 
free. This scheme increases the performance of primary 
processor core 23 by decoupling the processor from the 
latencies of main internal primary processor bus 21. 

[0070] Scratchpad RAM 77 is 16 KB of static RAM or 
(sRAM) As discussed above, scratchpad RAM 77 is used as 
a double buffer to hide latency of main memory 7 from the 
primary processor core 23. Scratchpad RAM 77 has external 
DMA read and Write capability for further speeding up 
access to main memory 7. Response buffer 81 buffers 
scratchpad RAM 77 from primary processor internal bus 21. 

[0071] Memory management unit 83 supports virtual 
memory and paging by translating virtual addresses into 
physical addresses. Memory management unit 83 can oper 
ate in a 32-bit and 64-bit data mode. Memory management 
unit 83 has a 48-double-entry full-set-associative address 
translation look-aside buffer (TLB). In other Words, it has 48 
entries of even/odd page pairs for 96 pages total. Apage is 
a group of memory cells in RAM that are accessed as parts 
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of a single operation. That is, all the bits in the group of cells 
are changed at the same time. The page siZe for memory 
management unit 83 can range from 4 KB to 16 MB by 
multiples of 4. The virtual address siZe is 32-bits and the 
physical address siZe is 32-bits. 

[0072] Memory management unit 83 sends updates via 
TLB re?ll bus 85 to data address translation look-aside 
buffer (DTLB) 87 and instruction address translation look 
aside buffer 47. These data refresh the tables in these 
functional units. Instruction address translation look-aside 
buffer 47 has 2 entries and translation look-aside buffer 87 
has 4 entries. 

[0073] Data translation look-aside buffer 87 translates 
virtual data addresses to physical data addresses. The physi 
cal data addresses are sent to either data cache 75 or result 
and move bus 57. 

[0074] Uncached accelerated buffer (UCAB) 88 is also 
passed from memory management unit 83. Uncached accel 
erated buffer (UCAB) 88 is a 2 entry by 4 by 16-byte buffer. 
It caches 128 sequential bytes of old data during an 
uncached accelerated load miss. If the address hits in the 
UCAB 88, the loads from the uncached accelerated space 
get the data from this buffer. 

[0075] Bus interface unit 89 connects primary processor 
main internal bus 21 to the BIU bus 51 and thus to primary 
processor core 23. 

[0076] An instruction set is the collection of machine 
language instructions that a particular processor under 
stands. In general, the instruction set that operates a proces 
sor characteriZes the processor. The instruction set for com 
puter system 1 has 64-bit Words that conform to most of the 
MIPS III (and partially to the MIPS IV) speci?cations. 
Speci?cally, the instruction set implements all the MIPS III 
instructions With the exception of 64-bit multiply, 64-bit 
divide, load-linked and store conditional statements. The 
instruction set for computer system 1 implements the 
prefetch instructions and conditional move instructions of 
the MIPS IV speci?cation. The instruction set also includes 
special primary processor Core instructions for primary 
processor core 23, such as multiply/add (a 3-operand mul 
tiply, multiply-add instruction) and 128-bit multimedia 
instructions. These instructions alloW for the parallel pro 
cessing of 64-bits><2, or 32-bits><4, or 16-bits><8 or 8-bits><16. 
The instruction set also includes 11 pipeline operation 
instructions, an interrupt enable/disable instruction and pri 
mary processor core instructions. The instruction set also 
includes instructions for 3 coprocessors. There is an embed 
ded coprocessor Which is used for error checking in primary 
processor core 23. A second coprocessor, COP1, is FPU 25. 
This coprocessor is controlled by instructions that are part of 
the primary processor instruction set. The third coprocessor, 
COP2, is vector processing unit (VPUO) 27, and is con 
trolled in tWo Ways. In a macro mode, a program can issue 
macro-instructions to primary processor core 23 to control 
vector processing unit (VPUO) 27. These macro-instruc 
tions are part of the primary processor core instruction set. 
The vector processing unit (VPUO) 27 also can be con 
trolled directly in a micro mode (see beloW). The macro 
mode and the micro mode each has its oWn instruction set. 

