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1. 

PARALLEL, DATA PROCESSING SYSTEMS 
AND METHODS USING COOPERATIVE 

THREAD ARRAYS AND THREAD 
IDENTIFIERVALUES TO DETERMINE 

PROCESSING BEHAVOR 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

The present disclosure is related to the following com 
monly-assigned co-pending U.S. Patent Applications: appli 
cation Ser. No. 1 1/305,479, filed of even date herewith, 
entitled “Parallel Data Processing Systems and Methods 
Using Cooperative Thread Arrays and SIMD Instruction 
Issue'; and application Ser. No. 1 1/303,780, filed of even date 
herewith, entitled “Synchronization of Threads in a Coopera 
tive Thread Array.” The respective disclosures of these appli 
cations are incorporated herein by reference for all purposes. 

BACKGROUND OF THE INVENTION 

The present invention relates in general to parallel data 
processing, and in particular to parallel data processing meth 
ods using arrays of threads that are capable of sharing data, 
including intermediate results, with other threads in a thread 
specific manner. 

Parallel processing techniques enhance throughput of a 
processor or multiprocessor System when multiple indepen 
dent computations need to be performed. A computation can 
be divided into tasks, with each task being performed as a 
separate thread. (As used herein, a “thread” refers generally to 
an instance of execution of a particular program using par 
ticular input data.) Parallel threads are executed simulta 
neously using different processing engines, allowing more 
processing work to be completed in a given amount of time. 
Numerous existing processor architectures Support paral 

lel processing. The earliest such architectures used multiple 
discrete processors networked together. More recently, mul 
tiple processing cores have been fabricated on a single chip. 
These cores are controlled in various ways. In some instances, 
known as multiple-instruction, multiple data (MIMD) 
machines, each core independently fetches and issues its own 
instructions to its own processing engine (or engines). In 
other instances, known as single-instruction, multiple-data 
(SIMD) machines, a core has a single instruction unit that 
issues the same instruction in parallel to multiple processing 
engines, which execute the instruction on different input 
operands. SIMD machines generally have advantages in chip 
area (since only one instruction unit is needed) and therefore 
cost; the downside is that parallelism is only available to the 
extent that multiple instances of the same instruction can be 
executed concurrently. 

Graphics processors have used very wide SIMD architec 
tures to achieve high throughput in image-rendering applica 
tions. Such applications generally entail executing the same 
programs (vertex shaders or pixel shaders) on large numbers 
of objects (vertices or primitives). Since each object is pro 
cessed independently of all others using the same sequence of 
operations, a SIMD architecture provides considerable per 
formance enhancement at reasonable cost. Typically, a GPU 
includes one SIMD core (e.g., 200 threads wide) that executes 
Vertex shader programs, and another SIMD core of compa 
rable size that executes pixel shader programs. In high-end 
GPUs, multiple sets of SIMD cores are sometimes provided 
to Support an even higher degree of parallelism. 

Parallel processing architectures often require that parallel 
threads be independent of each other, i.e., that no thread uses 
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2 
data generated by another thread executing in parallel or 
concurrently with it. In other cases, limited data-sharing 
capacity is available. For instance, some SIMD and MIMD 
machines provide a shared memory or global register file that 
is accessible to all of the processing engines. One engine can 
write data to a register that is Subsequently read by another 
processing engine. Some parallel machines pass messages 
(including data) between processors using an interconnection 
network or shared memory. In other architectures (e.g., a 
systolic array), Subsets of processing engines have shared 
registers, and two threads executing on engines with a shared 
register can share data by writing it to that register. In Such 
instances, the programmer is required to specifically program 
each thread for data sharing, so that different threads are no 
longer executing the same program. 

It would therefore be desirable to provide systems and 
methods for parallel processing that facilitate sharing of data 
among concurrently-executing threads. 

BRIEF SUMMARY OF THE INVENTION 

Embodiments of the present invention provide data pro 
cessing systems and methods that use cooperative thread 
arrays (CTAS) to perform computations. As used herein, a 
“cooperative thread array, or “CTA. is a group of multiple 
threads that concurrently execute the same program on an 
input data set to produce an output data set. Each thread in a 
CTA has a unique identifier (thread ID) assigned at thread 
launch time that controls various aspects of the threads pro 
cessing behavior. For instance, a thread ID may be used to 
determine which portion of the input data set a thread is to 
process, to identify one or more other threads with which a 
given thread is to share an intermediate result, and/or to 
determine which portion of the output data set the thread is to 
compute or write. 
CTAS can be executed in a variety of processing architec 

tures, including sequential single processors, parallel proces 
sors, multithreaded processors, and any architecture that can 
Support multiple concurrent threads and that provides at least 
Some shared memory, interconnection network, or other tech 
nology that allows threads to communicate with each other. In 
Some embodiments, CTAS are executed using a processing 
core of a graphics processor that has multiple parallel pro 
cessing engines, each capable of supporting multiple concur 
rent threads. The threads are advantageously executed in 
SIMD (single instruction, multiple data) groups, with one 
thread of the group being associated with each processing 
engine. A single instruction unit issues an instruction to an 
entire SIMD group in parallel, and each processing engine 
executes the instruction in the context of its thread of the 
current SIMD group; instructions for different SIMD groups 
can be issued in any order. By executing each instruction in 
the appropriate context, each processing engine executes one 
thread in each of multiple concurrent SIMD groups. 

Thread IDs are advantageously assigned as the threads of a 
CTA are launched, and the interface logic for the processing 
core is advantageously configured to automatically assign 
thread IDs to threads as the threads are being launched. Auto 
matic assignment of thread IDs eliminates the need for an 
application programmer to explicitly configure each thread. 
Instead, the programmer can simply define the number of 
threads in the CTA and the operations each thread is to do; the 
particular manner in which the CTA is executed is advanta 
geously made transparent to the programmer. 

According to one aspect of the present invention, a com 
puter implemented method for processing data includes 
defining, in a processor, a thread array having multiple 
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threads, each thread configured to execute a same program on 
an input data set. In some embodiments, the program repre 
sents a unit of a data parallel decomposition of a data pro 
cessing algorithm. The processor assigns each of the threads 
in the thread array a unique thread identifier (which can be, 
e.g., a one-dimensional or multidimensional identifier). The 
processor executes the threads in the thread array concur 
rently with each other, during execution, each thread uses the 
unique thread identifier to determine at least one processing 
behavior. Any processor, including but not limited to a graph 
ics processor, may be used to implement the method. Parallel 
and multithreaded processors can execute multiple threads of 
a CTA in parallel for enhanced performance. 

Various processing behaviors can be determined using the 
thread identifier. In one embodiment, each thread uses the 
unique thread identifier to determine a subset of the input data 
set to process; some or all of the Subsets may be overlapping. 
In another embodiment, each thread uses the unique identifier 
to determines a Subset of an output data set to produce. 

In one embodiment, the input data set is loaded into a 
shared memory accessible to all of the plurality of threads 
(such as a global register file of the processor or other on-chip 
shared memory), and during the act of executing the plurality 
of threads, the thread identifier of a thread is used to determine 
a location in the shared memory of input data to be read. In 
some embodiments, the thread identifier may be used to 
determine a location in the shared memory or other memory 
to which output data, including intermediate and/or final 
result data, is to be written. 

In some embodiments, during the act of executing the 
threads, an intermediate result from a first one of the threads 
is shared with a second one of the threads based on the 
respective thread identifiers of the first and second threads. 
The consuming thread is advantageously synchronized with 
the producing thread prior to sharing the intermediate result. 
Concurrent threads may be synchronized prior to sharing 
data, e.g., using semaphores, barriers, or other synchroniza 
tion techniques. 

According to another aspect of the present invention, a 
processor includes a processing core and core interface logic 
coupled to the processing core. The processing core includes 
multiple processing engines configured to execute multiple 
threads concurrently and a shared memory (e.g., a global 
register file or other on-chip or off-chip memory) communi 
cably coupled to the processing engines. The core interface 
logic includes a launch module. The launch module is con 
figured to initiate concurrent execution by the processing core 
of threads making up a thread array, each thread of the thread 
array being configured to execute a same program on an input 
data set. The launch module is also configured to assign a 
unique thread identifier (which can be, e.g., a one-dimen 
sional or multidimensional identifier) to each of the threads 
prior to instructing the processing core to initiate execution of 
the thread. In operation, each thread of the thread array uses 
the unique thread identifier to determine at least one process 
ing behavior, Such as a Subset of an input data set to process 
and/or a portion of an output data set to produce or write. 

In one embodiment, the processing core includes a local 
register file having a number of entries allocated to each of the 
plurality of threads, and the thread identifier for each thread is 
stored in one of the local register file entries allocated to that 
thread. 

In some embodiments, the processing core also includes an 
instruction unit configured to Supply a same instruction to all 
of the processing engines in SIMD parallelism such that 
different ones of the processing engines execute the same 
instruction for a different one of the threads in the thread 
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4 
array. In one Such embodiment, the processing engines are 
each configured to Support multiple concurrent threads, and 
the core interface logic is configured to divide the array of 
threads into SIMD groups such that one thread in each SIMD 
group is executed by each of the processing engines. The 
launch module may be further configured to assign the thread 
identifiers for each thread in one of the SIMD groups, then 
launch that SIMD group. 

In some embodiments, the core interface logic also 
includes a state module configured to receive and store state 
information defining the thread array, the state information 
including array size information for the thread array, and the 
launch module is further configured to determine the unique 
thread identifier for each thread of the thread array based on 
the array size information stored in the state module. 

According to another aspect of the present invention, a 
method for processing an input data set using a processor 
(which might be, e.g., a graphics processor) configured to 
execute a plurality of threads concurrently includes commu 
nicating to the processor information defining a thread array 
having a plurality of threads, each thread being identified by 
a unique thread identifier (which can be, e.g., a one-dimen 
sional or multidimensional identifier). Also communicated to 
the processor is a program to be executed by each thread of the 
thread array on at least a portion of an input data set stored in 
a shared memory to produce at least a portion of an output 
data set; during program execution, the unique thread identi 
fier is used by each thread to determine at least one processing 
behavior. The input data set is communicated to the processor, 
and the processor Stores the input data set in a shared memory 
communicably coupled to the processing engines. An instruc 
tion to begin concurrently executing all of the threads of the 
thread array to process the input data set in the shared memory 
to produce the output data set is communicated to the proces 
sor. In some embodiments, each thread processes a different 
portion of the input data set, and in some embodiments, each 
thread produces a different portion of the output data set. 

In one embodiment, the shared memory is internal to the 
processor, and the method also includes communicating to 
the processor an instruction to transfer result data generated 
by executing all of the threads of the thread array to a memory 
location external to the processor. 
The following detailed description together with the 

accompanying drawings will provide a better understanding 
of the nature and advantages of the present invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of a computer system according 
to an embodiment of the present invention; 

FIG. 2A is a conceptual model of a multidimensional coop 
erative thread array according to an embodiment of the 
present invention; 

FIG. 2B illustrates a bit field used to store a multidimen 
sional thread identifier for a thread of a cooperative thread 
array according to an embodiment of the present invention; 

FIG. 2C illustrates an assignment of thread identifiers to 
threads for processing a two-dimensional tile according to an 
embodiment of the present invention; 

FIG. 2D illustrates a tiling of a high definition television 
image for processing by multiple cooperative thread arrays 
according to an embodiment of the present invention; 

FIG. 3 is a block diagram of a processing core according to 
an embodiment of the present invention; 

FIG. 4 is a block diagram of a core interface for a process 
ing core according to an embodiment of the present invention; 
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FIG. 5 is a block diagram of a state module of a core 
interface according to an embodiment of the present inven 
tion; 

FIG. 6 is a block diagram of an increment unit in a state 
module of a core interface according to an embodiment of the 
present invention; 

FIG. 7 is a block diagram of a step calculation unit in a state 
module of a core interface according to an embodiment of the 
present invention; 

FIG. 8 is a block diagram of a launch module of a core 
interface according to an embodiment of the present inven 
tion; 

FIG.9 is a block diagram of an adder for generating thread 
identifiers in a launch module of a core interface according to 
an embodiment of the present invention; 

FIG.10 is a flow diagram of a control process performed by 
a core interface according to an embodiment of the present 
invention; 

FIG. 11A is a block diagram of barrier synchronization 
logic 1100 according to an embodiment of the present inven 
tion; 

FIG. 11B is a block diagram of barrier synchronization 
logic that manages multiple barrier points according to an 
embodiment of the present invention; and 

FIG. 12 is a block diagram of an arrangement of multiple 
cores within a graphics processor according to an embodi 
ment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the present invention provide data pro 
cessing systems and methods that use cooperative thread 
arrays (CTAS) to perform computations. As used herein, a 
“cooperative thread array, or “CTA. is a group of multiple 
threads that concurrently execute the same program on an 
input data set to produce an output data set. Each thread in a 
CTA has a unique identifier (thread ID) assigned at thread 
launch time that controls various aspects of the threads pro 
cessing behavior. For instance, a thread ID may be used to 
determine which portion of the input data set a thread is to 
process, to identify one or more other threads with which a 
given thread is to share an intermediate result, and/or to 
determine which portion of the output data set the thread is to 
compute or write. 
CTAS can be executed in a variety of processing architec 

tures, including any sequential single processors, parallel 
processors, multithreaded processors, and any architecture 
that can Support multiple concurrent threads and that provides 
at least Some shared memory, interconnection network, or 
other technology that allows threads to communicate with 
each other. In some embodiments, CTAS are executed using a 
processing core of a graphics processor that has multiple 
parallel processing engines, each capable of supporting mul 
tiple concurrent threads. The threads are advantageously 
executed in SIMD (single instruction, multiple data) groups, 
with one thread of the group being associated with each 
processing engine. A single instruction unit issues an instruc 
tion to an entire SIMD group in parallel, and each processing 
engine executes the instruction in the context of its thread of 
the current SIMD group; instructions for different SIMD 
groups can be issued in any order. By executing each instruc 
tion in the appropriate context, each processing engine 
executes one thread in each of multiple concurrent SIMD 
groups. 

