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MULTIPLE-THREAD PROCESSOR FOR 
THREADED SOFTWARE APPLICATIONS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a processor archi 
tecture. More speci?cally, the present invention relates to a 
single-chip processor architecture including structures for 
multiple-thread operation. 

[0003] 2. Description of the Related Art 

[0004] For various processing applications, an automated 
system may handle multiple events or processes concur 
rently. A single process is termed a thread of control, or 
“thread”, and is the basic unit of operation of independent 
dynamic action Within the system. A program has at least 
one thread. A system performing concurrent operations 
typically has many threads, some of Which are transitory and 
others enduring. Systems that execute among multiple pro 
cessors alloW for true concurrent threads. Single-processor 
systems can only have illusory concurrent threads, typically 
attained by time-slicing of processor execution, shared 
among a plurality of threads. 

[0005] Some programming languages are particularly 
designed to support multiple-threading. One such language 
is the JavaTM programming language that is advantageously 
executed using an abstract computing machine, the Java 
Virtual MachineTM. AJava Virtual MachineTM is capable of 
supporting multiple threads of execution at one time. The 
multiple threads independently execute Java code that oper 
ates on Java values and objects residing in a shared main 
memory. The multiple threads may be supported using 
multiple hardWare processors, by time-slicing a single hard 
Ware processor, or by time-slicing many hardWare proces 
sors in 1990 programmers at Sun Microsystems developed 
a universal programming language, eventually knoWn as 
“the JavaTM programming language”. JavaTM, Sun, Sun 
Microsystems and the Sun Logo are trademarks or registered 
trademarks of Sun Microsystems, Inc. in the United States 
and other countries. All SPARC trademarks, including 
UltraSPARC I and UltraSPARC II, are used under license 
and are trademarks of SPARC International, Inc. in the 
United States and other countries. Products bearing SPARC 
trademarks are based upon an architecture developed by Sun 
Microsystems, Inc. 

[0006] JavaTM supports the coding of programs that, 
though concurrent, exhibit deterministic behavior, by 
including techniques and structures for synchroniZing the 
concurrent activity of threads. To synchroniZe threads, 
J avaTM uses monitors, high-level constructs that alloW only 
a single thread at one time to execute a region of code 
protected by the monitor. Monitors use locks associated With 
executable objects to control thread execution. 

[0007] A thread executes code by performing a sequence 
of actions. A thread may use the value of a variable or assign 
the variable a neW value. If tWo or more concurrent threads 

act on a shared variable, the actions on the variable may 
produce a timing-dependent result, an inherent consequence 
of concurrent programming. 

[0008] Each thread has a Working memory that may store 
copies of the values of master copies of variables from main 
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memory that are shared among all threads. A thread usually 
accesses a shared variable by obtaining a lock and ?ushing 
the Working memory of the thread, guaranteeing that shared 
values are thereafter loaded from the shared memory to the 
Working memory of the thread. By unlocking a lock, a thread 
guarantees that the values held by the thread in the Working 
memory are Written back to the main memory. 

[0009] Several rules of execution order constrain the order 
in Which certain events may occur. For example, actions 
performed by one thread are totally ordered so that for any 
tWo actions performed by a thread, one action precedes the 
other. Actions performed by the main memory for any one 
variable are totally ordered so that for any tWo actions 
performed by the main memory on the same variable, one 
action precedes the other. Actions performed by the main 
memory for any one lock are totally ordered so that for any 
tWo actions performed by the main memory on the same 
lock, one action precedes the other. Also, an action is not 
permitted to folloW itself Threads do not interact directly but 
rather only communicate through the shared main memory. 

[0010] The relationships among the actions of a thread and 
the actions of main memory are also constrained by rules. 
For example, each lock or unlock is performed jointly by 
some thread and the main memory. Each load action by a 
thread is uniquely paired With a read action by the main 
memory such that the load action folloWs the read action. 
Each store action by a thread is uniquely paired With a Write 
action by the main memory such that the Write action 
folloWs the store action. 

[0011] An implementation of threading incurs some over 
head. For example, a single processor system incurs over 
head in time-slicing betWeen threads. Additional overhead is 
incurred in allocating and handling accessing of main 
memory and local thread Working memory. 

[0012] What is needed is a processor architecture that 
supports multiple-thread operation and reduces the overhead 
associated With multiple-thread operation. 

SUMMARY OF THE INVENTION 

[0013] A processor has an improved architecture for mul 
tiple-thread operation on the basis of a highly parallel 
structure including multiple independent parallel execution 
paths for executing in parallel across threads and a multiple 
instruction parallel pathWay Within a thread. The multiple 
independent parallel execution paths include functional 
units that execute an instruction set including special data 
handling instructions that are advantageous in a multiple 
thread environment. 

[0014] In accordance With one embodiment of the present 
invention, a general-purpose processor includes tWo inde 
pendent processor elements in a single integrated circuit die. 
The dual independent processor elements advantageously 
execute tWo independent threads concurrently during mul 
tiple-threading operation. When only a single thread is 
executed on a ?rst of the tWo processor elements, the second 
processor element is advantageously used to perform gar 
bage collection, Just-In-Time (JIT) compilation, and the 
like. Illustratively, the independent processor elements are 
Very Long Instruction Word (VLIW) processors. For 
example, one illustrative processor includes tWo indepen 
dent Very Long Instruction Word (VLIW) processor ele 
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ments, each of Which executes an instruction group or 
instruction packet that includes up to four instructions, 
otherWise termed subinstructions. Each of the instructions in 
an instruction group executes on a separate functional unit. 

[0015] The tWo threads execute independently on the 
respective VLIW processor elements, each of Which 
includes a plurality of poWerful functional units that execute 
in parallel. In the illustrative embodiment, the VLIW pro 
cessor elements have four functional units including three 
media functional units and one general functional unit. All 
of the illustrative media functional units include an instruc 
tion that executes both a multiply and an add in a single 
cycle, either ?oating point or ?xed point. 

[0016] In accordance With an aspect of the present inven 
tion, an individual independent parallel execution path has 
operational units including instruction supply blocks and 
instruction preparation blocks, functional units, and a reg 
ister ?le that are separate and independent from the opera 
tional units of other paths of the multiple independent 
parallel execution paths. The instruction supply blocks 
include a separate instruction cache for the individual inde 
pendent parallel execution paths, hoWever the multiple inde 
pendent parallel execution paths share a single data cache 
since multiple threads sometimes share data. The data cache 
is dual-ported, alloWing data access in both execution paths 
in a single cycle. 