[0077] As discussed above, primary processor core 23 is 
the central processor of computer system 1. This processor 
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is supported by a series of additional functional units in 
primary processor 3. Main internal primary processor bus 21 
(FIG. 2) connects primary processor core 23 to these 
functional units. Main internal primary processor bus 21 has 
separate data and address buses. The data bus is 128-bits 
Wide. Main internal primary processor bus 21 has 8/ 16/32/ 
64/ 128-bit burst access. 

[0078] HoWever, one functional unit is not connected to 
the main internal primary processor bus 21. Referring back 
to FIG. 2, ?oating point unit 25 is a coprocessor that has 
both a 32-bit single-precision ?oating-point multiply-add 
arithmetic logical unit and a 32 bit single-precision ?oating 
point divide calculator. This unit is tightly coupled to CPU 
core 23. 

[0079] Vector processing unit Zero (VPUO) 27 is a copro 
cessor used for non-stationary geometry processing. This 
processing includes physical modeling and other compli 
cated matrix computations. Referring to FIG. 4, vector 
processing unit Zero 27 consists of vector unit Zero (VUO) 
91, vector unit memory Zero (VUMemO) 93, and vector 
interface Zero (VIFO) 95. Vector processing unit Zero 27 is 
tightly coupled to primary processor core 23 by VPUO 
coprocessor bus 97 Which is separate from the main internal 
primary processor bus 21. Thus the operation resources and 
registers for vector processing unit Zero 27 can be operated 
directly from primary processor core 23 by using coproces 
sor macroinstructions. HoWever, vector processing unit Zero 
27 can also execute microprograms independently of the 
primary processor core 23. 

[0080] Vector unit Zero 91 is a ?oating-point vector pro 
cessor unit. Vector unit Zero 91 has a built-in instruction 
memory, MircoMemO 99. MicroMemO 99 is 4 KB in siZe. 
MicroMemO 99 executes programs composed of 64-bit 
microinstructions from 64-bit long instruction Word (LIW) 
instruction sets. These instructions are used by the vector 
unit Zero core 101 to operate on the data stored in the VUO 
registers 103. 

[0081] FIG. 5 shoWs the vector unit Zero 91 in more detail. 
Vector unit Zero 91 divides the 64-bit LIWs into an upper 
instruction ?eld 105 of 32 bits and a loWer instruction ?eld 
107 of 32 bits. Vector unit Zero 91 has pipelines Which are 
logically divided into upper execution unit 109 and loWer 
execution unit 111. Upper execution unit 109 has four 32-bit 
single-precision ?oating-point multiply-add arithmetic logi 
cal units (FMAC ALUs), called FMACx 113, FMACy 115, 
FMACZ 117, and FMACW 119. These four FMACs alloW 
simultaneous operation on the coordinates of a vertex of an 
object being manipulated, Whether the coordinates are 
XYZW, RGBA, STQR, or NxNyNZNW. The loWer execu 
tion unit 111 has one 32-bit single-precision ?oating-point 
division/square root calculation unit (FDIV) 121, as Well as 
a 16-bit integer ALU (IALU) 123, a load/store unit (LSU) 
125, a BRU 127 (a unit for controlling program jumping and 
branching), and a random number generator (RANDU) 129. 
This division alloWs each execution unit to be addressed by 
a 32-bit instruction (the upper and loWer instruction ?elds of 
the 64-bit LIW). Thus, vector unit Zero 91 can simulta 
neously perform a ?oating point product-sum calculation 
and a ?oating-point division or integer calculation. 

[0082] Vector unit Zero 91 has several different types of 
vector unit Zero 91 registers 103 (FIG. 4). Referring again 
to FIG. 5, these registers include 32 128-bit ?oating-point 
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registers 131, Which are equivalent to four single precision 
?oating point values each. For a product-sum calculation, 
tWo 128-bit registers can be speci?ed as source registers and 
one 128-bit register can be speci?ed as a destination register. 
These 32 128-bit ?oating-point registers 131 also act as 
renamed data registers When 32 128-bit ?oating-point reg 
isters 131 acts as a coprocessor under the direct control of 
the primary processor core 23. 