Thread IDs are advantageously assigned as the threads of a 
CTA are launched, and the interface logic for the processing 
core is advantageously configured to automatically assign 
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6 
thread IDs to threads as the threads are being launched. Auto 
matic assignment of thread IDs eliminates the need for an 
application programmer to explicitly configure each thread. 
Instead, the programmer can simply define the number of 
threads in the CTA and the operations each thread is to do; the 
particular manner in which the CTA is executed is advanta 
geously made transparent to the programmer. 
Computer System Overview 

FIG. 1 is a block diagram of a computer system 100 accord 
ing to an embodiment of the present invention. Computer 
system 100 includes a central processing unit (CPU) 102 and 
a system memory 104 communicating via a bus path that 
includes a memory bridge 105. Memory bridge 105 is con 
nected via a bus path 106 to an I/O (input/output) bridge 107. 
I/O bridge 107 receives user input from one or more user input 
devices 108 (e.g., keyboard, mouse) and forwards the input to 
CPU 102 via bus 106 and memory bridge 105. Visual output 
is provided on a pixel based display device 110 (e.g., a con 
ventional CRT or LCD based monitor) operating under con 
trol of a graphics Subsystem 112 coupled to memory bridge 
105 via a bus 113. A system disk 114 is also connected to I/O 
bridge 107. A switch 116 provides connections between I/O 
bridge 107 and other components such as a network adapter 
118 and various add-in cards 120, 121. Other components 
(not explicitly shown), including USB or other port connec 
tions, CD drives, DVD drives, and the like, may also be 
connected to I/O bridge 107. Bus connections among the 
various components may be implemented using bus protocols 
such as PCI (Peripheral Component Interconnect), PCI 
Express (PCI-E), AGP (Accelerated Graphics Port), Hyper 
Transport, or any other bus protocol(s), and connections 
between different devices may use different protocols as is 
known in the art. 

Graphics processing Subsystem 112 includes a graphics 
processing unit (GPU) 122 and a graphics memory 124. 
which may be implemented, e.g., using one or more inte 
grated circuit devices such as programmable processors, 
application specific integrated circuits (ASICs), and memory 
devices. GPU 122 may be configured to perform various tasks 
related to generating pixel data from graphics data Supplied 
by CPU 102 and/or system memory 104 via memory bridge 
105 and bus 113, interacting with graphics memory 124 to 
store and update pixel data, and the like. For example, GPU 
122 may generate pixel data from 2-D or 3-D scene data 
provided by various programs executing on CPU 102. 
GPU 122 has at least one processing core 126 for generat 

ing pixel data and a core interface 128 that controls operation 
of core 126. Core 126 advantageously includes multiple par 
allel processing engines that can be used to execute various 
shader programs, including vertex shader programs, geom 
etry shader programs, and/or pixel shader programs, in the 
course of generating images from scene data. Core 126 can 
also be leveraged to perform general-purpose computations 
as described below. 
GPU 122 may also include other components, not explic 

itly shown, such as a memory interface that can store pixel 
data received via memory bridge 105 to graphics memory 124 
with or without further processing, a scan out module con 
figured to deliver pixel data from graphics memory 124 to 
display device 110, and so on. 
CPU 102 operates as the master processor of system 100, 

controlling and coordinating operations of other system com 
ponents. In particular, CPU 102 issues commands that control 
the operation of GPU 122. In some embodiments, CPU 102 
writes a stream of commands for GPU 122 to a command 
buffer, which may be in system memory 104, graphics 
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memory 124, or another storage location accessible to both 
CPU 102 and GPU 122. GPU 122 reads the command stream 
from the command buffer and executes commands asynchro 
nously with operation of CPU 102. 

It will be appreciated that the system shown herein is 
illustrative and that variations and modifications are possible. 
The bus topology, including the number and arrangement of 
bridges, may be modified as desired. For instance, in some 
embodiments, system memory 104 is connected to CPU 102 
directly rather than through a bridge, and other devices com 
municate with system memory 104 via memory bridge 105 
and CPU 102. In other alternative topologies, graphics sub 
system 112 is connected to I/O bridge 107 rather than to 
memory bridge 105. In still other embodiments, I/O bridge 
107 and memory bridge 105 might be integrated into a single 
chip. The particular components shown herein are optional; 
for instance, any number of add-in cards or peripheral devices 
might be supported. In some embodiments, Switch 116 is 
eliminated, and network adapter 118 and add-in cards 120, 
121 connect directly to I/O bridge 107. 
The connection of GPU 122 to the rest of system 100 may 

also be varied. In some embodiments, graphics system 112 is 
implemented as an add-in card that can be inserted into an 
expansion slot of system 100. In other embodiments, a GPU 
is integrated on a single chip with a bus bridge, such as 
memory bridge 105 or I/O bridge 107. 
A GPU may be provided with any amount of local graphics 

memory, including no local memory, and may use local 
memory and system memory in any combination. For 
instance, in a unified memory architecture (UMA) embodi 
ment, little or no dedicated graphics memory is provided, and 
the GPU uses system memory exclusively or almost exclu 
sively. In UMA embodiments, the GPU may be integrated 
into a bus bridge chip or provided as a discrete chip with a 
high-speed bus (e.g., PCI-E) connecting the GPU to the 
bridge chip and system memory. 

It is also to be understood that any number of GPUs may be 
included in a system, e.g., by including multiple GPUs on a 
single graphics card or by connecting multiple graphics cards 
to bus 113. Multiple GPUs may be operated in parallel to 
generate images for the same display device or for different 
display devices. 

In addition, GPUs embodying aspects of the present inven 
tion may be incorporated into a variety of devices, including 
general purpose computer systems, computer servers, video 
game consoles and other special purpose computer systems, 
DVD players, handheld devices such as mobile phones or 
personal digital assistants, and so on. 
Cooperative Thread Arrays (CTAs) 

In accordance with an embodiment of the present inven 
tion, core 126 of GPU 122 is a multithreaded or parallel 
processing core that can be leveraged for general-purpose 
computations by executing cooperative thread arrays (CTAS). 
As used herein, a “CTA is a group of multiple threads that 
concurrently execute the same program on an input data set to 
produce an output data set. Each thread in the CTA is assigned 
a unique thread identifier (“thread ID') that is accessible to 
the thread during its execution. The thread ID controls various 
aspects of the threads processing behavior. For instance, a 
thread ID may be used to determine which portion of the input 
data set a thread is to process, to identify one or more other 
threads with which a given thread is to share an intermediate 
result, and/or to determine which portion of an output data set 
a thread is to produce or write. 
CTAS are advantageously employed to perform computa 

tions that lend themselves to a data parallel decomposition, 
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8 
i.e., application of the same processing algorithm to different 
portions of an input data set in order to effect a transformation 
of the input data set to an output data set. The processing 
algorithm is specified in a "CTA program, and each thread in 
a CTA executes the same CTA program on a different subset 
of an input data set. A CTA program can implement algo 
rithms using a wide range of mathematical and logical opera 
tions, and the program can include conditional or branching 
execution paths and direct and/or indirect memory access. 

Threads in a CTA can share intermediate results with other 
threads in the same CTA using a shared memory that is 
accessible to all of the threads, an interconnection network, or 
other technologies for inter-thread communication, including 
other technologies known in the art. In some embodiments, 
the CTA program includes an instruction to compute an 
address in shared memory to which particular data is to be 
written, with the address being a function of thread ID. Each 
thread computes the function using its own thread ID and 
writes to the corresponding location. The function is advan 
tageously defined such that different threads write to different 
locations; as long as the function is deterministic, the location 
written to by any thread is well-defined. The CTA program 
can also include an instruction to compute an address in 
shared memory from which data is to be read, with the address 
being a function of thread ID. By defining suitable functions, 
data can be written to a given location by one thread and read 
from that location by a different thread in a predictable man 
ner. Consequently, any desired pattern of data sharing among 
threads can be Supported, and any thread in a CTA can share 
data with any other thread in the same CTA. 

Since all threads in a CTA execute the same program, any 
thread can be assigned any thread ID, as long as each valid 
thread ID is assigned to only one thread. In one embodiment, 
thread IDs are assigned sequentially to threads as they are 
launched, as described below. It should be noted that as long 
as data sharing is controlled by reference to thread IDs, the 
particular assignment of threads to processing engines will 
not affect the result of the CTA execution. Thus, a CTA 
program can be independent of the particular hardware on 
which it is to be executed. 
Any unique identifier (including but not limited to numeric 

identifiers) can be used as a thread ID. In one embodiment, if 
a CTA includes some number (T) of threads, thread IDs are 
simply sequential index values from 0 to T-1. One-dimen 
sional indexing, however, can make it more difficult for the 
programmer to define data sharing patterns among the 
threads, particularly in applications where the data being 
processed corresponds to points in a multidimensional space. 

Accordingly, in Some embodiments of the present inven 
tion, thread IDs can be multidimensional indices. FIG. 2A is 
a conceptual model of threads in a multidimensional CTA 200 
according to an embodiment of the present invention. Each 
small block 202 corresponds to a thread. The threads are 
arranged in a three-dimensional box with dimensions D0, D1, 
and D2: the array includes a total of T=D0*D1*D2 threads. 
Each block 202 has coordinates in three dimensions (i0, i1, 
i2), and those coordinates represent the thread ID of the 
corresponding thread. It is to be understood that D0, D1, and 
D2 can be any positive integers. 

In some embodiments, a multidimensional thread ID can 
be stored as a single value, e.g., using a partitioned bit field. 
FIG. 2B illustrates a bit field 220 used to store a three-dimen 
sional thread ID (i2., i1, iO) according to an embodiment of the 
present invention. Bit field 220, which might be, e.g., 32 bits, 
is partitioned into an i0 field 222 (e.g., 16 bits), an i1 field 224 
(e.g., 10 bits) and an i2 field 226 (e.g., 6 bits). In a particular 
implementation, the size of the field available for each dimen 
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sion determines an upper limit on that dimension. For 
instance, in one embodiment, D0 is limited to 2', D1 to 2', 
and D2 to 2°. It will be understood that the total size of a 
thread ID bit field, the number of dimensions, and the parti 
tioning of the bits among multiple dimensions are all matters 
of design choice and may be varied as desired. In some 
embodiments, the product D0*D1*D2 may exceed the num 
ber of threads instantiated in the CTA. 

From an application programmer's perspective, multidi 
mensional thread IDS can be used to simplify the assignment 
of threads to input data and/or the sharing of data among 
threads. For instance, in an image processing application, a 
CTA might be defined to apply a filter to a 16x16 tile of pixels. 
As shown in FIG. 2C for a tile 230, two-dimensional thread 
IDS can be assigned to each pixel in a manner that correlates 
with the location of the pixel relative to the tile boundaries. 
Thus, pixel 231 in the upper left corner of tile 230 has thread 
ID (0,0), pixel 232 in the upper right corner has thread ID (0. 
15), and so on, pixel 234 in the lower right corner having 
thread ID (15, 15). 