[0017] In addition to the instruction cache, the instruction 
supply blocks in an execution path include an instruction 
aligner, and an instruction buffer that precisely format and 
align the full instruction group to prepare to access the 
register ?le. An individual execution path has a single 
register ?le that is physically split into multiple register ?le 
segments, each of Which is associated With a particular 
functional unit of the multiple functional units. At any point 
in time, the register ?le segments as allocated to each 
functional unit each contain the same content. A multi 
ported register ?le is typically metal limited to the area 
consumed by the circuit proportional With the square of the 
number of ports. It has been discovered that a processor 
having a register ?le structure divided into a plurality of 
separate and independent register ?les forms a layout struc 
ture With an improved layout ef?ciency. The read ports of the 
total register ?le structure are allocated among the separate 
and individual register ?les. Each of the separate and indi 
vidual register ?les has Write ports that correspond to the 
total number of Write ports in the total register ?le structure. 
Writes are fully broadcast so that all of the separate and 
individual register ?les are coherent. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The features of the described embodiments are 
speci?cally set forth in the appended claims. HoWever, 
embodiments of the invention relating to both structure and 
method of operation, may best be understood by referring to 
the folloWing description and accompanying draWings. 
[0019] FIG. 1 is a schematic block diagram illustrating a 
single integrated circuit chip implementation of a processor 
in accordance With an embodiment of the present invention. 

[0020] FIG. 2 is a schematic block diagram shoWing the 
core of the processor. 

[0021] FIG. 3 is a schematic block diagram that illustrates 
an embodiment of the split register ?le that is suitable for 
usage in the processor. 
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[0022] FIG. 4 is a schematic block diagram that shoWs a 
logical vieW of the register ?le and functional units in the 
processor. 

[0023] FIG. 5 is a pictorial schematic diagram depicting 
an example of instruction execution among a plurality of 
media functional units. 

[0024] FIG. 6 illustrates a schematic block diagram of an 
SRAM array used for the multi-port split register ?le. 

[0025] FIGS. 7A and 7B are, respectively, a schematic 
block diagram and a pictorial diagram that illustrate the 
register ?le and a memory array insert of the register ?le. 

[0026] FIG. 8 is a schematic block diagram shoWing an 
arrangement of the register ?le into the four register ?le 
segments. 

[0027] FIG. 9 is a schematic timing diagram that illus 
trates timing of the processor pipeline. 

[0028] FIGS. 10A, 10B, 10C, 10D, 10E and 10F illustrate 
instruction formats. 

[0029] 
[0030] The use of the same reference symbols in different 
draWings indicates similar or identical items. 

FIG. 11 illustrates operation of a bitext instruction. 

DESCRIPTION OF THE EMBODIMENT(S) 

[0031] Referring to FIG. 1, a schematic block diagram 
illustrates a processor 100 having an improved architecture 
for multiple-thread operation on the basis of a highly parallel 
structure including multiple independent parallel execution 
paths, shoWn herein as tWo media processing units 110 and 
112. The execution paths execute in parallel across threads 
and include a multiple-instruction parallel pathWay Within a 
thread. The multiple independent parallel execution paths 
include functional units executing an instruction set having 
special data-handling instructions that are advantageous in a 
multiple-thread environment. 

[0032] The multiple-threading architecture of the proces 
sor 100 is advantageous for usage in executing multiple 
threaded applications using a language such as the JavaTM 
language running under a multiple-threaded operating sys 
tem on a multiple-threaded Java Virtual MachineTM. The 
illustrative processor 100 includes tWo independent proces 
sor elements, the media processing units 110 and 112, 
forming tWo independent parallel execution paths. A lan 
guage that supports multiple threads, such as the JavaTM 
programming language generates tWo threads that respec 
tively execute in the tWo parallel execution paths With very 
little overhead incurred. The special instructions executed 
by the multiple-threaded processor include instructions for 
accessing arrays, and instructions that support garbage col 
lection. 

[0033] A single integrated circuit chip implementation of 
a processor 100 includes a memory interface 102, a geom 
etry decompressor 104, the tWo media processing units 110 
and 112, a shared data cache 106, and several interface 
controllers. The interface controllers support an interactive 
graphics environment With real-time constraints by integrat 
ing fundamental components of memory, graphics, and 
input/output bridge functionality on a single die. The com 
ponents are mutually linked and closely linked to the pro 
cessor core With high bandWidth, loW-latency communica 
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tion channels to manage multiple high-bandWidth data 
streams ef?ciently and With a loW response time. The 
interface controllers include a an UltraPort Architecture 
Interconnect (UPA) controller 116 and a peripheral compo 
nent interconnect (PCI) controller 120. The illustrative 
memory interface 102 is a direct Rambus dynamic RAM 
(DRDRAM) controller. The shared data cache 106 is a 
dual-ported storage that is shared among the media process 
ing units 110 and 112 With one port allocated to each media 
processing unit. The data cache 106 is four-Way set asso 
ciative, folloWs a Write-back protocol, and supports hits in 
the ?ll buffer (not shoWn). The data cache 106 alloWs fast 
data sharing and eliminates the need for a complex, error 
prone cache coherency protocol betWeen the media process 
ing units 110 and 112. 

[0034] The UPA controller 116 is a custom interface that 
attains a suitable balance betWeen high-performance com 
putational and graphic subsystems. The UPA is a cache 
coherent, processor-memory interconnect. The UPA attains 
several advantageous characteristics including a scaleable 
bandWidth through support of multiple bused interconnects 
for data and addresses, packets that are sWitched for 
improved bus utiliZation, higher bandWidth, and precise 
interrupt processing. The UPA performs loW latency 
memory accesses With high throughput paths to memory. 
The UPA includes a buffered cross-bar memory interface for 
increased bandWidth and improved scaleability. The UPA 
supports high-performance graphics With tWo-cycle single 
Word Writes on the 64-bit UPA interconnect. The UPA 
interconnect architecture utiliZes point-to-point packet 
sWitched messages from a centraliZed system controller to 
maintain cache coherence. Packet sWitching improves bus 
bandWidth utiliZation by removing the latencies commonly 
associated With transaction-based designs. 

[0035] The PCI controller 120 is used as the primary 
system I/O interface for connecting standard, high-volume, 
loW-cost peripheral devices, although other standard inter 
faces may also be used. The PCI bus effectively transfers 
data among high bandWidth peripherals and loW bandWidth 
peripherals, such as CD-ROM players, DVD players, and 
digital cameras. 

[0036] TWo media processing units 110 and 112 are 
included in a single integrated circuit chip to support an 
execution environment exploiting thread level parallelism in 
Which tWo independent threads can execute simultaneously. 
The threads may arise from any sources such as the same 
application, different applications, the operating system, or 
the runtime environment. Parallelism is exploited at the 
thread level since parallelism is rare beyond four, or even 
tWo, instructions per cycle in general purpose code. For 
example, the illustrative processor 100 is an eight-Wide 
machine With eight execution units for executing instruc 
tions. A typical “general-purpose” processing code has an 
instruction level parallelism of about tWo so that, on aver 
age, most (about six) of the eight execution units Would be 
idle at any time. The illustrative processor 100 employs 
thread level parallelism and operates on tWo independent 
threads, possibly attaining tWice the performance of a pro 
cessor having the same resources and clock rate but utiliZing 
traditional non-thread parallelism. 

