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SYSTEMAND METHOD FOR CONTEXT 
MGRATION ACROSS CPU THREADS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
Embodiments of the present invention relate generally to 

parallel processing and more specifically to a system and 
method for context migration across CPU threads. 

2. Description of the Related Art 
Typical parallel processing Subsystems include at least one 

parallel processing unit (PPU) that may be configured to 
beneficially provide a high Volume of computational through 
put that is impractical to achieve with a single processing unit. 
The PPU may be configured to incorporate a plurality of 
processing cores, each capable of executing one or more 
instance of a parallel program on a plurality of processing 
engines. Each executing instance of the parallel program, 
called a PPU thread, or simply “thread, typically computes a 
portion of the required overall results. 

In conventional application execution models, a user appli 
cation may employ PPU threads to perform a portion of the 
computations required by the user application. A user appli 
cation commonly includes one or more central processing 
unit (CPU) threads executing on the CPU, where each CPU 
thread that employs a PPU to perform computations must 
include an associated PPU context that is specifically coupled 
to the CPU thread. The PPU context may remain associated 
with the related CPU thread for the lifetime of the CPU 
thread, and may not coexist with a second PPU context asso 
ciated with the same CPU thread. In other words, a one-to-one 
coupling is created between the CPU thread and the PPU 
context. This type of conventional execution model has cer 
tain benefits. One benefit is that CPU threads may efficiently 
refer to and access data in a related PPU context through the 
simple one-to-one CPU thread to PPU context association. In 
some well known operating systems, the PPU context may 
reside in thread-local storage, providing an efficient, well 
understood access methodology. An additional benefit arises 
because only one CPU thread may access a given PPU context 
at a time, thereby eliminating a synchronization step and 
improving overall performance. 

However, the conventional execution model also creates 
certain important inefficiencies. One important inefficiency 
in the conventional execution model is that an application that 
may benefit from incorporating multiple PPU contexts is 
required to incorporate and execute an additional CPU thread 
per additional PPU context. Each additional thread requires 
additional memory and execution overhead, and introduces 
additional programming complexity. Furthermore, under the 
conventional execution model, libraries that call the PPU to 
perform computations on behalf of user applications are 
required to create a “worker thread” per additional PPU con 
text and delegate any PPU computation from the user appli 
cation to the worker thread for processing. This delegation 
process increases application complexity. In both cases, over 
all performance suffers due to the additional execution over 
head. 
As the foregoing illustrates, what is needed in the art is a 

technique for efficiently managing PPU contexts within 
multi-threaded parallel processing systems. 

SUMMARY OF THE INVENTION 

One embodiment of the present invention sets forth a 
method for preserving a processing unit context associated 
with a processing unit thread. The method includes the steps 
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2 
of receiving from a first calling function a request to store a 
first processing unit context associated with the processing 
unit thread, storing the first processing unit context, associ 
ating a second processing unit context with the processing 
unit thread; and returning execution to the first calling func 
tion. 
One advantage of the disclosed method is that it enables a 

PPU context push at the beginning of a function and a PPU 
context pop prior to returning from the function. Thus, the 
function may execute within a single CPU thread, but advan 
tageously operate on a two distinct PPU contexts. 

BRIEF DESCRIPTION OF THE DRAWINGS 

So that the manner in which the above recited features of 
the present invention can be understood in detail, a more 
particular description of the invention, briefly summarized 
above, may be had by reference to embodiments, some of 
which are illustrated in the appended drawings. It is to be 
noted, however, that the appended drawings illustrate only 
typical embodiments of this invention and are therefore not to 
be considered limiting of its scope, for the invention may 
admit to other equally effective embodiments. 