In some embodiments, multiple CTAS (e.g., an array or 
grid of CTAs) can be used to solve larger problems. A CTA 
program can be executed on any one of a scalable family of 
processors, where different members of the family have dif 
ferent numbers of processing engines; within Such a family, 
the number of processing engines determines the number of 
CTAs that can be executed in parallel, a significant factor in 
determining overall performance. Arrays or grids of CTAS 
can be used to partition large problems, reduce solution time, 
or make operation possible in processors where processing 
one large CTA would exceed available resources. 

In addition to thread IDs, some embodiments also provide 
a CTA identifier that is common to all threads in the CTA. A 
CTA identifier can be helpful to a programmer, e.g., where an 
input data set is to be processed using multiple CTAs that 
process different (possibly overlapping) portions of an input 
data set. The CTA identifier may be stored in a local register 
of each thread, in a state register accessible to all threads of 
the CTA, in a shared memory, or in other storage accessible to 
the threads of the CTA. 

For instance, the 16x16 tile of pixels illustrated in FIG. 2C 
might be a portion of a much larger image. Such as a high 
definition television (HDTV) image 240 shown in FIG.2D. A 
different CTA can be used to process each tile 241, 242, etc. 
Different tiles can be identified using CTA identifiers. Like 
thread IDs, CTA identifiers can be multidimensional; thus, a 
CTA identifier can correspond to the tile coordinates within 
image 240 (e.g., (0,0) for tile 241, (0,1) for tile 242, and so 
on). In this example, a thread can be programmed to deter 
mine the screen coordinates of its pixel using the CTA iden 
tifier of its CTA (which determines the tile location) and its 
own thread ID (which determines the pixels offset within the 
tile). 

While all threads within a CTA are executed concurrently, 
there is no requirement that different CTAs are executed 
concurrently, and the hardware need not support sharing of 
data between threads in different CTAs. Thus, CTAs can be 
executed using any processing hardware with one or more 
processing engines. 

It will be appreciated that the size of a CTA and number of 
CTAs required for a particular application will depend on the 
application. Thus, the size of a CTA, including dimensions 
D0, D1 and D2, as well as the number of CTAs to be executed, 
are advantageously defined by the programmer and provided 
to core 126 and core interface 128 as state parameters, as 
described below. 
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10 
A Core Architecture 

CTAS can be executed using various hardware architec 
tures, provided that the architecture can Support concurrent 
execution of all threads of the CTA, the ability to share data 
among concurrent threads, and the ability to assign a unique 
thread ID to each thread of the CTA. In some embodiments, a 
Suitable architecture is provided within a graphics processor 
Such as GPU 122 of FIG. 1. 

In one embodiment, GPU 122 implements a rendering 
pipeline that includes vertex and geometry processing, primi 
tive setup and rasterization, attribute assembly, and pixel pro 
cessing. The rendering pipeline Supports various shader pro 
grams including vertex shaders, geometry shaders, and pixel 
shaders, examples of which are known in the art. Shader 
programs of arbitrary complexity are advantageously Sup 
ported using a “unified shader architecture in which one or 
more processing cores 126 Support concurrent execution of a 
(preferably large) number of instances of Vertex, geometry, 
and/or pixel shader programs in various combinations. In 
accordance with an embodiment of the present invention, 
processing core 126 is leveraged to execute CTAS for general 
purpose computations. 

FIG. 3 is a block diagram of a processing core 126 accord 
ing to an embodiment of the present invention. Core 126 is 
advantageously configured to execute a large number of 
threads in parallel. During a rendering operation, a thread 
might be an instance of a vertex shader program executing on 
the attributes of a single vertex or an instance of a pixel shader 
program executing on a given primitive and pixel. During 
general-purpose computing, a thread can be an instance of a 
CTA program executing on a portion of an input data set. In 
core 126, single-instruction, multiple-data (SIMD) instruc 
tion issue techniques are used to Support parallel execution of 
a large number of threads by multiple processing engines 
without requiring multiple instruction units. 

In one embodiment, core 126 includes an array of P(e.g., 8, 
16, or any other number) parallel processing engines 302 
configured to receive and execute SIMD instructions from a 
single instruction unit 312. Each parallel processing engine 
302 advantageously includes an identical set of functional 
units such as arithmetic logic units, load/store units, and the 
like (not explicitly shown). The functional units may be pipe 
lined, allowing a new instruction to be issued before a previ 
ous instruction has finished, as is known in the art. Any 
combination of functional units may be provided. In one 
embodiment, the functional units Support a variety of opera 
tions including integer and floating point arithmetic (e.g., 
addition and multiplication), comparison operations, Bool 
ean operations (AND, OR, XOR), bit-shifting, and computa 
tion of various algebraic functions (e.g., planar interpolation, 
trigonometric, exponential, and logarithmic functions, etc.); 
and the same functional-unit hardware can be leveraged to 
perform different operations. A particular implementation of 
processing engines 302 is not critical to the present invention, 
and a detailed description has been omitted. 

Each processing engine 302 is allocated space in a local 
register file 304 for storing its local input data, intermediate 
results, and the like. In one embodiment, local register file 304 
is divided into Planes, each having some number of entries 
(where each entry might be, e.g., a 32-bit word). One lane is 
allocated to each processing unit, and corresponding entries 
in different lanes can be populated with data for correspond 
ing thread types to facilitate SIMD execution of multiple 
threads in parallel as described below. The number of entries 
in local register file 304 is advantageously large enough to 
Support multiple concurrent threads per processing engine 
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302; and in some embodiments, the number of entries allo 
cated to a thread is dynamically configurable. 

Each processing engine 302 also has access, via a crossbar 
switch 305, to a (shared) global register file 306 that is shared 
among all of the processing engines 302 in core 126. Global 
register file 306 may be as large as desired, and in some 
embodiments, any processing engine 302 can read to or write 
from any location in global register file 306. In addition to 
global register file 306, some embodiments also provide an 
on-chip shared memory 308, which may be implemented, 
e.g., as a conventional RAM. On-chip memory 308 is advan 
tageously used to store data that is expected to be used in 
multiple threads, such as coefficients of attribute equations, 
which are usable in pixel shader programs. In some embodi 
ments, processing engines 302 may also have access to addi 
tional off-chip shared memory (not shown), which might be 
located, e.g., within graphics memory 124 and/or system 
memory 104 of FIG. 1. 

In one embodiment, each processing engine 302 is multi 
threaded and can execute up to Some number G (e.g., 24) of 
threads concurrently. Processing engines 302 are advanta 
geously designed to Switch rapidly from any one active thread 
to any other active thread. For instance, processing engine 
302 can maintain current state information associated with 
each thread in a different portion of its allocated lane in local 
register file 306, facilitating fast switching. 

Instruction unit 312 is configured such that, for any given 
processing cycle, the same instruction (INSTR) is issued to 
all P processing engines 302. Thus, at the level of a single 
clock cycle, core 126 implements P-way SIMD execution. 
Each processing engine 302 is also multithreaded, Supporting 
up to G concurrent threads, and instructions for different ones 
of the G threads can be issued in any order relative to each 
other. Accordingly, core 126 in this embodiment can have up 
to P*G threads in flight concurrently. For instance, if P=16 
and G=24, then core 126 can support up to 384 concurrent 
threads. In some embodiments, PG determines an upper 
limit on the number of threads that can be included in a CTA; 
it is to be understood that some CTAs may include fewer than 
this number of threads. 

Because instruction unit 312 issues the same instruction to 
all P processing engines 302 in parallel, core 126 is advanta 
geously used to process threads in “SIMD groups. As used 
herein, a “SIMD group' refers to a group of up to P threads of 
execution of the same program on different input data, with 
one thread of the group being assigned to each processing 
engine 302. For example, a SIMD group might consist of any 
P threads of a CTA, each of which executes the same CTA 
program. A SIMD group can include fewer than P threads, in 
which case Some of processing engines 302 will simply be 
idle during cycles when that SIMD group is being processed. 
Since a processing engine 302 can Support up to G threads, it 
follows that up to GSIMD groups can be in flight in core 126 
at any given time. 
On each clock cycle, one instruction is issued to all P 

threads making up a selected one of the GSIMD groups. To 
indicate which thread is currently active, a “group index' 
(GID) for the associated thread may be included with the 
instruction. Processing engine 302 uses group index GID as a 
context identifier, e.g., to determine which portion of its allo 
cated lane in local register file 304 should be used when 
executing the instruction. Thus, in a given cycle, all process 
ing engines 302 in core 126 are nominally executing the same 
instruction for different threads in the same group. It should 
be noted that no particular correlation between thread ID and 
group index GID is required, and group index GID is advan 
tageously not used in defining CTA behavior. 
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Although all threads within a group are executing the same 

program, the execution paths of different threads in the group 
might diverge from each other. For instance, a conditional 
branch in the program might be taken by some threads and not 
taken by others. Each processing engine 302 can maintain a 
local program counter (PC) value for each thread it is execut 
ing; if the PC value associated with an instruction received for 
a thread does not match the local PC value for that thread, 
processing engine 302 simply ignores the instruction (e.g., 
executing a no-op). 

Further, as noted above, a SIMD group might contain fewer 
than P threads; an “active' mask generated by core interface 
128 can be used to indicate which processing engines 302 are 
executing threads and which are idle. A processing engine 
302 that is idle may execute no-ops, or it may execute opera 
tions with the results being discarded rather than being writ 
ten to registers. 

Instruction unit 312 advantageously manages instruction 
fetch and issue for each SIMD group so as to ensure that 
threads in a group that have diverged eventually resynchro 
nize. In one embodiment, instruction unit 312 includes pro 
gram counter (PC) logic 314, a program counter register array 
316, a multiplexer 318, arbitration logic 320, fetch logic 322, 
and issue logic 324. Program counter register array 316 stores 
G program counter values (one per SIMD group), which are 
updated independently of each other by PC logic 314. PC 
logic 314 updates the PC values based on information 
received from processing engines 302 and/or fetch logic 322. 
PC logic 314 is advantageously configured to track diver 
gence among threads in a SIMD group and to select instruc 
tions in a way that ultimately results in the threads re-syn 
chronizing. 

Fetch logic 322, which may be of generally conventional 
design, is configured to fetch an instruction corresponding to 
a program counter value PC from an instruction store (not 
shown) and to provide the fetched instructions to issue logic 
324. In some embodiments, fetch logic 322 (or issue logic 
324) may also include decoding logic that converts the 
instructions into a format recognizable by processing engines 
3O2. 

Arbitration logic 320 and multiplexer 318 determine the 
order in which instructions are fetched. More specifically, on 
each clock cycle, arbitration logic 320 selects one of the G 
possible group indices GID as the SIMD group for which a 
next instruction should be fetched and Supplies a correspond 
ing control signal to multiplexer 318, which selects the cor 
responding PC. Arbitration logic 320 may include conven 
tional logic for prioritizing and selecting among concurrent 
threads (e.g., using round-robin, least-recently serviced, or 
the like), and selection may be based in part on feedback 
information from fetch logic 322 or issue logic 324 as to how 
many instructions have been fetched but not yet issued for 
each SIMD group. 

Fetch logic 322 provides the fetched instructions, together 
with the group index GID and program counter value PC, to 
issue logic 324. In some embodiments, issue logic 324 main 
tains a queue of fetched instructions for each in-flight SIMD 
group. Issue logic 324, which may be of generally conven 
tional design, receives status information from processing 
engines 302 indicating which SIMD groups are ready to 
execute a next instruction. Based on this information, issue 
logic 324 selects a next instruction to issue and issues the 
selected instruction, together with the associated PC value 
and GID. Each processing engine 302 either executes or 
ignores the instruction, depending on whether the PC value 
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corresponds to the next instruction in its thread associated 
with group index GID and depending on the active mask for 
the selected SIMD group. 

In one embodiment, instructions within a SIMD group are 
issued in order relative to each other, but the next instruction 
to be issued can be associated with any one of the SIMD 
groups. For instance, if in the context of one SIMD group, one 
or more processing engines 302 are waiting for a response 
from other system components (e.g., off-chip memory), issue 
logic 324 advantageously selects a group index GID corre 
sponding to a different SIMD group. 