[0037] Thread level parallelism is particularly useful for 
JavaTM applications, Which are bound to have multiple 
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threads of execution. JavaTM methods including “suspend”, 
“resume”, “sleep”, and the like include effective support for 
threaded program code. In addition, JavaTM class libraries 
are thread-safe to promote parallelism. Furthermore, the 
thread model of the processor 100 supports a dynamic 
compiler Which runs as a separate thread using one media 
processing unit 110 While the second media processing unit 
112 is used by the current application. In the illustrative 
system, the compiler applies optimiZations based on “on 
the-?y” pro?le feedback information While dynamically 
modifying the executing code to improve execution on each 
subsequent run. For example, a “garbage collector” may be 
executed on a ?rst media processing unit 110, copying 
objects or gathering pointer information, While the applica 
tion is executing on the other media processing unit 112. 

[0038] Although the processor 100 shoWn in FIG. 1 
includes tWo processing units on an integrated circuit chip, 
the architecture is highly scaleable so that one to several 
closely-coupled processors may be formed in a message 
based coherent architecture and resident on the same die to 
process multiple threads of execution. Thus, in the processor 
100, a limitation on the number of processors formed on a 
single die thus arises from capacity constraints of integrated 
circuit technology rather than from architectural constraints 
relating to the interactions and interconnections betWeen 
processors. 

[0039] The processor 100 is a general-purpose processor 
that includes the media processing units 110 and 112, tWo 
independent processor elements in a single integrated circuit 
die. The dual independent processor elements 110 and 112 
advantageously execute tWo independent threads concur 
rently during multiple-threading operation. When only a 
single thread executes on the processor 100, one of the tWo 
processor elements executes the thread, the second proces 
sor element is advantageously used to perform garbage 
collection, Just-In-Time (JIT) compilation, and the like. In 
the illustrative processor 100, the independent processor 
elements 110 and 112 are Very Long Instruction Word 
(VLIW) processors. For example, one illustrative processor 
100 includes tWo independent Very Long Instruction Word 
(VLIW) processor elements, each of Which executes an 
instruction group or instruction packet that includes up to 
four instructions. Each of the instructions in an instruction 
group executes on a separate functional unit. 

[0040] The usage of a VLIW processor advantageously 
reduces complexity by avoiding usage of various structures 
such as schedulers or reorder buffers that are used in 
superscalar machines to handle data dependencies. AVLIW 
processor typically uses softWare scheduling and softWare 
checking to avoid data con?icts and dependencies, greatly 
simplifying hardWare control circuits. 

[0041] The tWo threads execute independently on the 
respective VLIW processor elements 110 and 112, each of, 
Which includes a plurality of poWerful functional units that 
execute in parallel. In the illustrative embodiment shoWn in 
FIG. 2, the VLIW processor elements 110 and 112 have four 
functional units including three media functional units 220 
and one general functional unit 222. All of the illustrative 
media functional units 220 include an instruction that 
executes both a multiply and an add in a single cycle, either 
?oating point or ?xed point. Thus, a processor With tWo 
VLIW processor elements can execute tWelve ?oating point 
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operations each cycle. At a 500 MHZ execution rate, for 
example, the processor runs at an 6 giga?op rate, even 
Without accounting for general functional unit operation. 

[0042] Referring to FIG. 2, a schematic block diagram 
shoWs the core of the processor 100. The media processing 
units 110 and 112 each include an instruction cache 210, an 
instruction aligner 212, an instruction buffer 214, a pipeline 
control unit 226, a split register ?le 216, a plurality of 
execution units, and a load/store unit 218. In the illustrative 
processor 100, the media processing units 110 and 112 use 
a plurality of execution units for executing instructions. The 
execution units for a media processing unit 110 include three 
media functional units (MFU) 220 and one general func 
tional unit (GFU) 222. 

[0043] An individual independent parallel execution path 
110 or 112 has operational units including instruction supply 
blocks and instruction preparation blocks, functional units 
220 and 222, and a register ?le 216 that are separate and 
independent from the operational units of other paths of the 
multiple independent parallel execution paths. The instruc 
tion supply blocks include a separate instruction cache 210 
for the individual independent parallel execution paths, 
hoWever the multiple independent parallel execution paths 
share a single data cache 106 since multiple threads some 
times share data. The data cache 106 is dual-ported, alloWing 
data access in both execution paths 110 and 112 in a single 
cycle. Sharing of the data cache 106 among independent 
processor elements 110 and 112 advantageously simpli?es 
data handling, avoiding a need for a cache coordination 
protocol and the overhead incurred in controlling the pro 
tocol. 

[0044] In addition to the instruction cache 210, the instruc 
tion supply blocks in an execution path include the instruc 
tion aligner 212, and the instruction buffer 214 that precisely 
format and align a full instruction group of four instructions 
to prepare to access the register ?le 216. An individual 
execution path has a single register ?le 216 that is physically 
split into multiple register ?le segments, each of Which is 
associated With a particular functional unit of the multiple 
functional units. At any point in time, the register ?le 
segments as allocated to each functional unit each contain 
the same content. A multi-ported register ?le is typically 
metal limited to the area consumed by the circuit propor 
tional With the square of the number of ports. The processor 
100 has a register ?le structure divided into a plurality of 
separate and independent register ?les to form a layout 
structure With an improved layout efficiency. The read ports 
of the total register ?le structure 216 are allocated among the 
separate and individual register ?les. Each of the separate 
and individual register ?les has Write ports that correspond 
to the total number of Write ports in the total register ?le 
structure. Writes are fully broadcast so that all of the 
separate and individual register ?les are coherent. 

[0045] The media functional units 220 are multiple single 
instruction-multiple-datapath (MSIMD) media functional 
units. Each of the media functional units 220 is capable of 
processing parallel 16-bit components. Various parallel 
16-bit operations supply the single-instruction-multiple 
datapath capability for the processor 100 including add, 
multiply-add, shift, compare, and the like. The media func 
tional units 220 operate in combination as tightly coupled 
digital signal processors (DSPs). Each media functional unit 
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220 has an separate and individual sub-instruction stream, 
but all tree media functional units 220 execute synchro 
nously so that the subinstructions progress lock-step through 
pipeline stages. 

[0046] The general functional unit 222 is a RISC proces 
sor capable of executing arithmetic logic unit (ALU) opera 
tions, loads and stores, branches, and various specialiZed 
and esoteric functions such as parallel poWer operations, 
reciprocal square root operations, and many others. The 
general functional unit 222 supports less common parallel 
operations such as the parallel reciprocal square root instruc 
tion: 

[0047] The illustrative instruction cache 210 is tWo-Way 
set-associative, has a 16 Kbyte capacity, and includes hard 
Ware support to maintain coherence, alloWing dynamic 
optimiZations through self-modifying code. SoftWare is used 
to indicate that the instruction storage is being modi?ed 
When modi?cations occur. The 16K capacity is suitable for 
performing graphic loops, other multimedia tasks or pro 
cesses, and general-purpose JavaTM code. Coherency is 
maintained by hardWare that supports Write-through, non 
allocating caching. Self-modifying code is supported 
through explicit use of “store-to-instruction-space” instruc 
tion store2i. SoftWare uses the store2i instruction to maintain 
coherency With the instruction cache 210 so that the instruc 
tion caches 210 do not have to be snooped on every single 
store operation issued by the media processing unit 110. 