FIG. 1 is a block diagram illustrating a computer system 
configured to implement one or more aspects of the present 
invention; 

FIG. 2 illustrates a parallel processing Subsystem, accord 
ing to one embodiment of the invention; 

FIG. 3 is a block diagram of a parallel processing unit for 
the parallel processing Subsystem of FIG. 2, in accordance 
with one or more aspects of the present invention; 

FIG. 4 illustrates a user application calling a library to 
perform a specific function using a private parallel processing 
unit context associated with the library, in accordance with 
one or more aspects of the present invention; 

FIG. 5 illustrates a user application with multiple function 
calling levels, each with an associated private parallel pro 
cessing unit context, in accordance with one or more aspects 
of the present invention; 

FIG. 6A is a flow diagram of method steps for performing 
a push operation on a parallel processing unit context, accord 
ing to one embodiment of the invention; and 

FIG. 6B is a flow diagram of method steps for performing 
a pop operation on a parallel processing unit context, accord 
ing to one embodiment of the invention. 

DETAILED DESCRIPTION 

In the following description, numerous specific details are 
set forth to provide a more thorough understanding of the 
present invention. However, it will be apparent to one of skill 
in the art that the present invention may be practiced without 
one or more of these specific details. In other instances, well 
known features have not been described in order to avoid 
obscuring the present invention. 

System Overview 

FIG. 1 is a block diagram illustrating a computer system 
100 configured to implement one or more aspects of the 
present invention. Computer system 100 includes a central 
processing unit (CPU) 102 and a system memory 104 com 
municating via a bus path that includes a memory bridge 105. 
Memory bridge 105, which may be, e.g., a Northbridge chip, 
is connected via a bus or other communication path 106 (e.g., 
a HyperTransport link) to an I/O (input/output) bridge 107. 
I/O bridge 107, which may be, e.g., a Southbridge chip, 
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receives user input from one or more user input devices 108 
(e.g., keyboard, mouse) and forwards the input to CPU 102 
via path 106 and memory bridge 105. A parallel processing 
subsystem 112 is coupled to memory bridge 105 via a bus or 
other communication path 113 (e.g., a PCI Express, Acceler 
ated Graphics Port, or HyperTransport link); in one embodi 
ment parallel processing Subsystem 112 is a graphics Sub 
system that delivers pixels to a display device 110 (e.g., a 
conventional CRT or LCD based monitor). 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 
and 121. Other components (not explicitly shown), including 
USB or other port connections, CD drives, DVD drives, film 
recording devices, and the like, may also be connected to I/O 
bridge 107. Communication paths interconnecting the vari 
ous components in FIG. 1 may be implemented using any 
suitable protocols, such as PCI (Peripheral Component Inter 
connect), PCI Express (PCI-E), AGP (Accelerated Graphics 
Port), HyperTransport, or any other bus or point-to-point 
communication protocol(s), and connections between differ 
ent devices may use different protocols as is known in the art. 

In one embodiment, the parallel processing Subsystem 112 
incorporates circuitry optimized for graphics and video pro 
cessing, including, for example, video output circuitry, and 
constitutes a graphics processing unit (GPU). In another 
embodiment, the parallel processing Subsystem 112 incorpo 
rates circuitry optimized for general purpose processing, 
while preserving the underlying computational architecture, 
described in greater detail herein. In yet another embodiment, 
the parallel processing subsystem 112 may be integrated with 
one or more other system elements, such as the memory 
bridge 105, CPU 102, and I/O bridge 107 to form a system on 
chip (SoC). 

FIG. 2 illustrates a parallel processing subsystem 112, 
according to one embodiment of the invention. Parallel pro 
cessing Subsystem 112 includes one or more parallel process 
ing units (PPUs) 202, each of which is coupled to a local 
parallel processing (PP) memory 204. In general, a parallel 
processing subsystem includes a number U of PPUs, where 
U21. (Herein, multiple instances of like objects are denoted 
with reference numbers identifying the object and parentheti 
cal numbers identifying the instance where needed.) PPUs 
202 and PP memories 204 may be implemented, e.g., using 
one or more integrated circuit devices such as programmable 
processors, application specific integrated circuits (ASICs), 
and memory devices. 
As shown in detail for PPU202(0), each PPU 202 includes 