[0083] Vector unit Zero 91 also has 16 16-bit integer 
registers 133. These registers are used for loop counters and 
load/store calculations. Vector unit Zero 91 also has a series 
of special registers 135. These special registers include the 
four ACC Registers, Which are accumulators for the four 
FMAC ALUs, the single 32-bit I Register Where interme 
diate values are stored, the Q register Where the results of 
FDIV are stored, and the 23-bit R Register Where the random 
numbers generated by RANDU are stored. Vector unit Zero 
91 also has a series of control registers 137 Which alloW 
primary processor 3 to use vector unit Zero 91 as a copro 
cessor. 

[0084] Vector processor unit Zero 27 also includes vector 
unit memory Zero 93 (FIGS. 4 and 5), Which is structured 
in 128-bit (32-bit><4) units. Vector unit memory Zero 93 is 4 
KB in siZe and is connected to the LSU 125 (FIG. 5) by a 
128-bit Wide bus. By using ?oating point registers 131 and 
the vector unit memory Zero 93 (built in data memory), 
vector processor unit Zero 27 can execute ?oating-point 
vector operations on 4 32-bit Words concurrently. 

[0085] Vector processor unit Zero 27 has tWo modes of 
operation. In the micro mode, vector processor unit Zero 27 
operates as an independent processor by implementing 
micro-instructions stored in MicroMemO 99. This mode 
alloWs for highly efficient parallelism. Vector processor unit 
Zero 27 also has a macro mode. In the macro mode, the 
primary processor core 23 takes control of vector processor 
unit Zero 27 as a coprocessor, and can be controlled by 
primary processor core 23 coprocessor instructions. 

[0086] Vector interface Zero (VIFO) 95 is a packet expan 
sion engine that implements a data unpacking function. 
Vector interface Zero 95 can ef?ciently reconstruct DMA 
transferred packets of different data lengths for vector unit 
memory Zero 93. Data such as display lists is stored in main 
memory 7 in formats optimiZed for fast data transmission 
and retrieval. These formats are in different data lengths than 
the actual data Would be in its native state. Vector interface 
Zero 95 alloWs such optimiZations to occur Without primary 
processor core 23 having to spend computational poWer 
unpacking these data. 

[0087] Vector interface Zero 95 can also start a micropro 
gram. Thus a method for operating vector processor unit 
Zero 27 in micro mode is to send vector interface Zero 95 a 
DMA packet chain direct from scratchpad RAM 77 or main 
memory 7 With a micro-instruction program, the vector data 
to be processed, and the instruction to start the micro 
instruction program. 

[0088] FIG. 6 illustrates in detail the tightly coupled 
connection betWeen vector processor unit Zero 27 and pri 
mary processor core 23. Vector processor unit Zero 27 
coprocessor bus 97 (FIG. 4) is actually 3 separate connec 
tions. These connections, shoWn in FIG. 6, include a 128-bit 
bus 139 Which alloWs primary processor core 23 to control 
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vector processor unit Zero 27 ?oating point registers 131. 
These connections also include a 32-bit bus 141 Which gives 
primary processor core 23 control over integer registers 133 
of vector processor unit Zero 27, and a 32-bit bus 143 Which 
gives the primary processor core 23 control over upper 
execution unit 109. 

[0089] Referring again to FIG. 4, vector processing unit 
one (VPU1) 29 is an independent processor used for sta 
tionary geometry processing. These calculations include 
simple geometry transformations such as translation, rota 
tion, and other calculations such as certain light modeling 
calculations. Vector processing unit one 29 consists of vector 
unit one (VU1) 145, vector unit memory one (VM Mem1) 
147, and vector interface one (VIF1) 149. Vector processing 
unit one 29 is connected to the main internal primary 
processor bus 21. 

[0090] Vector unit one 145 is a ?oating-point vector 
processor unit. Vector unit one 145 has several elements 
shoWn in FIG. 7. MicroMem1 151 is a built-in instruction 
memory Which is 16 KB in siZe. MicroMem1 151 executes 
programs composed of 64-bit micro-instructions from 64-bit 
long instruction Word (LIW) instruction sets. The 64-bit 
LIWs can be divided into an upper instruction ?eld 153 of 
32 bits and a loWer instruction ?eld 155 of 32 bits. 