[0048] The pipeline control unit 226 is connected betWeen 
the instruction buffer 214 and the functional units and 
schedules the transfer of instructions to the functional units. 
The pipeline control unit 226 also receives status signals 
from the functional units and the load/store unit 218 and uses 
the status signals to perform several control functions. The 
pipeline control unit 226 maintains a scoreboard, generates 
stalls and bypass controls. The pipeline control unit 226 also 
generates traps and maintains special registers. 

[0049] Each media processing unit 110 and 112 includes a 
split register ?le 216, a single logical register ?le including 
128 thirty-tWo bit registers. The split register ?le 216 is split 
into a plurality of register ?le segments 224 to form a 
multi-ported structure that is replicated to reduce the inte 
grated circuit die area and to reduce access time. A separate 
register ?le segment 224 is allocated to each of the media 
functional units 220 and the general functional unit 222. In 
the illustrative embodiment, each register ?le segment 224 
has 128 32-bit registers. The ?rst 96 registers (0-95) in the 
register ?le segment 224 are global registers. All functional 
units can Write to the 96 global registers. The global registers 
are coherent across all functional units (MFU and GFU) so 
that any Write operation to a global register by any functional 
unit is broadcast to all register ?le segments 224. Registers 
96-127 in the register ?le segments 224 are local registers. 
Local registers allocated to a functional unit are not acces 
sible or “visible” to other functional units. 

[0050] The media processing units 110 and 112 are highly 
structured computation blocks that execute softWare-sched 
uled data computation operations With ?xed, deterministic 
and relatively short instruction latencies, operational char 
acteristics yielding simpli?cation in both function and cycle 
time. The operational characteristics support multiple 
instruction issue through a pragmatic very large instruction 
Word (VLIW) approach that avoids hardWare interlocks to 
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account for software that does not schedule operations 
properly. Such hardware interlocks are typically complex, 
error-prone, and create multiple critical paths. A VLIW 
instruction Word alWays includes one instruction that 
executes in the general functional unit (GFU) 222 and from 
Zero to three instructions that execute in the media func 
tional units (MFU) 220. A MFU instruction ?eld Within the 
VLIW instruction Word includes an operation code (opcode) 
?eld, three source register (or immediate) ?elds, and one 
destination register ?eld. 

[0051] Instructions are executed in-order in the processor 
100 but loads can ?nish out-of-order With respect to other 
instructions and With respect to other loads, alloWing loads 
to be moved up in the instruction stream so that data can be 
streamed from main memory. The execution model elimi 
nates the usage and overhead resources of an instruction 

WindoW, reservation stations, a re-order buffer, or other 
blocks for handling instruction ordering. Elimination of the 
instruction ordering structures and overhead resources is 
highly advantageous since the eliminated blocks typically 
consume a large portion of an integrated circuit die. For 
example, the eliminated blocks consume about 30% of the 
die area of a Pentium II processor. 

[0052] To avoid softWare scheduling errors, the media 
processing units 110 and 112 are high-performance but 
simpli?ed With respect to both compilation and execution. 
The media processing units 110 and 112 are most generally 
classi?ed as a simple 2-scalar execution engine With full 
bypassing and hardWare interlocks on load operations. The 
instructions include loads, stores, arithmetic and logic 
(ALU) instructions, and branch instructions so that sched 
uling for the processor 100 is essentially equivalent to 
scheduling for a simple 2-scalar execution engine for each of 
the tWo media processing units 110 and 112. 

[0053] The processor 100 supports full bypasses betWeen 
the ?rst tWo execution units Within the media processing unit 
110 and 112 and has a scoreboard in the general functional 
unit 222 for load operations so that the compiler does not 
need to handle nondeterministic latencies due to cache 
misses. The processor 100 scoreboards long latency opera 
tions that are executed in the general functional unit 222, for 
example a reciprocal square-root operation, to simplify 
scheduling across execution units. The scoreboard (not 
shoWn) operates by tracking a record of an instruction 
packet or group from the time the instruction enters a 
functional unit until the instruction is ?nished and the result 
becomes available. AVLIW instruction packet contains one 
GFU instruction and from Zero to three MFU instructions. 
The source and destination registers of all instructions in an 
incoming VLIW instruction packet are checked against the 
scoreboard. Any true dependencies or output dependencies 
stall the entire packet until the result is ready. Use of a 
scoreboarded result as an operand causes instruction issue to 
stall for a sufficient number of cycles to alloW the result to 
become available. If the referencing instruction that pro 
vokes the stall executes on the general functional unit 222 or 
the ?rst media functional unit 220, then the stall only 
endures until the result is available for intra-unit bypass. For 
the case of a load instruction that hits in the data cache 106, 
the stall may last only one cycle. If the referencing instruc 
tion is on the second or third media functional units 220, 
then the stall endures until the result reaches the Writeback 
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stage in the pipeline Where the result is bypassed in trans 
mission to the split register ?le 216. 

[0054] The scoreboard automatically manages load delays 
that occur during a load hit. In an illustrative embodiment, 
all loads enter the scoreboard to simplify softWare schedul 
ing and eliminate NOPs in the instruction stream. 

[0055] The scoreboard is used to manage most interlock 
conditions betWeen the general functional unit 222 and the 
media functional units 220. All loads and non-pipelined 
long-latency operations of the general functional unit 222 
are scoreboarded. The long-latency operations include divi 
sion idiv, fdiv instructions, reciprocal square root frecsqrt, 
precsqrt instructions, and poWer ppoWer instructions. None 
of the results of the media functional units 220 is score 
boarded. Non-scoreboarded results are available to subse 
quent operations on the functional unit that produces the 
results folloWing the latency of the instruction. 

[0056] The illustrative processor 100 has a rendering rate 
of over ?fty million triangles per second Without accounting 
for operating system overhead. Therefore, data feeding 
speci?cations of the processor 100 are far beyond the 
capabilities of cost-effective memory systems. Suf?cient 
data bandWidth is achieved by rendering of compressed 
geometry using the geometry decompressor 104, an on-chip 
real-time geometry decompression engine. Data geometry is 
stored in main memory in a compressed format. At render 
time, the data geometry is fetched and decompressed in 
real-time on the integrated circuit of the processor 100. The 
geometry decompressor 104 advantageously saves memory 
space and memory transfer bandWidth. The compressed 
geometry uses an optimiZed generaliZed mesh structure that 
explicitly calls out most shared vertices betWeen triangles, 
alloWing the processor 100 to transform and light most 
vertices only once. In a typical compressed mesh, the 
triangle throughput of the transform-and-light stage is 
increased by a factor of four or more over the throughput for 
isolated triangles. For example, during processing of tri 
angles, multiple vertices are operated upon in parallel so that 
the utiliZation rate of resources is high, achieving effective 
spatial softWare pipelining. Thus operations are overlapped 
in time by operating on several vertices simultaneously, 
rather than overlapping several loop iterations in time. For 
other types of applications With high instruction level par 
allelism, high trip count loops are softWare-pipelined so that 
most media functional units 220 are fully utiliZed. 

[0057] Referring to FIG. 3, a schematic block diagram 
illustrates an embodiment of the split register ?le 216 that is 
suitable for usage in the processor 100. The split register ?le 
216 supplies all operands of processor instructions that 
execute in the media functional units 220 and the general 
functional units 222 and receives results of the instruction 
execution from the execution units. The split register ?le 216 
operates as an interface to the geometry decompressor 104. 
The split register ?le 216 is the source and destination of 
store and load operations, respectively. 