For optimal performance, all threads within a SIMD group 
are advantageously launched on the same clock cycle so that 
they begin in a synchronized State. In one embodiment, core 
interface 128 advantageously loads SIMD groups into core 
126, then instructs core 126 to launch the group. "Loading” a 
thread, as used herein, includes Supplying instruction unit 312 
and processing engines 302 with various input parameters 
required to execute the program. In some instances, the input 
parameters may include the input data to be processed by the 
program; in other instances, the input data is stored in global 
register file 306 or other shared memory (e.g., graphics 
memory 124 or system memory 104 of FIG. 1) prior to 
loading of any threads, and the input parameters may include 
a reference to a location where the input data is stored. For 
example, in the case of CTA processing, the input data set 
may be loaded into graphics memory 124 or system memory 
104 before core interface is instructed to begin CTA process 
ing. Core interface 128 loads the starting PC value for the 
CTA program into a slot in PC array 316 that is not currently 
in use; this slot corresponds to the group index GID assigned 
to the new SIMD group that will process Pof the CTA threads. 
Core interface 128 allocates sufficient space in the local reg 
ister file for each processing engine 302 to execute one CTA 
thread, then loads input parameters into shared memory (e.g., 
global register file 306). Core interface 128 loads a unique 
thread ID into a thread ID register for each thread or into a 
predetermined register in the allocated portion of local regis 
ter file 304 for each processing engine 302. In one embodi 
ment, thread IDs for P threads are loaded in parallel, as 
described below. Once the input parameters and thread IDs 
for all threads in the SIMD group have been loaded, core 
interface 128 launches the group by signaling instruction unit 
312 to begin fetching and issuing instructions corresponding 
to the group index GID of the new group. 

It will be appreciated that the processing core described 
herein is illustrative and that variations and modifications are 
possible. Any number of processing units may be included. In 
Some embodiments, each processing unit has its own local 
register file, and the allocation of local register file entries per 
thread can be fixed or configurable as desired. 

In some embodiments, core 126 is operated at a higher 
clock rate than core interface 128, allowing the core to pro 
cess more data in a given amount of time. For instance, core 
126 can be operated at a clock rate that is twice the clock rate 
of core interface 128. If core 126 includes P processing 
engines 302 producing data at twice the core interface clock 
rate, then core 126 can produce 2P data values per core 
interface clock cycle. Provided there is sufficient space in 
local register file 304, from the perspective of core interface 
128, the situation is effectively identical to a core with 2P 
processing units. Thus, P-way SIMD parallelism could be 
produced either by including P processing units in core 126 
and operating core 126 at the same clock rate as core interface 
128 or by including P/2 processing units in core 126 and 
operating core 126 at twice the clock rate of core interface 
128. Other timing variations are also possible. 
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In another alternative embodiment, SIMD groups contain 

ing more than P threads (“supergroups') can be defined. A 
Supergroup is defined by associating the group index values 
of two (or more) of the SIMD groups (e.g., GID1 and GID2) 
with each other. When issue logic 324 selects a supergroup, it 
issues the same instruction twice on two Successive clock 
cycles: on one cycle, the instruction is issued for GID1, and on 
the next cycle, the same instruction is issued for GID2. Thus, 
the Supergroup is in effect a SIMD group. Supergroups can be 
used to reduce the number of distinct program counters, state 
definitions, and other per-group parameters that need to be 
maintained without reducing the number of concurrent 
threads. In some embodiments, Supergroups can be extended 
to the entire size of a CTA. 

Core Interface 
FIG. 4 is a block diagram of core interface 128 according to 

an embodiment of the present invention. Core interface 128 
includes an input unit 402, a state module 404, State registers 
406, a load module 408, and a launch module 410. As 
described above, core interface 128 (FIG. 1) controls opera 
tion of core 126. In particular, core interface 128 loads and 
launches threads of a CTA in SIMD groups until all threads 
have been launched. In one embodiment, core interface 128 
generates thread IDs for each thread in a SIMD group and 
writes the thread ID into a suitable location in local register 
file 304, then launches the SIMD group. These aspects of core 
interface 128 will now be described. 

Input unit 402 receives all incoming signals, including 
state information, data and commands, and directs the signals 
to state module 404 or load module 406. In one embodiment, 
input unit 402 receives a data word (e.g., 32 bits) along with 
control signals indicating whether the data word corresponds 
to state information or data to be processed. Based on the 
control signals, input unit 402 determines where to direct the 
data word, and all or part of the control signal may be for 
warded together with the data word. For instance, if the data 
word corresponds to state information, the control signals 
may be used by state module 404 to determine where to store 
the data word, as described below. 

State module 404 receives state information from input 
unit 402 and loads the state information into state registers 
406. “State information, as used herein, includes any infor 
mation (other than input data) relevant to defining a CTA. For 
example, in one embodiment, state information includes the 
size of the input data set, the amount of local register file space 
required for each thread, and a starting program counter (e.g., 
memory address) for a program to be executed by each thread. 
State information advantageously also includes size informa 
tion for the CTA; for example, referring to FIG. 2A, array 
dimensions D0, D1 and D2 may be provided. In some 
embodiments, the total number (7) of threads is also pro 
vided; in other embodiments, T can be computed from the 
array dimensions (e.g., T=D0*D1*D2 for the embodiment of 
FIG. 2A). When T is provided, T is advantageously less than 
or equal to D0*D1*D2, in order to ensure that each thread is 
assigned a unique thread ID. 

FIG. 5 is a block diagram of state module 404 according to 
an embodiment of the present invention. In this embodiment, 
state information defining a CTA is delivered in advance of 
any data to be processed using that CTA. Each item of State 
information is advantageously stored in one of state registers 
406 until Such time as that item is updated, facilitating execu 
tion of multiple CTAs having the same state. State module 
404 can also compute additional State parameters based on 
the received state information. In particular, state module 404 
computes an initial set of P thread IDs for the CTA and a “step 
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size” between one of the first P thread IDs and a correspond 
ing thread ID in the next group of P threads. This information 
can be used to expedite loading and launching of CTA 
threads, as described below. 
More specifically, state module 404 includes a register 

steering circuit 502 that receives each item of state informa 
tion and directs it to an appropriate one of state registers 406. 
Steering circuit 502 may be of conventional design, and a 
detailed description is omitted as not being critical to under 
standing the present invention. 
When the state information corresponds to the CTA dimen 

sions (D0, D1, D2), register steering circuit 502 steers the 
information onto a data path 504 that couples the information 
into an increment (INCR) unit 506 and a step calculation unit 
508. Increment unit 506 generates the first Psequential thread 
IDS for an array of the given dimensions and stores these 
thread IDs as a set of P initial values (INIT, to INIT) in P 
state registers 406. Step calculation unit 508 computes a step 
size in three dimensions between one of the P initial values 
and a corresponding value in the next set of P thread IDs. In 
one embodiment, the computed step size (S2, S1, S0) is stored 
in one of the state registers 406. As described below, the initial 
values and step size can be used to facilitate efficient launch of 
the SIMD groups. 

FIG. 6 is a block diagram of increment unit 506 according 
to an embodiment of the present invention. In this embodi 
ment, increment unit 506 sequentially generates the first P 
thread IDs (i2., i1, i0) starting from a first thread ID (INIT) 
that is initialized to (0, 0, 0). This value is loaded into a 
register 602, and an index counter (i) 604 is initialized to zero. 
INIT is also loaded into the first of the P state registers 406 
(shown in FIG. 5) that are allocated for storing initial thread 
IDS. 

An add block 606 adds a fixed increment (0, 0, 1) to the 
initial value INIT, in register 602, incrementing the i0 com 
ponent of the thread ID. As long as i0 is less than D0 (the array 
size in the i0 dimension), the result of the addition is the next 
sequential thread ID. The i1 component of the thread ID is 
incremented each time iO reaches D0. Similarly, the i2 com 
ponent of the thread ID is incremented each time i1 reaches 
D1. 

More specifically, a modulo (MOD) unit 608 computes 10 
mod D0 and passes the result to a conditional add block 610 
that adds +(0, 1, 0) if a control signal CTL0 is asserted and 
otherwise passes the thread ID through unmodified. Whether 
to assert control signal CTL0 is determined by a comparison 
circuit 612: CTL0 is asserted if iO is equal to (or greater than) 
D0 and deasserted otherwise. 

After conditional add block 610, a second modulo (MOD1) 
unit 614 computes i1 mod D1 and passes the result to a second 
conditional add block 616 that adds + (1,0,0) to the thread ID 
if a control signal CTL1 is asserted and otherwise passes the 
thread ID through unmodified. Whether to assert control sig 
nal CTL1 is determined by a comparison circuit 618: CTL1 is 
asserted ifi1 is equal to (or greater than) D1 and deasserted 
otherwise. 

After conditional add block 616, the resulting thread ID 
INIT, is steered by a steering circuit 620 into one of the state 
registers 406 (FIG. 5). Steering circuit 620 advantageously 
uses the index counter value i to determine where to steer the 
thread ID. Once the thread ID has been steered, counter 604 is 
incremented, and the process repeats for the next thread ID. 
After the Pth thread ID has been steered into state registers 
406, increment unit 506 stops generating additional thread 
IDs. In one embodiment, the output of counter 604 is used to 
determine when P thread IDs have been generated and 
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steered; conventional control circuits (not explicitly shown) 
may be used to terminate operations of increment unit 506. 

FIG. 7 is a block diagram of step calculation unit 508 
according to an embodiment of the present invention. Step 
calculation unit 508 converts P (the number of threads in a 
SIMD group) to a corresponding value in the index space 
defined by the thread array dimensions (D2, D1, D0), result 
ing in a triplet of step-size values (S2, S1, S0). Using the 
initial set of thread IDs and the step size triplet, subsequent 
sets of thread IDs can rapidly be computed at thread launch 
time, as described below. In some embodiments, step calcu 
lation unit 508 also computes the total number T of threads in 
the array (e.g., T-D2*D1*D0) and stores the total in a state 
register 406; in other embodiments, T is received by state 
module 404 of FIG. 4 and stored directly in state registers 
406. 

Step calculation unit 508 includes a comparison unit 702 
that determines whether P is greater than or equal to D0 and 
a modulo unit 704 that computes P mod D0. Selection unit 
706 is configured such that if P is greater than or equal to D0, 
S0 is set to P mod D0; if P is less than D0, then S0 is set to P. 

For determining S1, step calculation unit 508 includes a 
division unit 710 that computes P/D0. Division unit 710 
advantageously performs integer division, and any remainder 
is ignored. A modulo unit 712 computes (P/D0) mod D1. 
Selection unit 714 is configured such that if P is greater than 
or equal to D0, S1 is setto (P/D0) mod D1; if P is less than D0, 
then S1 is set to 0. 

For determining S2, step calculation unit 508 includes a 
multiplier unit 720 that multiplies D0*D1 and a division unit 
722 that computes P/(D0*D1). Division unit 722 advanta 
geously performs integer division, and any remainder is 
ignored. A modulo unit 724 computes P/(D0*D1) mod D2, 
and a comparison unit 726 determines whether P is greater 
than or equal to D0*D1. Selection unit 728 is configured such 
that if P is greater than or equal to D0*D1, S2 is set to 
P/(D0*D1) mod D2; if P is less than D0*D1, S2 is set to 0. 

It will be appreciated that the step calculation unit shown 
herein is illustrative and that variations and modifications are 
possible. In some embodiments, a separate step calculation 
unit may be omitted; the step-size values S0, S1, and S2 can 
be determined, e.g., from an additional iteration through 
increment unit 506 of FIG. 6, which would produce the thread 
ID for the (P+1)th thread. Where the first thread always has 
thread ID (0, 0, 0), the thread ID for the (P+1)th thread is the 
step size (S2, S1, S0) Alternatively, the thread ID adder 
described below with reference to FIG.9 may also be used to 
determine the step size. 

In some embodiments, state information is provided to 
core interface 128 only when state changes, and multiple 
CTAS can be loaded and launched between state changes. 
Further, since state information can be stored indefinitely in 
state registers 406, state information can be updated incre 
mentally; that is, only changes in state parameters need to be 
provided to core interface 128. The initial set of thread IDs 
and the step size parameters are advantageously computed 
only when new array dimensions are received, since they 
depend only on the array dimensions. In some embodiments, 
the number (e.g., P) of threads whose thread IDs are to be 
computed in parallel might also be a state parameter, in which 
case the initial thread IDs and step sizes might also be recom 
puted if that number changes. 

Referring again to FIG.4, load module 408 receives input 
parameters for a CTA and loads the input parameters into 
(shared) global register file 306 (FIG. 3) of core 126. These 
parameters may include, e.g., an (x,y) position of the CTA 
within a grid of CTAs or other CTA identifier and/or other 
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information specific to the CTA. In some embodiments, the 
input parameters may also include Some or all of an input data 
set to be processed by the CTA. 