[0091] The pipelines of vector unit one 145 are logically 
divided into upper execution unit 157 and loWer execution 
unit 159. The upper execution unit 157 has four (4) 32-bit 
single-precision ?oating-point multiply-add arithmetic logi 
cal units (FMAC ALUs), called FMACx 161, FMACy 163, 
FMACZ 165, and FMACW 167. LoWer execution unit 159 
has one 32-bit single-precision ?oating-point division/ 
square root calculation unit (FDIV) 169, as Well as a 16-bit 
integer ALU (IALU) 171, a Load/Store Unit (LSU) 173, a 
BRU (a unit for controlling program jumping and branch 
ing) 175, and a random number generator (RANDU) 177. 
LoWer execution unit 159 also has an elementary function 
unit (EFU) 179. Elementary function unit 179 performs 
exponential, logarithmic and trigonometric functions. 
Elementary function unit 179 also performs calculations on 
scalar or vector values and outputs a scalar value. This 
division of pipelines betWeen upper execution unit 157 and 
loWer execution unit 159 alloWs each execution unit to be 
addressed by a 32-bit instruction (the upper and loWer 
instruction ?elds of the 64-bit LIW). Thus vector unit one 
145 can simultaneously perform a ?oating point product 
sum calculation and a ?oating-point division or integer 
calculation. 

[0092] Vector unit one 145 also contains 32 128-bit ?oat 
ing-point registers 181. Each of these registers can contain 
four single precision ?oating point values. For a product 
sum calculation, tWo 128-bit registers can be speci?ed as 
source registers and one 128-bit register can be speci?ed as 
a destination register. Vector Unit One 145 also contains 16 
16-bit integer registers 183. These registers are used for loop 
counters and load/store calculations. Vector unit one 145 
also has a series of special registers 185. These special 
registers 185 include four ACC Registers, Which are accu 
mulators for four FMAC ALUs, a single 32-bit I Register 
Where intermediate values are stored, a Q register Where the 
results of FDIV are stored, a 23-bit R Register Where the 
random numbers generated by RANDU are stored, and a P 
register Which records the value generated by EFU 179. 
Vector unit one 145 also contains control registers 187. 
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[0093] Vector unit one 145 also contains vector unit 
memory one 147, a date memory Which is structured into 
128-bit (32-bit><4) units. Vector unit memory one 147 is 16 
KB in siZe and is connected to load/store unit 173 by a 
128-bit Wide bus. By using ?oating point registers 181 and 
vector unit memory one 147, the vector unit one 145 can 
execute ?oating-point vector operations on 4 32-bit elements 
concurrently. 
[0094] Vector processing unit one 29 (FIG. 4) has only the 
micro mode of operation. In the micro mode, the vector unit 
one 145 operates as an independent processor by imple 
menting micro-instructions stored in MicroMeml 151. This 
mode alloWs for highly efficient parallelism as it requires 
minimal intervention by primary processor core 5. 

[0095] Vector processing unit one 29 also contains a 
packet expansion engine, vector interface one (VIF1) 149, 
for implementing a data unpacking function. Vector inter 
face one 149 can efficiently reconstruct DMA-transferred 
packets of different data length. Data such as display lists are 
stored in main memory 7 in formats optimiZed for fast data 
transmission and retrieval. These formats are in data lengths 
different from the lengths of the actual data in its original 
state. Vector interface one 149 alloWs such optimiZations to 
occur Without primary processor core 23 having to spend 
computational poWer unpacking these data. Referring back 
to FIG. 2, other specialiZed functional units are included in 
primary processor 3. Graphics processor interface 43 is one 
such specialiZed functional unit. Graphics processor inter 
face 43 acts as the interface betWeen primary processor 3 
and graphics processor 5 (FIG. 1). Graphics processor 
interface 43 is essentially an arbitration unit that can decide 
Whether to alloW data from primary processor core 23 and 
vector processor unit Zero 27, as opposed to the vector 
processor unit one 29, to pass through to graphics processor 
5 as these units generate parallel data streams. 

[0096] Referring to FIG. 8, graphics processor interface 
43 contains control logic and control registers 189, packing 
logic 191, and a 256-byte embedded FIFO register 193 
(?rst-in, ?rst-out) that caches the inputted data. There is a 
second buffer 195 to hold the output of the graphics pro 
cessor interface 43 before sending these data to graphics 
processor 5. 