[0058] In the illustrative processor 100, the split register 
?le 216 in each of the media processing units 110 and 112 
has 128 registers. Graphics processing places a heavy bur 
den on register usage. Therefore, a large number of registers 
is supplied by the split register ?le 216 so that performance 
is not limited by loads and stores or handling of intermediate 
results including graphics “?lls” and “spills”. The illustra 
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tive split register ?le 216 includes twelve read ports and ?ve 
Write ports, supplying total data read and Write capacity 
betWeen the central registers of the split register ?le 216 and 
all media functional units 220 and the general functional unit 
222. The ?ve Write ports include one 64-bit Write port that 
is dedicated to load operations. The remaining four Write 
ports are 32 bits Wide and are used to Write operations of the 
general functional unit 222 and the media functional units 
220. 

[0059] A large total read and Write capacity promotes 
?exibility and facility in programming both of hand-coded 
routines and compiler-generated code. 

[0060] Large, multiple-ported register ?les are typically 
metal-limited so that the register area is proportional With 
the square of the number of ports. A sixteen port ?le is 
roughly proportional in siZe and speed to a value of 256. The 
illustrative split register ?le 216 is divided into four register 
?le segments 310, 312, 314, and 316, each having three read 
ports and four Write ports so that each register ?le segment 
has a siZe and speed proportional to 49 for a total area for the 
four segments that is proportional to 196. The total area is 
therefore potentially smaller and faster than a single central 
register ?le. Write operations are fully broadcast so that all 
?les are maintained coherent. Logically, the split register ?le 
216 is no different from a single central register ?le. HoW 
ever, from the perspective of layout efficiency, the split 
register ?le 216 is highly advantageous, alloWing for 
reduced siZe and improved performance. 

[0061] The neW media data that is operated upon by the 
processor 100 is typically heavily compressed. Data trans 
fers are communicated in a compressed format from main 
memory and input/output devices to pins of the processor 
100, subsequently decompressed on the integrated circuit 
holding the processor 100, and passed to the split register ?le 
216. 

[0062] Splitting the register ?le into multiple segments in 
the split register ?le 216 in combination With the character 
of data accesses in Which multiple bytes are transferred to 
the plurality of execution units concurrently, results in a high 
utiliZation rate of the data supplied to the integrated circuit 
chip and effectively leads to a much higher data bandWidth 
than is supported on general-purpose processors. The high 
est data bandWidth requirement is therefore not betWeen the 
input/output pins and the central processing units, but is 
rather betWeen the decompressed data source and the 
remainder of the processor. For graphics processing, the 
highest data bandWidth requirement is betWeen the geometry 
decompressor 104 and the split register ?le 216. For video 
decompression, the highest data bandWidth requirement is 
internal to the split register ?le 216. Data transfers betWeen 
the geometry decompressor 104 and the split register ?le 
216 and data transfers betWeen various registers of the split 
register ?le 216 can be Wide and run at processor speed, 
advantageously delivering a large bandWidth. 

[0063] The register ?le 216 is a focal point for attaining 
the very large bandWidth of the processor 100. The processor 
100 transfers data using a plurality of data transfer tech 
niques. In one example of a data transfer technique, cache 
able data is loaded into the split register ?le 216 through 
normal load operations at a loW rate of up to eight bytes per 
cycle. In another example, streaming data is transferred to 
the split register ?le 216 through group load operations, 
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Which transfer thirty-tWo bytes from memory directly into 
eight consecutive 32-bit registers. The processor 100 utiliZes 
the streaming data operation to receive compressed video 
data for decompression. 

[0064] Compressed graphics data is received via a direct 
memory access (DMA) unit in the geometry decompressor 
104. The compressed graphics data is decompressed by the 
geometry decompressor 104 and loaded at a high bandWidth 
rate into the split register ?le 216 via group load operations 
that are mapped to the geometry decompressor 104. 

[0065] Load operations are non-blocking and score 
boarded so that early scheduling can hide a long latency 
inherent to loads. 

[0066] General purpose applications often fail to exploit 
the large register ?le 216. Statistical analysis shoWs that 
compilers do not effectively use the large number of regis 
ters in the split register ?le 216. HoWever, aggressive 
in-lining techniques that have traditionally been restricted 
due to the limited number of registers in conventional 
systems may be advantageously used in the processor 100 to 
exploit the large number of registers in the split register ?le 
216. In a softWare system that exploits the large number of 
registers in the processor 100, the complete set of registers 
is saved upon the event of a thread (context) sWitch. When 
only a feW registers of the entire set of registers is used, 
saving all registers in the full thread sWitch is Wasteful. 
Waste is avoided in the processor 100 by supporting indi 
vidual marking of registers. Octants of the thirty-tWo reg 
isters can be marked as “dirty” if used, and are consequently 
saved conditionally. 

[0067] In various embodiments, dedicating ?elds for glo 
bals, trap registers, and the like leverages the split register 
?le 216. 

[0068] Referring to FIG. 4, a schematic block diagram 
shoWs a logical vieW of the register ?le 216 and functional 
units in the processor 100. The physical implementation of 
the core processor 100 is simpli?ed by replicating a single 
functional unit to form the three media functional units 220. 
The media functional units 220 include circuits that execute 
various arithmetic and logical operations including general 
purpose code, graphics code, and video-image-speech (VIS) 
processing. VIS processing includes video processing, 
image processing, digital signal processing (DSP) loops, 
speech processing, and voice recognition algorithms, for 
example. 

[0069] Referring to FIG. 5, a simpli?ed pictorial sche 
matic diagram depicts an example of instruction execution 
among a plurality of media functional units 220. Results 
generated by various internal function blocks Within a ?rst 
individual media functional unit are immediately accessible 
internally to the ?rst media functional unit 510 but are only 
accessible globally by other media functional units 512 and 
514 and by the general functional unit ?ve cycles after the 
instruction enters the ?rst media functional unit 510, regard 
less of the actual latency of the instruction. Therefore, 
instructions executing Within a functional unit can be sched 
uled by softWare to execute immediately, taking into con 
sideration the actual latency of the instruction. In contrast, 
softWare that schedules instructions executing in different 
functional units is expected to account for the ?ve cycle 
latency. In the diagram, the shaded areas represent the stage 
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at Which the pipeline completes execution of an instruction 
and generates ?nal result values. A result is not available 
internal to a functional unit a ?nal shaded stage completes. 
In the example, media processing unit instructions have 
three different latencies—four cycles for instructions such as 
fmuladd and fadd, tWo cycles for instructions such as 
pmuladd, and one cycle for instructions like padd and xor. 

[0070] Although internal bypass logic Within a media 
functional unit 220 forWards results to execution units 
Within the same media functional unit 220, the internal 
bypass logic does not detect incorrect attempts to reference 
a result before the result is available. 