In one embodiment, the first received input parameter is 
accompanied by a “begin CTA control signal indicating that 
what follows are input parameters for a CTA that is to be 
executed using the currently defined State. The control signal 
may also indicate the size of the input parameterset, where in 
global register file 306 the parameters are to be stored, and 
other information, e.g., a control signal identifying the last of 
the input parameters so that core interface 128 immediately 
recognizes when the CTA is ready to be launched. Alterna 
tively, state information defining the size of the input param 
eter set may be stored in state registers 406, and load module 
408 may use this information to determine when loading of 
input parameters is complete. For instance, if state registers 
406 store information about the number of input parameters, 
load module 408 might count received input parameters until 
the expected number had been received. 
Once all the input parameters have been loaded into global 

register file 306, load module 408 issues a “GO’ control 
signal to launch module 410. Launch module 410 is config 
ured to respond to the GO control signal by launching all of 
the threads for one CTA based on the current definition of 
CTA size stored in state registers 406. Launch module 410 
supplies each thread with a unique thread ID, which is written 
to one of the local registers 304 (FIG. 3) allocated to that 
thread or to a per-thread register dedicated to storing a thread 
ID. Once all the threads in a SIMD group have been supplied 
with thread IDs, launch module 410 advantageously launches 
that SIMD group before beginning to supply thread IDs for 
the next SIMD group. Launch module 410 is advantageously 
designed to generate and assign thread IDs rapidly so as to 
minimize the delay between launching successive SIMD 
groups. In one embodiment, the delay can be as little as one 
clock cycle between Successive launches. 

FIG. 8 is a block diagram of launch module 410 according 
to an embodiment of the present invention. Launch module 
410 includes counter logic 804, a set of P parallel adders 806, 
a P-fold selection unit 808, and a valid/PC signaling block 
810. Counter logic 804 receives the GO control signal from 
load module 408 (FIG. 4) and the CTA size T from state 
registers 416. Counter logic 804 uses the CTA size T to 
determine how many SIMD groups the CTA requires (in 
Some embodiments, the number of groups required is T/P. 
rounded up to the next integer) and maintains a count of how 
many of the required SIMD groups have been launched. For 
each SIMD group, launch module 410 generates a set of P 
thread IDs, loads the P thread IDs into local register file 304 
(FIG.3), then signals instruction unit 312 of core 126 to begin 
executing the group. 

To generate thread IDs, launch module 410 reads the P 
initial thread IDs INIT to INIT, the array dimensions (D2, 
D1, D0), and the step size (S2, S1, S0) from state registers 416 
and provides these values to the P parallel adders 806. Each 
one of parallel adders 806 receives one of the initial thread 
IDs INIT, and adds the step size (S2, S1, S0) to that thread ID, 
subject to the rule that if the i0 component of a thread ID 
equals or exceeds D0, the excess must be “carried into the i1 
component and if the i1 component of a thread ID equals or 
exceeds D1, the excess must be “carried into the i2 compo 
nent. 

To launch the first group of threads of the CTA, the P initial 
thread IDs are supplied to selection unit 808. In response to a 
control signal from counter logic 804 indicating that the first 
thread group is being launched, selection unit 808 selects the 
initial thread IDs for writing to registers in local register file 
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304. For all subsequent thread groups in the CTA, selection 
unit 808 selects the P new thread IDs computed by adders 
806. (It should be noted that the thread IDs for a SIMD group 
need not be correlated with the group index GID assigned to 
the group for purposes of controlling execution.) 

FIG. 9 is a block diagram of an adder 900 implementing 
one of the P parallel adders 806 of FIG. 8 according to an 
embodiment of the present invention. It is to be understood 
that all P parallel adders 806 may be configured identically to 
adder 900. Adder 900 includes three thread ID component 
registers 902,904,906 that store the i2. i1, and i0 components 
respectively; three adders 908, 910, 912; two modulo units 
914,916; two comparison units 918, 920 that detect carry 
over from one component to the next; and a concatenation 
unit 930. 

Initially, registers 902,904,906 are loaded with the thread 
ID components (i2., i1, i0) of one of the set of initial thread IDs 
obtained from state registers 406. In parallel, adders 908,910, 
912 add the step size components (S2, 51, S0) to the thread ID 
components (i2., i1, i0). Modulo circuit 914 determines i0 
mod d0; the result is provided to concatenation unit 930 and 
is also fed back to register 902 for use in computing the i0 
component of the next thread ID. 

Comparison circuit 918 detects whether the new value of i0 
is greater than or equal to D0. If so, then a carry value c0=1 is 
asserted on signal line 919; if not, carry value c0=0 is asserted 
on signal line 919. Add circuit 910 receives the carry value c0 
on signal line 919 at a least significant carry input and adds the 
carry value c0 to S1 and i1. Modulo circuit 916 determines 
(S1+i1+c0) mod D1. This result is provided to concatenation 
unit 930 and is also fed back to register 904 for use in com 
puting the i1 component of the next thread ID. 

Comparison circuit 920 detects whether the new i1 is 
greater than or equal to D1. If so, then a carry value c1 = 1 is 
asserted on signal line 921; if not, carry value c1 =0 is asserted 
on signal line 921. Add circuit 912 receives the carry value c1 
online 921 at a least significant carry input and adds the carry 
value c1 to S2 and i2. This result, S2+i2+c2, is provided to 
concatenation unit 930 and is also fed back to register 906 for 
use in computing the i2 component of the next thread ID. 

Concatenation unit 930 aligns the i0, i1 and i2 components 
in the appropriate fields of the thread ID word (e.g., as shown 
in FIG. 2B described above) and produces a thread ID, which 
is delivered to selection unit 808 (FIG. 8). 
Adder 900 is advantageously designed to generate new 

thread IDs rapidly (e.g., in as little as a single clock cycle). For 
instance, if D0, D1 and D2 are required to be powers of 2, 
modulo arithmetic can be implemented by dropping one or 
more most significant bits in the event that a adder result 
exceeds the maximum allowed width. By operating P adders 
900 in parallel, with each adder initialized using a different 
one of the Pinitial thread IDs, all of the thread IDs for a SIMD 
group can be generated in as little as one clock cycle, and the 
group can be launched in the next clock cycle. 

It will be appreciated that the core interface described 
herein is illustrative and that variations and modifications are 
possible. Components such as incrementers, step size calcu 
lators, and thread ID generators shown herein may be modi 
fied as desired. In some embodiments, computations 
described as being performed by the core interface can be 
performed elsewhere. For instance, a component of GPU 122 
(FIG. 1) that Supplies signals to the core interface might 
compute the initial thread IDs and/or the step size parameters 
and Supply these values to the core interface as additional 
state parameters. In another alternative embodiment, a driver 
program executing on CPU 102 receives a CTA size param 
eter (e.g., dimensions D2, D1, and D0) from an application 
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program and uses CPU resources to compute the initial P 
thread IDs and/or the step size, then Supplies these parameters 
to core interface 128 of GPU 122 as state information, and 
incrementer 506 and step calculator 508 may both be omitted. 

Further, while launching the SIMD groups for a CTA in 
rapid succession can improve overall performance (e.g., by 
reducing the time one thread has to wait for a threadinanother 
SIMD group to generate an intermediate result), it is not 
required, and other launch mechanisms may be substituted 
provided that, at the time a given thread is launched, the 
thread's ID is stored in a location accessible to that thread. 

It should also be noted that there is no requirement that any 
of the array dimensions or the total array size be a multiple of 
P. As described above, P thread IDs can be generated for each 
SIMD group regardless of any dimensional boundaries. If the 
total array size D is not a multiple of P, then the last SIMD 
group is launched with fewer than P active threads. (As 
described above, an active mask can be used to indicate that 
some of the threads in the last SIMD group are idle.) 

Another view of the operation of core interface 128 can be 
had by reference to FIG. 10, a flow diagram of a control 
process 1000 performed by core interface 128 according to an 
embodiment of the present invention. Process 1000 is divided 
into three phases, a “state' phase, a "load phase, and a 
“launch' phase. 

During the state phase, at step 1002, core interface 128 
receives state information defining a CTA. As described 
above, this information is advantageously loaded into state 
registers in core interface 128 and stored there until supersed 
ing state information is received. Where the state information 
includes initial or updated array dimensions, core interface 
128 computes a new step size (e.g., using step calculator 
circuit 508 of FIG. 7) and stores the new step size in a state 
register (step 1004); likewise, core interface 128 also com 
putes the first P thread IDs (e.g., using incrementer circuit 506 
of FIG. 6) and stores these IDs in state registers (step 1006). 
In an alternative embodiment, incrementer circuit 506 also 
computes the (P+1)th thread ID, which corresponds to the 
step size, and step calculator circuit 508 may be omitted. 

Core interface 128 remains in the state phase and continues 
to update the state registers as new state information is 
received, until such time as core interface 128 receives a 
“begin CTA’ command (step 1010) indicating that input data 
is to follow. At that point, core interface 128 enters the load 
phase. During the load phase, core interface 128 receives 
input data (step 1012) and loads the input data into (shared) 
global register file 306 of core 126 (step 1014). At step 1016, 
core interface 128 determines whether the last input data has 
been received. If not, core interface 128 returns to step 1012 
to receive more input data. 
Once all of the input data has been received, core interface 

128 enters the launch phase. In the launch phase, core inter 
face 128 selects a group index GID for a first SIMD group to 
be launched (step 1018); any group index GID that is not 
already in use in core 126 may be selected. At step 1020, core 
interface 128 loads the initial set of P thread IDs into the local 
register file 304 of core 126 in locations corresponding to the 
selected group index GID or into per-thread registers in core 
126 dedicated to storing thread IDs. Core interface 126 then 
instructs core 126 to launch the P threads as a SIMD group 
(step 1022). 
At step 1024, core interface 128 determines whether all of 

the threads in the CTA have been launched. If not, then at step 
1026, core interface 128 increments the P thread IDs to gen 
erate thread IDs for the next SIMD group, then returns to step 
1018 to select a new group index GID and load the new thread 
IDS into local registers or other per-thread registers. 
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Once all threads have been launched, core interface 128 

goes to the next phase (step 1030). The nature of the next 
phase can vary. For instance, depending on implementation, 
core interface 128 can return to the state phase to receive state 
updates to be applied to future CTAs, return to the load phase 
to load another CTA (assuming that core 126 has sufficient 
resources available to execute a second CTA concurrently 
with the first), or enter a waiting state until execution of the 
CTA by core 126 is completed. 

It will be appreciated that the core interface operation 
described herein is illustrative and that variations and modi 
fications are possible. Steps described as sequential may be 
executed in parallel, order of steps may be varied, and steps 
may be modified or combined. 

For instance, in the launch phase, the next group of thread 
IDs can be determined before the core interface has deter 
mined whether they will be used. 
Execution of CTAs 
As described above, core 126 advantageously implements 

a multithreaded architecture, with SIMD groups of threads 
being executed in parallel and multiple SIMD groups execut 
ing concurrently. Maximum efficiency is obtained when the 
threads in a SIMD group do not diverge; however, in practice, 
threads are allowed to diverge without restriction. For 
instance, a program being executed by all threads in a SIMD 
group may include a conditional branch instruction, and the 
branch may be taken by some threads and not taken by others; 
as described above, core 126 can be configured to handle such 
instances. Threads may also diverge in other ways, e.g., due to 
conditional execution of various instructions that might be 
executed by some threads but not others within a SIMD 
group. Thus, CTA programs of arbitrary complexity can be 
implemented. 
The CTA program may also include instructions to read 

from and/or write to the shared global register file 306, on 
chip shared memory 308, and/or other memory such as graph 
ics memory 124 or system memory 104 of FIG. 1. For 
instance, the input data set to be processed by the CTA may be 
stored in graphics memory 124 or system memory 104. Inter 
mediate results may be written to global register file 306 
and/or other memory Such as graphics memory 124 or system 
memory 104 of FIG. 1, where they can be shared with other 
threads. Final results (output data) may be written to graphics 
memory 124 or system memory 104. 