[0097] Graphics processor interface 43 alloWs three pos 
sible paths for data to the graphics processor 5. The ?rst path 
is PATHl 197, Which transfers data from vector unit memory 
one 147 to graphics processor 5. PATH2 199 is the data 
transfer path from vector interface one (VIF1) 149. PATH3 
201 is the direct data transfer path from the main internal 
primary processor bus 21 to graphics processor interface 43, 
running through the embedded FIFO register 193. PATH3 
201 is used When transferring data from main memory 7 or 
scratchpad memory 77 to graphics processor 5. Graphics 
processor interface 43 arbitrates betWeen transfer requests 
for the different paths, favoring PATHl 197 over either 
PATH2 199 or PATH3 201. 

[0098] Graphics processor 5 is passed data in a format 
consisting on tWo or more graphics processor primitives, 
each headed by a GIFtag. The GIFtag is 128-bit in length, 
and denotes the siZe of the folloWing GRAPHICS PRO 
CESSOR primitive and its data format (or mode). The 
GIFtag can designate the register in graphics processor 5 to 
Which the data should be passed, thus specifying the data. 
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Graphics processor interface 43 is also passed one of three 
modes for graphics processor interface 43 to operate in: 
PACK, REGLIST, and IMAGE. The ?rst mode designates 
the need to eliminate extraneous data from the primitive by 
using the GIF’s packing logic 171, alloWing graphics pro 
cessor interface 43 to output a display list. The second mode 
designates that the graphics processor primitives being 
passed are already in display list format. The third mode is 
used for transferring image data such as texture data to 
graphics processor 5. 

[0099] A detailed description of image processing unit 
(IPU) 31 is shoWn in FIG. 9. Image processing unit 31 is an 
image data decompression processor primarily involved 
With the interpreting and decoding of an MPEG2 bit stream. 
This operation generally is used to generate MPEG encoded 
texture data for the rendering engine. Image processing unit 
31 also includes macro block decoder 203 for performing 
macro block decoding. This processing is used to generate 
data upon Which primary processor core 23 performs motion 
compensation. IPU 31 does not perform motion compensa 
tion. 

[0100] Image processing unit 31 also contains units for 
performing a set of post processing functions. These units 
include color space conversion 205 and dither and vector 
quantization 207. Color space conversion 205 converts the 
YCrCb data of the MPEG2 data stream into RGBA format. 
YCrCb is a chrominance/luminance color space model used 
in the British PAL television standard. Y speci?es lumi 
nance, Cr and Cb specify chrominance (blue/yelloW and 
red/cyan (or blue-green) components). Dither is used to 
smoothly convert 32-bit RGB format data to a 16-bit RGB 
format data. Vector quantiZation 207 uses the Color Look 
Up Table (CLUT) to convert 16-bit RGB data to a 4-bit or 
16-bit index number used in color calculations such as 
texture mapping. The Color Look Up Table (CLUT) is a 
table Which establishes a correspondence betWeen the global 
palette (64K colors, for example), and the subset of colors, 
i.e. the limited palette (made of 16 or 256 colors), used by 
a particular texture. 

[0101] Image processing unit 31 also contains tWo 128-bit 
FIFO registers 209 for input and output, tWo 64-bit registers, 
and tWo 32-bit registers. 

[0102] FIG. 10 shoWs a detailed description of S-bus 
interface (SIF) 35. S-bus interface 35 is the interface unit to 
input output processor 9 (FIG. 1). S-bus interface 35 is 
connected to input output processor 9 by a 32-bit bus, S-bus 
15. S-bus 15 is a 32-bit bus for backWard-compatibility 
reasons because input output processor 9 is a 32-bit proces 
sor. S-bus interface 35 carries out the necessary conversion 
of 128-bit data to 32-bit data With packing/unpacking logic 
211, storing the data to be packed and unpacked in SFIFO 
register 213. S-bus interface 35 also contains control regis 
ters 215. 

[0103] Another specialiZed functional unit shoWn in FIG. 
10 is direct memory access controller (DMAC) 33 Which has 
10 channels for direct memory transfers. Direct memory 
access alloWs memory transfers to occur Without the media 
tion of the primary processor core 23, thus saving processing 
time. Memory transfer channels exist betWeen main memory 
7 and scratchpad RAM 77. Memory transfer channels also 
exist betWeen main memory 7 and/or scratchpad RAM 77 
and vector interface Zero 95, vector interface one 149, 