[0071] SoftWare that schedules instructions for Which a 
dependency occurs betWeen a particular media functional 
unit, for example 512, and other media functional units 510 
and 514, or betWeen the particular media functional unit 512 
and the general functional unit 222, is to account for the ?ve 
cycle latency betWeen entry of an instruction to the media 
functional unit 512 and the ?ve cycle pipeline duration. 

[0072] Referring to FIG. 6, a schematic block diagram 
depicts an embodiment of the multiport register ?le 216. A 
plurality of read address buses RA1 through RAN carry read 
addresses that are applied to decoder ports 616-1 through 
616-N, respectively. Decoder circuits are Well knoWn to 
those of ordinary skill in the art, and any of several imple 
mentations could be used as the decoder ports 616-1 through 
616-N. When an address is presented to any of decoder ports 
616-1 through 616-N, the address is decoded and a read 
address signal is transmitted by a decoder port 616 to a 
register in a memory cell array 618. Data from the memory 
cell array 618 is output using output data drivers 622. Data 
is transferred to and from the memory cell array 618 under 
control of control signals carried on some of the lines of the 
buses of the plurality of read address buses RA1 through 
RAN. 

[0073] Referring to FIGS. 7A and 7B, a schematic block 
diagram and a pictorial diagram, respectively, illustrate the 
register ?le 216 and a memory array insert 710. The register 
?le 216 is connected to a four functional units 720, 722, 724, 
and 726 that supply information for performing operations 
such as arithmetic, logical, graphics, data handling opera 
tions and the like. The illustrative register ?le 216 has tWelve 
read ports 730 and four Write ports 732. The tWelve read 
ports 730 are illustratively allocated With three ports con 
nected to each of the four functional units. The four Write 
ports 732 are connected to receive data from all of the four 
functional units. 

[0074] The register ?le 216 includes a decoder, as is 
shoWn in FIG. 6, for each of the sixteen read and Write ports. 
The register ?le 216 includes a memory array 740 that is 
partially shoWn in the insert 710 illustrated in FIG. 7B and 
includes a plurality of Word lines 744 and bit lines 746. The 
Word lines 744 and bit lines 746 are simply a set of Wires that 
connect transistors (not shoWn) Within the memory array 
740. The Word lines 744 select registers so that a particular 
Word line selects a register of the register ?le 216. The bit 
lines 746 are a second set of Wires that connect the transis 
tors in the memory array 740. Typically, the Word lines 744 
and bit lines 746 are laid out at right angles. In the illustra 
tive embodiment, the Word lines 744 and the bit lines 746 are 
constructed of metal laid out in different planes such as a 
metal 2 layer for the Word lines 744 and a metal 3 layer for 
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the bit lines 746. In other embodiments, bit lines and Word 
lines may be constructed of other materials, such as poly 
silicon, or can reside at different levels than are described in 
the illustrative embodiment, that are knoWn in the art of 
semiconductor manufacture. In the illustrative example, a 
distance of about lm separates the Word lines 744 and a 
distance of approximately 1 pm separates the bit lines 746. 
Other circuit dimensions may be constructed for various 
processes. The illustrative example shoWs one bit line per 
port, other embodiments may use multiple bit lines per port. 

[0075] When a particular functional unit reads a particular 
register in the register ?le 216, the functional unit sends an 
address signal via the read ports 730 that activates the 
appropriate Word lines to access the register. In a register ?le 
having a conventional structure and tWelve read ports, each 
cell, each storing a single bit of information, is connected to 
tWelve Word lines to select an address and tWelve bit lines to 
carry data read from the address. 

[0076] The four Write ports 732 address registers in the 
register ?le using four Word lines 744 and four bit lines 746 
connected to each cell. The four Word lines 744 address a 
cell and the four bit lines 746 carry data to the cell. 

[0077] Thus, if the illustrative register ?le 216 Were laid 
out in a conventional manner With tWelve read ports 730 and 
four Write ports 732 for a total of sixteen ports and the ports 
Were 1 pm apart, one memory cell Would have an integrated 
circuit area of 256 pm2 (16x16). The area is proportional to 
the square of the number of ports. 

[0078] The register ?le 216 is alternatively implemented 
to perform single-ended reads and/or single-ended Writes 
utiliZing a single bit line per port per cell, or implemented to 
perform differential reads and/or differential Writes using 
tWo bit lines per port per cell. 

[0079] HoWever, in this embodiment the register ?le 216 
is not laid out in the conventional manner and instead is split 
into a plurality of separate and individual register ?le 
segments 224. Referring to FIG. 8, a schematic block 
diagram shoWs an arrangement of the register ?le 216 into 
the four register ?le segments 224. The register ?le 216 
remains operational as a single logical register ?le in the 
sense that the four of the register ?le segments 224 contain 
the same number of registers and the same register values as 
a conventional register ?le of the same capacity that is not 
split. The separated register ?le segments 224 differ from a 
register ?le that is not split through elimination of lines that 
Would otherWise connect ports to the memory cells. Accord 
ingly, each register ?le segment 224 has connections to only 
three of the tWelve read ports 730, lines connecting a register 
?le segment to the other nine read ports are eliminated. All 
Writes are broadcast so that each of the four register ?le 
segments 224 has connections to all four Write ports 732. 
Thus each of the four register ?le segments 224 has three 
read ports and four Write ports for a total of seven ports. The 
individual cells are connected to seven Word lines and seven 
bit lines so that a memory array With a spacing of 1 pm 
betWeen lines has an area of approximately 49 pmz. In the 
illustrative embodiment, the four register ?le segments 224 
have an area proportion to seven squared. The total area of 
the four register ?le segments 224 is therefore proportional 
to 49 times 4, a total of 196. 

[0080] The split register ?le thus advantageously reduces 
the area of the memory array by a ratio of approximately 
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256/196 (1.3>< or 30%). The reduction in area further advan 
tageously corresponds to an improvement in speed perfor 
mance due to a reduction in the length of the Word lines 744 
and the bit lines 746 connecting the array cells that reduces 
the time for a signal to pass on the lines. The improvement 
in speed performance is highly advantageous due to strict 
time budgets that are imposed by the speci?cation of high 
performance processors and also to attain a large capacity 
register ?le that is operational at high speed. For example, 
the operation of reading the register ?le 216 typically takes 
place in a single clock cycle. For a processor that executes 
at 500 MHZ, a cycle time of tWo nanoseconds is imposed for 
accessing the register ?le 216. Conventional register ?les 
typically only have up to about 32 registers in comparison to 
the 128 registers in the illustrative register ?le 216 of the 
processor 100. A register ?le 216 substantially larger than 
the register ?le in conventional processors is highly advan 
tageous in high-performance operations such as video and 
graphic processing. The reduced siZe of the register ?le 216 
is highly useful for complying With time budgets in a large 
capacity register ?le. 

[0081] Referring to FIG. 9, a simpli?ed schematic timing 
diagram illustrates timing of the processor pipeline 900. The 
pipeline 900 includes nine stages including three initiating 
stages, a plurality of execution phases, and tWo terminating 
stages. The three initiating stages are optimiZed to include 
only those operations necessary for decoding instructions so 
that jump and call instructions, Which are pervasive in the 
JavaTM language, execute quickly. OptimiZation of the ini 
tiating stages advantageously facilitates branch prediction 
since branches, jumps, and calls execute quickly and do not 
introduce many bubbles. 