Instructions to access shared memory or shared global 
register file space advantageously identify locations to be 
read and/or written as a function of the thread ID. Where such 
an instruction is encountered, the thread reads its thread ID 
and computes the target address from the thread ID using the 
function specified in the CTA program. For instance, refer 
ring to FIG. 2C, a thread with ID (i1, iO) might be instructed 
to read the input data corresponding to the pixel to its right, 
with the address being specified as InputDatai1, i0+1. In 
Some embodiments, a conditional branch or conditional 
instruction in the CTA program might be provided to handle 
cases where the computed address is not within the valid 
range (e.g., for a thread processing a pixel at the right edge of 
the screen, an address such as InputData i1, i0+1 would not 
be a valid pixel address). 
On completion of the CTA program, the final results (out 

put data) produced by the threads are advantageously placed 
in memory for use by a Subsequent CTA program or made 
accessible to CPU 102 (FIG. 1). For example, the final 
instructions in a CTA program might include an instruction to 
write some or all of the data generated by the thread to 
graphics memory 124. After execution of the CTA is finished, 
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GPU 122 may transfer the data (e.g., using a conventional 
DMA operation) to system memory 104, making it available 
to application programs executing on CPU 102. Other data 
transfer mechanisms may also be used. Core 126 advanta 
geously signals core interface 128 upon completion of a CTA, 
so that core interface 128 can initiate execution of a next CTA, 
reusing the resources that became free when the first CTA was 
completed. 

Thread Synchronization in a CTA 
While different threads of a CTA can execute indepen 

dently of each other, it is often useful to synchronize some or 
all of the threads at certain points during execution of the CTA 
program. For instance, if one thread produces an intermediate 
result that will be consumed by another thread, the two 
threads are advantageously synchronized at least to the extent 
that the producing thread is guaranteed to write the interme 
diate result to the designated location in shared memory 
before the consuming thread attempts to read it. 

Various techniques may be used to synchronize threads, 
including conventional techniques. For example, Semaphores 
may be used, although use of semaphores to synchronize 
large numbers (e.g., hundreds or thousands) of threads may 
result in slower processing. 

In some embodiments of the present invention, a barrier 
synchronization technique is advantageously used to Support 
fast synchronization of any number of CTA threads. More 
specifically, barrier instructions are inserted into the CTA 
program at points (referred to herein as “barrier points') 
where synchronization is desired. A thread executes a barrier 
instruction to indicate that it has arrived at a barrier point and 
waits at that point until all other participating threads have 
also arrived at that point, thus synchronizing the participating 
threads before resuming execution. Arrival of each thread (or 
group of threads) at a barrier point is detected, and this infor 
mation is used to synchronize two or more threads (or groups 
of threads). In one embodiment, execution of barrier instruc 
tions, i.e., arrival of threads (or SIMD groups) at barrier 
points, is detected by issue logic 324 of instruction unit 312 of 
FIG. 3, which can suspend the issue of instructions to any 
threads that are waiting at a barrier point while continuing to 
issue instructions to threads that are not at a barrier point. 
Eventually, all relevant threads reach the barrier point, and 
execution of the waiting threads resumes. 

FIG. 11A is a block diagram of barrier synchronization 
logic 1100 according to an embodiment of the present inven 
tion. In some embodiments, barrier synchronization logic 
1100 is implemented in issue logic 324 of instruction unit 312 
and synchronizes SIMD groups rather than individual 
threads. 
As shown in FIG. 11A, instruction unit 312 also includes 

selection logic 1110 that selects a next instruction to issue. 
Selection logic 1110 may be of generally conventional 
design, and a detailed description is omitted as not being 
critical to understanding the present invention. Barrier detec 
tion circuit 1112 receives each selected instruction (INST), 
along with the group identifier (GID) of the SIMD group for 
which the instruction is being issued. If the selected instruc 
tion is a barrier instruction, barrier detection circuit 1112 
directs the instruction to barrier synchronization logic 1100: 
otherwise, barrier detection circuit 1112 forwards the instruc 
tion to the next issue stage for eventual delivery to processing 
engines 302 of FIG. 3. 

Barrier synchronization logic 1100 includes a counter 
1104, a target register 1105, a comparison circuit 1106, and 
wait/go registers 1108. Counter 1104 tracks the number of 
threads that have arrived at a particular barrier point. Target 
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register 1105 stores a target value, which corresponds to the 
number of SIMD groups that are expected to synchronize at 
the barrier point. In one embodiment, the target value is 
Supplied as an immediate operand with the barrier instruction 
and is loaded into target register 1105 by barrier detection 
circuit 1112 when the first barrier instruction is received. 
Once loaded, the target value advantageously remains stored 
in target register 1105 until target register 1105 is reset. 

Comparison circuit 1106 determines whether the number 
of arriving threads counted by counter 1104 has reached the 
target value stored in target register 1105. If the target value 
has been reached, comparison circuit 1106 issues a reset 
signal to counter 1104, target register 1105 and wait/go reg 
isters 1108. 

Wait/go registers 1108 keep track of which thread groups 
have reached the barrier point and are waiting for one or more 
other threads to synchronize at that point. In one embodiment, 
wait/go registers 1108 are implemented using a single bit 
corresponding to each group identifier GID; the bit is set to a 
“wait' state (e.g., logic high) when the corresponding SIMD 
group is waiting at the barrierpoint to synchronize with one or 
more other SIMD groups and to a "go' State (e.g., logic low) 
when the corresponding SIMD group is not waiting at the 
barrier point. 

In operation, when barrier synchronization logic 1100 
receives a first barrier instruction, the target value is loaded 
into target register 1105. Forevery barrier instruction (includ 
ing the first), counter 1104 is incremented. In addition, if the 
barrier instruction indicates that the SIMD group is to wait for 
synchronization, the bit corresponding to group GID is set to 
the wait state in wait/go registers 1108. Wait/go registers 1108 
are advantageously read by selection logic 1110, and selec 
tion logic 1110 does not select instructions for SIMD groups 
whose wait/go bits are in the wait state, thereby Suspending 
execution of instructions for Such groups. Selection logic 
1110 may continue to select instructions for other SIMD 
groups for execution; depending on the implementation of 
selection logic 1110 and the number of active thread groups, 
few or no processing cycles are wasted while some SIMD 
groups are waiting at a barrier point. 

Comparison circuit 1106 compares the current value in 
counter 1104 to the target value stored in register 1105. If the 
current value matches the target value, then the threads are 
properly synchronized and execution of any waiting threads 
can resume. Accordingly, comparison circuit 1106 generates 
a reset signal. The reset signal resets counter 1104 to Zero, 
resets target register 1105 to an “unloaded” state (so that a 
new target value can be read in when the next barrier instruc 
tion is encountered), and resets wait/go registers 1108 Such 
that the bits corresponding to all SIMD groups are in the go 
state. Selection unit 1110 thereafter resumes selecting 
instructions for the SIMD groups that were formerly waiting 
at the barrier point, allowing execution of those groups to 
proceed beyond the barrier point. 

It will be appreciated that the barrier synchronization logic 
described herein is illustrative and that variations and modi 
fications are possible. In one alternative embodiment, instead 
of using a counter to track the number of SIMD groups (or 
individual threads) that have arrived at a barrier point, an 
arrival register with one bit per SIMD group (or per thread) 
may be used. The bit for each group is set when that group 
arrives at the barrier point. An AND tree or other suitable 
logic circuitry can be used to determine whether the desired 
number of SIMD groups have arrived at the barrier point. 

In Some embodiments, the issue logic can manage multiple 
barrier points. FIG. 11B is a block diagram of barrier syn 
chronization logic 1130 according to an embodiment of the 
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present invention that manages a number B of barrier points. 
Each SIMD group may arrive and/or wait at any one of the B 
barrier points, and barrier synchronization logic 1130 advan 
tageously keeps track of which groups are waiting at which 
barrier points and releases each waiting group at an appropri 
ate time. 

Selection logic 1110 provides instructions to barrier detec 
tion logic 1132, as described above. Barrier detection logic 
1132 is generally similar to barrier detection logic 1112 
described above, except that barrier detection logic also 
extracts a barrier identifier (BarD) from each barrier instruc 
tion. The barrier identifier BarlD, which is used to distinguish 
different barrier points, is advantageously provided as an 
immediate operand or register operand with each barrier 
instruction. 

Barrier synchronization logic 1130 includes a set of B 
counters 1134, a set of B target registers 1135, a comparison 
circuit 1136, and a set of wait/go registers 1138. Counters 
1134 track the number of threads that have arrived at each of 
the B barrier points. Target registers 1105 store a target value 
associated with each of the B barrier points; in each case, the 
target value corresponds to the number of SIMD groups that 
are expected to synchronize at that barrier point. As in barrier 
synchronization logic 1100, the target value can be supplied 
as an immediate operand with the barrier instruction and is 
loaded into the appropriate target register 1135 by barrier 
detection circuit 1132 when the first barrier instruction per 
taining to a particular barrier identifier BarlD is received. 
Each target value remains stored in target register 1135 until 
its barrier is reset. 

Comparison circuit 1136 determines whether the number 
of threads counted by counter 1134 for any one of the B 
barrier points has reached the corresponding target value 
stored in target register 1105. If a target value is reached, 
comparison circuit 1136 issues a reset signal to counters 
1134, target register 1135 and wait/go registers 1138. The 
reset signal in this embodiment is specific to the barrier point 
(Bar|D) for which the target value was reached. 

Wait/go registers 1138 keep track of which thread groups 
have reached which barrier points and are waiting for Syn 
chronization to be achieved. In one embodiment, wait/go 
registers 1108 include a wait/go bit and a barrier identifier 
BarlD field for each of the GSIMD groups that can concur 
rently execute in core 310. The wait/go bit is set to the wait 
state (e.g., logic high) when the corresponding SIMD group is 
waiting at one of the barrier points to synchronize with one or 
more other SIMD groups and to the go state (e.g., logic low) 
when the corresponding SIMD group is not waiting at any 
barrier point; for each group whose wait/go bit is in the wait 
state, the BarlD field is populated with the barrier identifier of 
the barrier point at which the group is waiting. 

In operation, when barrier synchronization logic 1130 
receives a first barrier instruction pertaining to a barrier point 
BarD, the target value is loaded into the corresponding target 
register 1135. For every barrier instruction pertaining to bar 
rier point BarlD (including the first), the corresponding 
counter 1134 is incremented. In addition, if the barrier 
instruction indicates that the SIMD group is to wait for syn 
chronization, the wait/go bit corresponding to group GID is 
set to the wait state in wait/go registers 1138, and the barrier 
identifier BarlD is stored in the BarlD field for that group. As 
described above, wait/go registers 1138 are advantageously 
read by selection logic 1110, and selection logic 1110 does 
not select instructions for SIMD groups that are in the wait 
state, thereby suspending execution of such groups. Selection 
logic 1110 may continue to select instructions for other SIMD 
groups. 
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When a barrier instruction is detected, comparison circuit 

1136 compares the current value in the counter 1134 selected 
by barrier identifier BarD to the corresponding target value 
stored in the register 1135 selected by BarlD. If the current 
value matches the target value for a barrier point BarlD. 
comparison circuit 1136 generates a reset signal that resets 
the counter 1134 for that barrier point to Zero, resets the target 
register 1135 for that barrier point to the unloaded state, and 
resets the wait/go registers 1108 whose BarlD fields match 
the Bar|D such that for each SIMD group waiting at that 
barrier point, the wait/go bit is in the go state. Thus, synchro 
nization may occur at one barrier point but not all barrier 
points, allowing execution of some SIMD groups to resume 
while other SIMD groups remain suspended at a different 
barrierpoint. Further, execution for waiting SIMD groups can 
be resumed quickly (e.g., within one clock cycle) after the 
desired synchronization is achieved. 
Any number B of barriers (e.g., 2, 4, 16, or any other 

number) can be supported in this manner. It should be noted 
that where the same issue logic is used for multiple concur 
rently-executing CTAs, the number of different barrier points 
used by each CTA may limit the number of CTAs that can 
concurrently execute; for example, if each CTA requires four 
barriers and a total of 16 barriers are supported, then no more 
than four CTAs would be executed concurrently. 

In some instances where multiple barriers are Supported, a 
CTA program may include instructions for selecting a barrier 
identifier based on the thread ID. For instance, ifat some point 
in a CTA program, even-numbered threads exchange data 
with other even-numbered threads while odd-numbered 
threads exchange data with other odd-numbered threads, 
there would be no need to synchronize the even-numbered 
threads with the odd-numbered threads. To avoid unnecessary 
waiting in this example, even-numbered threads and odd 
numbered threads may be synchronized using two different 
barrier points, with each thread using its thread ID to specify 
one of the two barrier points depending on whether the thread 
ID is even or odd. 