[0082] The ?rst of the initiating stages is a fetch stage 910 
during Which the processor 100 fetches instructions from the 
16 Kbyte tWo-Way set-associative instruction cache 210. 
The fetched instructions are aligned in the instruction aligner 
212 and forWarded to the instruction buffer 214 in an align 
stage 912, a second stage of the initiating stages. The 
aligning operation properly positions the instructions for 
storage in a particular segment of the four register ?le 
segments 310, 312, 314, and 316 and for execution in an 
associated functional unit of the three media functional units 
220 and one general functional unit 222. In a third stage, a 
decoding stage 914 of the initiating stages, the fetched and 
aligned VLIW instruction packet is decoded and the score 
board (not shoWn) is read and updated in parallel. The four 
register ?le segments 310, 312, 314, and 316 each holds 
either ?oating-point data or integer data. The register ?les 
are read in the decoding (D) stage. 

[0083] FolloWing the decoding stage 914, the execution 
stages are performed. The tWo terminating stages include a 
trap-handling stage 960 and a Write-back stage 962 during 
Which result data is Written-back to the split register ?le 216. 

[0084] While the invention has been described With ref 
erence to various embodiments, it Will be understood that 
these embodiments are illustrative and that the scope of the 
invention is not limited to them. Many variations, modi? 
cations, additions and improvements of the embodiments 
described are possible. For example, those skilled in the art 
Will readily implement the steps necessary to provide the 
structures and methods disclosed herein, and Will understand 
that the process parameters, materials, and dimensions are 
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given by Way of example only and can be varied to achieve 
the desired structure as Well as modi?cations Which are 
Within the scope of the invention. Variations and modi?ca 
tions of the embodiments disclosed herein may be made 
based on the description set forth herein, Without departing 
from the scope and spirit of the invention as set forth in the 
folloWing claims. 

[0085] For example, While the illustrative embodiment 
speci?cally discusses advantages gained in using the J avaTM 
programming language With the described system, any suit 
able programming language is also supported. Other pro 
gramming languages that support multiple-threading are 
generally more advantageously used in the described sys 
tem. Also, While the illustrative embodiment speci?cally 
discusses advantages attained in using Java Virtual 
Machines With the described system, any suitable processing 
engine is also supported. Other processing engines that 
support multiple-threading are generally more advanta 
geously used in the described system. 

[0086] Furthermore, although the illustrative register ?le 
has one bit line per port, in other embodiments more bit lines 
may be allocated for a port. The described Word lines and bit 
lines are formed of a metal. In other examples, other 
conductive materials such as doped polysilicon may be 
employed for interconnects. The described register ?le uses 
single-ended reads and Writes so that a single bit line is 
employed per bit and per port. In other processors, differ 
ential reads and Writes With dual-ended sense ampli?ers may 
be used so that tWo bit lines are allocated per bit and per port, 
resulting in a bigger pitch. Dual-ended sense ampli?ers 
improve memory ?delity but greatly increase the siZe of a 
memory array, imposing a heavy burden on speed perfor 
mance. Thus the advantages attained by the described reg 
ister ?le structure are magni?ed for a memory using differ 
ential reads and Writes. The spacing betWeen bit lines and 
Word lines is described to be approximately 1 pm. In some 
processors, the spacing may be greater than lam. In other 
processors the spacing betWeen lines is less than 1 pm. 

[0087] Exemplary Instruction Set Architecture 

[0088] The material that folloWs provides a detailed 
description of an exemplary instruction set suitable for use 
in a processor architecture such as illustrated in the above 
referenced draWings and described elseWhere herein. 

[0089] Except for symbols reserved for registers, Café 
assembler symbols are just like those for the SPARC assem 
bler. See the SPARC assembler manual for those details. 

[0090] The Cafe assembler uses the .proc pseudo-op simi 
lar to SPARC’s, but de?nes no operand for it. This pseudo 
op should be used to mark the beginning of a function so the 
assembler can knoW to require the beginning of an instruc 
tion Word. This only makes a practical difference if an 
immediately preceding function ends With an instruction that 
does not appear to consummate an instruction Word, but 
using the .proc pseudo-op is a good habit in any case. 

[0091] General Purpose Registers 

[0092] Café has 256 32-bit general purpose registers, 
numbered 0 through 255. The assembler reserves symbols of 
the form: 
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[0093] for general purpose register speci?ers. That is, the 
letter R in either case followed by a non-empty string of 
decimal digits denotes a general purpose register. Strings of 
digits indicating values greater than 255 are diagnosed as 
errors. 

[0094] In addition to these canonical register names, a feW 
symbols are reserved for aliases of registers that have special 
uses. 

sp Stack Pointer, an alias for r1. 
1p Link Pointer. The call instruction puts the return 

address in 1p, Which is an alias for r2. 
fp Frame Pointer, an alias for r3. 
gmr GPU-to-MPU by-pass register, an alias for r6. 
mgr MPU-to-GPU by-pass register, an alias for r7. 

Others register alias symbols may be de?ned as 
register use conventions evolve. None of these 
symbols is case-sensitive. 

[0095] In addition to register symbols, a general purpose 
register can be denoted by a register expression of the form: 

% % [Rr]?<constant-expression> 

[0096] That is, double percent sign, optionally folloWed 
the letter R in either case, folloWed by the ?rst pass (no 
forWard references, no relocations) constant expression in 
the range of Zero to 255. The optional R is of no value to the 
the assembler, but some users believe it’s useful to see it in 
the source. 

[0097] r0 is a ?at-Zero source operand and a result 
sink registers. 

[0098] Control and Status Registers 

[0099] In order to provide an extensible namespace for 
control and status registers, symbols denoting them begin 
With %. None of these symbols is case-sensitive. 

[0100] Program Counters 

[0101] Documentation refers to a program counter, % pc, 
and its sidekick % npc, but it’s not apparent that either is 
used by the assembler. 

[0102] Processor Status Register 

[0103] Café has a program status register, for Which this 
assembler uses the symbol % psr. The layout of % psr 
folloWs. % psr can be read and modi?ed by the getir and set 
ir instructions using its internal register ordinal, 1. 

[0104] Bit 24 of % psr speci?es The processor ID. Clear 
denotes cpu0, and set denotes cpu1. 

[0105] Bits 23 and 22 of % psr specify the current Trap 
Level. 

[0106] Bit 21 of % psr determines the endianness of loads 
and stores. The initial state of this bit is clear, Which means 
big-endian. When set it means little-endian. 

[0107] Bit 20 of % psr is the Instruction Address Check 
Enable ?ag. Its description is yet to be supplied. 

[0108] Bit 19 of % psr is the Data Address Check Enable 
?ag. Its description is yet to be supplied. 

[0109] Bit 18 of % psr is the Garbage Check Enable ?ag. 
Its description is yet to be supplied. 
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[0110] Bit 17 of % psr is the Data Cache Enable ?ag. 
When set, the data cache is enabled; When clear, data cache 
is disabled. 

[0111] Bit 16 of % psr is the Instruction Cache Enable ?ag. 
When set, the instruction cache is enabled; When clear, 
instruction cache is disabled. 

[0112] Bit 15 of % psr is the Supervisor Mode ?ag. When 
set it indicates the processor is in supervisor mode, Which 
alloWs certain privileged activities. Among these privileged 
activities is the ability to change all but the tWo right-most 
?elds of % psr. The Supervisor Mode ?ag is most often set 
during trap handling, Which is explained in the Traps section 
of the microarchitecture manual. 

[0113] Bit 14 of % psr is the Interrupt Enable ?ag. When 
set, interrupts are enabled. Its use is explained in the Traps 
section of the microarchitecture manual. 

[0114] Bits 13 through 10 of % psr is the Processor 
Interrupt Level, Which is explained in the Traps section of 
the microarchitecture manual. 

[0115] The % psr ?elds that can be set When the Super 
visor Mode ?ag is clear are grouped together at the loW 
order end. They folloW. 

[0116] A 2-bit ?eld of % psr speci?es the mode in effect 
for the saturated arithmetic performed by some of the 
parallel integer operations. The bounds for saturation are 
given in the adjacent table. Modes 00 and 01 are expressed 
as tWo’s-complement 16-bit integers. Mode 10 is expressed 
in S.15 ?xed-point. Mode 11 is S2.13 ?xed-point. The 
simulator is using bits 8 and 9 of % psr for this speci?cation. 

bounds 

mode lOW high 

00 000000000 . . . 0 011111111 . . . 1 

01 100000000 . . . 0 011111111 . . . 1 

10 100000000 . . . 0 011111111 . . . 1 

11 111000000 . . . 0 001000000 . . . 0 

[0117] (For those of us habituated to the common ?oating 
point representation, the Si. f notation in the preceding 
paragraph can be confusing. In these ?xed point formats, the 
sign-bit S is one bit of the integer part of the number. For 
example, in S2.13 format, the integer part is a tWo’s comple 
ment 3-bit number. There is no “dedicated” sign-bit as With 
the ?oating-point representation, and thus no negative Zero 
to Worry about.) 

[0118] The loW-order eight bits of % psr are used as dirty 
bits for octants of the general purpose register ?le. A neW 
process begins With all the dirty bits clear, and a octant’s 
dirty bit is set When a register in that octant is Written. Café’s 
large register ?le is a formidable lot of state to manage 
during a context-sWitch. An isolated region of a long 
running program that causes dirty bits to be set should clear 
them When it’s safe to do so. Within this 8-bit ?eld a given 
register number N corresponds to the bit (1<<(N>>5)). 

[0119] Trap Base Register 

[0120] Avector of trap handler addresses is pointed-to by 
a trap base register, for Which the assembler uses the symbol 
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% tbr. Only the high-order 19 bits of % tbr are used to 
address the vector, so the vector must be positioned at an 
8192-byte boundary. Details for use of the vector are 
described in the “Traps” chapter of the Café Architecture 
Manual. 

[0121] The assembler’s only concern is the ability to read 
or set % tbr using the getir and setir instructions. Reads of 
the loW-order 13 bits of % tbr alWays return Zero, and Writes 
to the loW-order 13 bits of % tbr are alWays ignored. 

[0122] No other control or status registers are described 
yet. Those that Will be de?ned that can be read or set Will be 
accessible using the getir and setir instructions. 

[0123] 
[0124] 
[0125] Note: Since this document Was Written the term 
“SFU” has evolved to “GFU”, and the term “UFU” has 
evolved to “MFU”. Until there’s no problem more important 
than changing all occurrences of the old terms here, the 
author apologiZes for the inconvenience. 

Instruction Set 

Instruction Formats 

[0126] Café instructions are issued in instruction Words 
composed of one SFU instruction and Zero to three UFU 
instructions. An SFU instruction begins With a 2-bit header 
?eld that is a count of the UFU instructions that folloW in the 
instruction Word. All of the instructions in an instruction 
Word are issued in the same cycle. 

[0127] When there isn’t useful Work to do on all the UFUs, 
UFU instructions need not be present. HoWever, the UFU on 
Which an instruction eXecutes is determined by the position 
of the instruction in the instruction Word. To cause an 
instruction to execute on the second or third UFU, there 
must have been instructions in the previous slots of the 
instruction Word. This is an issue When trying to avoid the 
latency of propagating a result from one FU to another. 

[0128] The assembler infers the beginning of an instruc 
tion Word from the presence of an SFU instruction. UFU 
instructions that folloW form the rest of the instruction Word. 
More than three consecutive UFU instructions are reported 
as a fatal error, since the assembler cannot create a Well 
formed Café instruction Word from that. 

[0129] Several mnemonics denote instructions imple 
mented both as SFU and UFU operations. These mnemonics 
indicate an SFU instruction only When used at the beginning 
of an instruction Word. An instruction Word boundary is 
established When the immediately preceding instruction 
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Word uses all three of its UFU slots or by the presence of tWo 
adjacent semicolons (;;), the instruction Word delimiter. 

[0130] Algebraicly, if not leXically, the double semicolon 
is a full colon, meaning it’s time to ?ush the instruction 
Word. For example: 

[0131] ;; add r6,1,r6; add r7,1,r7;; is a single instruc 
tion Word beginning With an SFU add operation and 
having a single UFU operation, also an add. But the 
similar pattern: 

[0132] ;; add r6,1,r6;; add r7,1,r7;; is to instruction 
Words, each consisting of an SFU add operation. 

[0133] SFU Instruction Formats 

[0134] An SFU instruction begins With a 2-bit header 
(labeled hdr in the instruction format diagrams appearing 
later in this section) that gives the number of UFU instruc 
tions that folloW the SFU instruction in the instruction Word. 
That is, the header vaules and instruction Word contents they 
indicate are: 

header value instructions in instruction Word 

00 SFU only 
01 SFU + UFU1 
1O SFU + UFU1 + UFUZ 

11 SFU + UFU1 + UFUZ + UFU3 

[0135] The ?rst tWo bits of an SFU opcode determine the 
class of the operation. The values and classes are: 

00 Call and branch 
01 Compute 
10 Memory (uncacheable) 
11 Memory (cacheable) 

[0136] Generally, the third bit of an SFU opcode, the i-bit, 
is set When an operation uses an immediate for its second 
source operand and clear When it does not. SFU opcodes 
beginning With 00 (call and branch) are 6 bits, and all others 
are 8 bits. 

[0137] Opcodes for the memory operations can be shoWn 
in a matriX Where the bits usually indicate cacheability, 
signedness, siZe, and direction: 

Memory cacheable, leading 11 Opcodes 

opcode[2.0] 

OXX- (unsigned) 1XX-(signed) 

opcode[7:3] byte short Word long byte short Word long 
11iXX 000 001 010 011 100 101 110 111 

11i00 ldub ldus lduW ldpair ldb lds ldW (ldg) 
11i01 — lduso lduWo ldidiag — ldso ldWo prefetch 

11i10 stb sts stW stpair cstb csts cstW — 

11i11 s2ib stso stWo stidiag — — cas — 






