In some embodiments, the target value used to determine 
when synchronization is achieved may be specified as being 
equal to the total number of executing threads of the CTA, 
which can be dynamically determined by barrier synchroni 
zation logic 1100 or 1130. Although the total number of 
threads in a CTA can be an input parameter, as described 
above, in Some instances, not all threads are necessarily 
executing at a given time; accordingly, a dynamic determina 
tion of the total is advantageous. Specifying “all executing 
threads' as the target value can be done, e.g., by using a 
predefined special value (e.g., Zero) for the argument that 
specifies the target value or by providing a separate barrier 
instruction that signifies that the target value is “all executing 
threads.” (Such an instruction would not include a target value 
as an argument.) Where dynamic determination of the target 
number is used, barrier synchronization logic 1100 or 1130 
advantageously recomputes the target number from time to 
time so that the target remains current. 

In some embodiments, barrier instructions do not neces 
sarily require threads (or SIMD groups) to wait. For instance, 
“barrier arrival instructions may be used to indicate that a 
thread has arrived at a barrier point but is not required to wait 
for synchronization at that point; “barrier arrive-and-wait” 
instructions may be used to indicate that a thread has arrived 
at the barrier point and is required to wait there for synchro 
nization with one or more other threads. In response to a 
bather-arrival instruction for a SIMD group with identifier 
GID, barrier synchronization logic 1100 (1130) increments 
counter 1104 (1134) but does not set the bit corresponding to 
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group GID in wait/go registers 1108 (1138) to the wait state; 
thus, the group can continue to execute. In response to the 
barrier arrive-and-wait instruction, barrier synchronization 
logic 1100 (1130) would increment the counter and would 
also set the bit in registers 1108 (1138) to the wait state as 
described above. 
A barrier arrival instruction might be used in preference to 

a barrier arrive-and-wait instruction, e.g., where one thread 
produces an intermediate result to be consumed by one or 
more other threads but does not consume intermediate results 
from those threads. The producer thread would not need to 
wait at the barrier point for the consumer threads, but the 
consumer threads would all need to wait for the producer 
thread to arrive at the barrier point before reading the data. 
Thus, the program instructions for the producer thread might 
include a barrier arrival instruction Subsequent to an instruc 
tion to write the intermediate result to a shared memory 
location while the program instructions for the consumer 
thread might include a barrier arrive-and-wait instruction 
prior to an instruction to read the intermediate result from the 
shared memory location. In one embodiment, the barrier 
arrival and barrier arrive-and-wait instructions can be condi 
tional, with each thread using its thread ID to determine 
which (if either) to execute, depending on whether the thread 
ID indicates that the thread is a producer or consumer. 

In the embodiment described above, the barrier instruction 
applies or not to a SIMD group rather than to individual 
threads. This simplifies the control logic (by reducing the 
number of threads to be counted) while Supporting concurrent 
execution of a large number of threads. Conditional barrier 
instructions can be handled by treating the arrival of one 
thread of a SIMD group at a barrier point as indicating the 
arrival of all threads in the group at that point (regardless of 
whether this is actually the case) and by treating the arrival of 
one thread of the SIMD group at a “barrier wait' instruction 
as indicating that all threads in the group should wait (again, 
regardless of whether this is actually the case). With appro 
priate coding of conditional barrier instructions, correct 
behavior will result. In other embodiments, barrier instruc 
tions may be applied to each thread separately. 

Barrier instructions may be inserted into a CTA program at 
the programmer's discretion. In general, barrier instructions 
that require threads to wait will tend to slow execution; 
accordingly, such instructions are advantageously used only 
to the extent that synchronization is needed in a particular 
CTA program. For instance, a barrier arrival instruction may 
follow an instruction to write data that is to be consumed by 
other threads, and a corresponding barrier wait instruction 
may precede an instruction to read the data, thereby guaran 
teeing that the consumer thread reads the data only after the 
producer thread has written it. Similarly, a barrier arrival 
instruction may follow an instruction to read data produced 
by another thread, and a barrier wait instruction may precede 
an instruction to overwrite data that is intended to be read by 
another thread, thereby guaranteeing that the consumer 
thread reads the data before the producer thread overwrites it. 
In some algorithms, threads of a CTA are both producers and 
consumers of data that is communicated or shared with other 
threads. Such CTA programs may use barrier arrive-and-wait 
instructions to synchronize the threads before the threads 
communicate with each other or before the threads read or 
write data in a shared memory that could be written or read by 
another thread. 

Application Program Interface 
In some embodiments, CTAs executed by GPU 122 (FIG. 

1) are used to perform computations under the direction of an 
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application program executing on CPU 102. An application 
program interface (API) for defining and executing CTAS is 
advantageously provided to allow application programmers 
to access CTA functionality as desired. 
As is known in the art, communication between CPU 102 

and GPU 122 can be managed by a driver program that 
executes on CPU 102. The driver program supports an appli 
cation program interface (API) that defines function calls 
Supported by GPU 122, and an application programmer can 
invoke the GPU functions by including suitable function calls 
from the API at appropriate places in the program code. 

In accordance with an embodiment of the present inven 
tion, the API for a driver program for GPU 122 enables an 
application program to invoke the CTA-processing functions 
of GPU 122. The API advantageously allows the application 
program to define a CTA program, e.g., by reference to a 
location in memory where the first instruction of the CTA 
program is stored; this aspect of the interface can be imple 
mented analogously to existing APIs that allow application 
programs to define shader programs to be executed by a GPU. 
Thus, an application developer may write an arbitrary CTA 
program to be executed as part of an application. In other 
embodiments, a maker of GPU 122 or a third party may 
provide a library of CTA programs from which application 
developers can select programs, and the developer may have 
the option of selecting a CTA program from the library or 
creating a custom CTA program. 
The API also allows the application program to define the 

dimensions of a CTA, the number of CTAs to be executed, the 
input data set to be processed by a CTA (or multiple CTAs), 
and so on. The particular details of the API. Such as names and 
parameters of particular function calls, are a matter of design 
choice, and persons of ordinary skill in the art with access to 
the present teachings will be able to create suitable APIs for a 
given hardware implementation. 

For instance, an image processing algorithm executing on 
CPU 102 might require application of a convolution filter as 
one step in a larger process. Via API function calls, the appli 
cation programmer can define a CTA that applies the convo 
lution filter (e.g., as described below) and call a function that 
invokes CTA processing at appropriate points in the program. 
It should be noted that the application programmer does not 
need to know details of where or how the CTA will be 
executed, only that the CTA will be executed and that result 
ing data will be written to a well-defined and accessible 
storage location, such as an area in system memory 104 
specified by the application program. 

In some instances, the application program executing on 
CPU 102 might need to wait for GPU 122 to finish processing 
one or more CTAs, e.g., if the data generated by the CTA(s) is 
needed for a Subsequent processing step, and this can intro 
duce some latency. (Such latency will generally be less than 
the latency associated with sequential processing tech 
niques.) In some instances it may be possible to hide some or 
all of this latency through Suitable sequencing or scheduling 
of program instructions, e.g., by arranging the program 
sequence so that the CTA is processed by GPU 122 while 
CPU 102 performs other functions that do not rely on the CTA 
data. It will be recognized that the extent to which latency can 
be hidden through software techniques will depend on the 
particular application. 
Executing Multiple CTAs Concurrently 

In instances where an application program creates and 
executes multiple CTAS, processing all of the CTAS using a 
single core 126 may result in significant latency. For example, 
referring to FIG. 2C, the 2-D tile-based HDTV image filter 
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includes approximately 8K tiles and thus about 8K CTAs per 
frame. Executing 8KCTAS sequentially can require signifi 
cant time even if each CTA entails a relatively small amount 
of work. As noted above, in some instances it may be possible 
to hide some or all of the latency via hardware parallelism 
and/or software techniques. 

Another option is to increase the available processing 
capacity, e.g., by providing larger cores and/or more parallel 
cores so that more CTAS can be executed concurrently. 

For purposes of the present description, “size' of a core 
refers to the maximum number of threads that the core can 
execute concurrently. For instance, core 126 described above 
can execute up to P*G threads concurrently. If each CTA has 
fewer than P*G/2 threads, core 126 may be able to execute 
two (or more) different CTAs concurrently. It should be noted 
that thread IDs may be duplicated in different CTAs, but CTA 
identifiers (described above) can be used to distinguish 
threads in different CTAs, e.g., so that they do not write to the 
same global register or memory location. Increasing Pand/or 
G can increase the number of CTAs that a single core 126 can 
process concurrently. 

In Some instances, factors other than the number of threads 
may limit the number of concurrent CTAs that can coexist in 
core 126. For example, the global and local register files 
would need to provide enough space for all of the CTAs. In 
embodiments where the register file requirements for a CTA 
are specified as State parameters, core interface 128 can 
dynamically determine, based on the number of CTAs 
already executing in core 126, whether core 126 has sufficient 
resources available to execute another CTA. 

In some embodiments, concurrent CTAs in core 126 may 
be required to have the same State parameters. In other 
embodiments, core interface 128 and/or core 126 can be 
configured to manage multiple versions of State information 
so that each CTA is executed with the correct state param 
eters. Further, core interface 128 might also be modified to 
compute the available resources (register file space, SIMD 
groups, etc.) based on the resources being used by each 
executing CTA and the requirements for the next CTA, in 
order to determine whether core 126 has sufficient available 
resources to execute the next CTA. 

Increases in CTA throughput can also be obtained by pro 
viding a processor with multiple cores 126. In one embodi 
ment, GPU 122 includes multiple cores 126 that support 
concurrent execution of a large number of threads in parallel. 
FIG. 12 is a block diagram of an arrangement of multiple 
cores 126 within GPU 122 according to an embodiment of the 
present invention. 

In this embodiment, GPU 122 includes some number (N) 
of processing clusters 1202. Any number N (e.g., 1, 4, 8, or 
any other number) of processing clusters may be provided. In 
FIG. 12, one processing cluster 1202 is shown in detail; it is to 
be understood that other processing clusters 1202 can be of 
similar or identical design. 

Each processing cluster 1202 includes a core interface 128, 
which may be generally similar to core interface 128 
described above. Core interface 128 controls a number (M) of 
cores 126, each of which may be generally similar to core 126 
described above. Any number M (e.g., 1, 2, 4 or any other 
number) of cores 126 may be connected to a single core 
interface. In one embodiment, core interface 128 loads and 
launches threads (e.g., threads of a CTA) for one core 126 at 
a time; as soon as all threads for one CTA have been launched, 
core interface 128 can proceed to launch other threads for the 
same core 126 or a different core 126. The number Mof cores 
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126 managed by a single core interface 128 is a matter of 
design choice and may depend, e.g., on the expected duty 
cycle of core interface 128. 

It will be appreciated that this configuration Supports a 
large number of concurrent threads. For instance, where each 
core 126 can execute up to P*G threads, the total number of 
threads is N*M*P*G. This number can be quite large, e.g., 
several thousand concurrent threads in one embodiment. 

In the embodiment shown in FIG. 12, processing clusters 
1202 are designed to process vertex and/or pixel data during 
rendering operations of GPU 122, and execution of CTAs for 
general-purpose computation is supported by leveraging the 
existing rendering hardware to the extent possible. Accord 
ingly, in this embodiment, core interface 128 can receive 
control signals and data from a geometry controller 1204 or a 
pixel/CTA controller 1206. During rendering operations, 
geometry controller 1204 receives geometry data (GDATA) 
from the rendering pipeline (not explicitly shown) of GPU 
122 and forwards the data to core interface 128, which con 
trols execution of vertex and/or geometry shader programs on 
the geometry data. The processed geometry data (GDATA) is 
returned to the rendering pipeline via geometry controller 
1204. 

During rendering operations, pixel/CTA controller 1206 
also receives pixel-processing input data (e.g., attribute equa 
tions EQS for a primitive and (X,Y) coordinates for pixels 
covered by the primitive) from the rendering pipeline of GPU 
122 and forwards the data to core interface 128, which also 
controls execution of pixel shader programs on the data. The 
processed pixel data (PIX) is returned to the rendering pipe 
line via pixel/CTA controller 1206. 

In this embodiment, during general-purpose computation 
operations using CTAs, pixel/CTA controller 1206 is used to 
provide a path for CTA-related state information, input data 
and commands to reach core interface 128. 
CTAs that are to be processed can be distributed to pro 

cessing clusters 1202 or cores 126 in various ways, including 
conventional techniques for distributing work among pro 
cessing cores. In one embodiment, a source of pixel-process 
ing data within the rendering pipeline is also configured to 
receive information from each processing cluster 1202 indi 
cating the availability of that processing cluster 1202 (or 
individual cores 126) to handle additional CTAs. The data 
Source selects a destination processing cluster 1202 or core 
126 for each CTA. In another embodiment, CTA data and 
commands are forwarded from one processing cluster 1202 to 
the next until a processing cluster 1202 with capacity to 
process the CTA accepts it. Similar techniques can also be 
used during rendering operations to distribute vertex, geom 
etry, and/or pixel processing work among cores 126. 

It should be noted that increasing the number of cores 126 
generally increases the number of CTAs that can be processed 
in parallel but does not affect the size limit of a CTA. Because 
threads in a CTA are expected to share data with each other, 
each CTA is advantageously executed within a single core 
126. 

It will be appreciated that the multi-core structure 
described herein is illustrative and that variations and modi 
fications are possible. Any number of processing clusters may 
be provided, and each processing cluster may include any 
number of cores. Further, rather than reusing the pixel path (or 
the geometry path) for controlling CTA operations, a dedi 
cated CTA control path might be provided. 
Examples of Data-Parallel Decompositions 
As noted above, CTAS may advantageously be used to 

implement any part of a data processing algorithm that lends 
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itself to a data-parallel decomposition. By way of illustration, 
a few examples will now be described with reference to 
various well-known algorithms. Those skilled in the art will 
appreciate that CTAS may be employed in a wide range of 
other contexts. 
The Fast Fourier Transform (FFT) algorithm is a well 

known example of a data-parallel decomposition. As is gen 
erally known, discrete Fourier transforms can be computed as 
a dot products of an N-component sample vector with each of 
N basis vectors, requiring O(N) multiplications and addi 
tions. To reduce the computational burden to O(NlogN), the 
FFT algorithm employs a data-parallel decomposition: the 
well-known “butterfly” calculations. 

In accordance with an embodiment of the present inven 
tion, FFT butterfly calculations are advantageously imple 
mented in a CTA. Each thread starts by reading its own input 
value, then reads an input value of another thread (determined 
based on thread IDs) and performs two multiplications and 
two additions to arrive at the next intermediate value. The 
next intermediate value is written back to the global register 
file so that it can be shared with another thread, and so on. At 
each FFT stage, the CTA threads synchronize and wait for 
other threads intermediate values to be written before read 
ing those intermediate values. 

Matrix algebra provides many more examples of data par 
allel decompositions. In matrix multiplication, for instance, 
each element of a product matrix is determined by multiply 
ing each element of a row of one matrix by a corresponding 
element of a column of the other matrix and Summing the 
products. CTAs can be used for this process, as well as for 
more complex operations such as linear equation solving 
(which generally requires inverting a matrix). In this applica 
tion, multidimensional thread IDs advantageously support 
either row-major or column-major addressing in a natural 
fashion, which facilitates operations that require a matrix 
transpose. 

Convolution filters can also be implemented using a data 
parallel decomposition. As is known in the art, convolution 
filters are often employed in various types of signal process 
ing to reduce noise and other artifacts. In the case of image 
processing, for instance, a two-dimensional kernel may be 
defined, and a value for a particular pixel is determined by 
convolving the kernel with the pixel and its neighbors. CTAs 
can be used to convolve multiple pixels with the same kernel 
in parallel, and multiple CTAs can be used to apply the filter 
kernel to different regions of the image in parallel. More 
generally, a CTA can implement a convolution filter in an 
arbitrary number of dimensions, without regard to the par 
ticular application for which convolution filtering is being 
employed. 

Separable filters, a special case of convolution filters, can 
also be implemented using a data parallel decomposition. A 
two-dimensional (NXN) separable filter is a convolution filter 
in which the filter can be expressed in terms of a “row vector 
and a “column vector. The row vector is applied to each row 
as a convolution filter with a kernel that is one row high and N 
columns wide, and the column vector is applied to the row 
filter results as a convolution filter with a kernel that is one 
column wide and N rows high. A CTA for a separable filter 
can be configured with N threads. Each thread applies the row 
vector to one of N rows, writing its row result to shared 
memory. After each CTA thread has written its row result to 
shared memory, it waits for the other CTA threads to write 
their row results. Barrier synchronization, as described 
above, or other synchronization techniques may be used to 
ensure that a row result is available in the shared memory 
before any thread attempts to read that row result. Thereafter, 
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each thread uses the row results from shared memory to apply 
the column vector to one of N columns. 

Embodiments of the present invention allow an application 
programmer to define a data parallel decomposition Suitable 
for a particular general-purpose computing application and to 
control the extent and manner of sharing of data between 
various threads. The programmer also defines dimensions of 
one or more CTAs that are to execute the algorithm and 
supplies the input data. The manner in which the CTA is 
executed is advantageously transparent to the programmer. In 
particular, the programmer is not required to know details of 
how the processing hardware executes a CTA, such as 
whether there is SIMD parallelism, the number of threads in 
a SIMD group, and so on. 
CTAS can be executed on parallel processors, multi 

threaded processors, vector processors, or any other proces 
Sor capable of exploiting the explicit parallelism made avail 
able by the concurrent threads of the CTA and the parallelism 
made available by concurrent execution of multiple CTAs. 
CTAS can also be executed on sequential processors such as 
conventional CPUs by exploiting Software techniques such as 
thread scheduling, although performance in Such systems 
might not be as high as in Systems that can leverage CTA 
parallelism. 

In some embodiments, a CTA provides a flexible, general 
purpose computational capacity in a GPU that may be used 
for computations in any field, including but not limited to 
bioinformatics, seismic signal processing, modeling and 
simulation, matrix algebra, physics, chemistry, image pro 
cessing, Supercomputing, and so on. 

Further Embodiments 

While the invention has been described with respect to 
specific embodiments, one skilled in the art will recognize 
that numerous modifications are possible. For instance, as 
noted above, the core size, number of cores and the like can be 
varied. The number and maximum size of various CTA 
dimensions can also be varied, and a CTA may be made as 
large as desired provided that any potential data sharing 
among the threads can be supported. 

Embodiments described herein may make reference to all 
threads of a CTA being executed concurrently. As used 
herein, “concurrently” means that at least a portion of the 
execution of each thread overlaps in time with a portion of the 
execution of another thread; it is not required that all threads 
(or even any two threads) begin or end their execution at the 
same time. In some embodiments, concurrent threads of a 
CTA may be executed in parallel to reduce the CTA execution 
time, and multiple CTAs may be executed in parallel to 
reduce the execution time of a multi-CTA workload. 

In some embodiments using a GPU, CTA threads and 
rendering threads can coexist in the same processor, e.g., in 
different cores or in the same core. Further, in systems with 
multiple GPUs, one GPU may be used for rendering images 
while another is used for general-purpose computations 
including CTAs. Alternatively, each GPU may be assigned a 
different portion of a general-purpose computation; allowing 
multiple GPUs to execute CTAs in parallel further increases 
the number of CTAs that can be executed in parallel. 

Further, while the embodiments described herein refer to 
processing cores of a GPU, it will be appreciated that multi 
threaded or parallel cores (with or without SIMD instruction 
issue) can be provided in other processors, including general 
purpose processors such as CPUs, as well as math or physics 
co-processors, and so on. CTAS as described herein may be 
executed by any processing core that Supports sharing of data 
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between threads and the ability to supply each individual 
thread with its own unique identifier. 

Thus, although the invention has been described with 
respect to specific embodiments, it will be appreciated that 
the invention is intended to cover all modifications and 
equivalents within the scope of the following claims. 
What is claimed is: 
1. A computer-implemented method for processing data, 

the method comprising: 

5 

defining, in a processor, a thread array having a plurality of '' 
threads, each thread configured to execute a same pro 
gram on a Subset of an input data set; 

assigning, by the processor, each of the threads in the 
thread array a unique thread identifier value to be used to 
determine the subset of the input data set to be processed 
by each respective thread, wherein each unique thread 
identifier value is unique within the thread array; and 

executing, by the processor, the plurality of threads in the 
thread array concurrently with each other, wherein dur 
ing execution, each thread uses the unique thread iden 
tifier value assigned thereto as an input to compute at 
least one program-specified function of the unique 
thread identifier value, 

wherein the plurality of threads includes a first thread con 
figured to execute the same program on a first Subset of 
the input data set and a second thread configured to 
execute the same program on a second Subset of the 
input data set, and 

wherein data in the first subset overlaps with the second 
Subset. 

2. The method of claim 1 further comprising: 
loading the input data set into a shared memory accessible 

to all of the plurality of threads, 
wherein during the act of executing the plurality of threads, 

the thread identifier value assigned to a thread is used to 
determine a location in the shared memory of input data 
to be read. 

3. The method of claim 1 wherein each thread uses the 
unique thread identifier value assigned thereto to determine a 
Subset of an output data set to produce. 

4. The method of claim 1 further comprising, during the act 
of executing the plurality of threads, sharing an intermediate 
result from one of the plurality of threads with another of the 
plurality of threads based on the respective thread identifier 
values assigned to the two threads. 

5. The method of claim 1 wherein the at least one function 
includes a function to write data to a location in a shared 
memory, the location being computed using the thread iden 
tifier value. 

6. The method of claim 1 wherein the at least one function 
includes a function to read data from a location in a shared 
memory, the location being computed using the thread iden 
tifier value. 

7. The method of claim 1 wherein the program represents a 
unit in a data-parallel decomposition of a data-processing 
algorithm. 

8. The method of claim 1 wherein the processor is a graph 
ics processor. 

9. A processor comprising: 
a processing core including: 

one or more processing engines configured to execute a 
plurality of threads concurrently; and 

a shared memory communicably coupled to the one or 
more processing engines; and 

core interface logic coupled to the processing core, the core 
interface logic including: 
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32 
a launch module configured to initiate concurrent execu 

tion by the processing core of a plurality of threads of 
a thread array, each thread of the thread array being 
configured to execute a same program on an input data 
Set, 

the launch module being further configured to assign a 
unique thread identifier value, wherein each unique 
thread identifier value is unique within the thread 
array, to each of the threads prior to instructing the 
processing core to initiate execution of the threads, 

wherein during execution, each thread of the thread array 
uses the unique thread identifier value assigned thereto 
as an input to determine a Subset of the input data set to 
process and to compute at least one program-specified 
function of the unique thread identifier value, 

wherein the plurality of threads includes a first thread con 
figured to execute the same program on a first Subset of 
the input data set and a second thread configured to 
execute the same program on a second Subset of the 
input data set, and 

wherein data in the first subset overlaps with the second 
Subset. 

10. The processor of claim 9 wherein the processing core 
includes a local register file having a plurality of entries 
allocated to each of the plurality of threads, and wherein the 
thread identifier value assigned to each thread is stored in one 
of the local register file entries allocated to that thread. 

11. The processor of claim 9 wherein the core interface 
logic further includes: 

a state module configured to receive and store state infor 
mation defining the thread array, the state information 
including array size information for the thread array, 

wherein the launch module is further configured to deter 
mine the unique thread identifier value for each thread of 
the thread array based on the array size information 
stored in the state module. 

12. The processor of claim 9 wherein the processor is a 
graphics processor and wherein the processing core is further 
configurable to execute a shader program associated with 
rendering of images. 

13. A method for processing an input data set using a 
processor configured to execute a plurality of threads concur 
rently, the method comprising: 

communicating to the processor information defining a 
thread array having a plurality of threads, each thread 
being identified by a unique thread identifier to be used 
to determine respective portions of an input data set to be 
processed by each respective thread, wherein each 
unique thread identifier value is unique within the thread 
array; 

communicating to the processor a same program to be 
executed by each thread of the thread array on at least a 
portion of the input data set stored in a shared memory to 
produce at least a portion of an output data set; and 

communicating to the processor an instruction to begin 
concurrently executing all of the threads of the thread 
array to process the input data set in the shared memory 
to produce the output data set, 

wherein the plurality of threads includes a first thread con 
figured to execute the same program on a first portion of 
the input data set and a second thread configured to 
execute the same program on a second portion of the 
input data set, and 

wherein data in the first portion overlaps with the second 
portion. 

14. The method of claim 13 wherein the processor is a 
graphics processor. 
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15. The method of claim 13 wherein the shared memory is 17. The method of claim 13 wherein each of the threads of 
internal to the processor, the method further comprising: the thread array executes the same program on a different 

communicating to the processor an instruction to transfer portion of the input data set. 
result data generated by executing all of the threads of 18. The method of claim 13 wherein each of the threads of 
the thread array to a memory location external to the 5 the thread array produces a different portion of the output data 
processor. Set. 

16. The method of claim 13 wherein the unique thread 
identifier is a multidimensional identifier. k . . . . 
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