a host interface 206 that communicates with the rest of system 
100 via communication path 113, which connects to memory 
bridge 105 (or, in one alternative embodiment, directly to 
CPU 102). In one embodiment, communication path 113 is a 
PCI-E link, in which dedicated lanes are allocated to each 
PPU 202 as is known in the art. Other communication paths 
may also be used. Host interface 206 generates packets (or 
other signals) for transmission on communication path 113 
and also receives all incoming packets (or other signals) from 
communication path 113 and directs them to appropriate 
components of PPU 202. For example, commands related to 
processing tasks may be directed to a front end unit 212 while 
commands related to memory operations (e.g., reading from 
or writing to PP memory 204) may be directed to a memory 
interface 214. Host interface 206, front end unit 212, and 
memory interface 214 may be of generally conventional 
design, and a detailed description is omitted as not being 
critical to the present invention. 
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4 
Each PPU 202 advantageously implements a highly paral 

lel processor. As shown in detail for PPU 202(0), a PPU 202 
includes a number C of cores 208, where C21. Each process 
ing core 208 is capable of executing a large number (e.g., tens 
or hundreds) of threads concurrently, where each thread is an 
instance of a program; one embodiment of a multithreaded 
processing core 208 is described below. Cores 208 receive 
processing tasks to be executed via a work distribution unit 
210, which receives commands defining processing tasks 
from a front end unit 212. Work distribution unit 210 can 
implement a variety of algorithms for distributing work. For 
instance, in one embodiment, work distribution unit 210 
receives a “ready” signal from each core 208 indicating 
whether that core has sufficient resources to accept a new 
processing task. When a new processing task arrives, work 
distribution unit 210 assigns the task to a core 208 that is 
asserting the ready signal; if no core 208 is asserting the ready 
signal, work distribution unit 210 holds the new processing 
task until a ready signal is asserted by a core 208. Those 
skilled in the art will recognize that other algorithms may also 
be used and that the particular manner in which work distri 
bution unit 210 distributes incoming processing tasks is not 
critical to the present invention. 

Cores 208 communicate with memory interface 214 to 
read from or write to various external memory devices. In one 
embodiment, memory interface 214 includes an interface 
adapted to communicate with local PP memory 204, as well 
as a connection to host interface 206, thereby enabling the 
cores to communicate with system memory 104 or other 
memory that is not local to PPU 202. Memory interface 214 
can be of generally conventional design, and a detailed 
description is omitted. 

Cores 208 can be programmed to execute processing tasks 
relating to a wide variety of applications, including but not 
limited to linear and nonlinear data transforms, filtering of 
Video and/or audio data, modeling operations (e.g., applying 
laws of physics to determine position, Velocity and other 
attributes of objects), image rendering operations (e.g., vertex 
shader, geometry shader, and/or pixel shader programs), and 
so on. PPUs 202 may transfer data from system memory 104 
and/or local PP memories 204 into internal (on-chip) 
memory, process the data, and write result databack to system 
memory 104 and/or local PP memories 204, where such data 
can be accessed by other system components, including, e.g., 
CPU 102 or another parallel processing subsystem 112. 

Referring again to FIG. 1, in some embodiments, some or 
all of PPUs 202 in parallel processing subsystem 112 are 
graphics processors with rendering pipelines that can be con 
figured 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 local PP memory 204 (which can be used as graphics 
memory including, e.g., a conventional frame buffer) to store 
and update pixel data, delivering pixel data to display device 
110, and the like. In some embodiments, PP subsystem 112 
may include one or more PPUs 202 that operate as graphics 
processors and one or more other PPUs 202 that are used for 
general-purpose computations. The PPUs may be identical or 
different, and each PPU may have its own dedicated PP 
memory device(s) or no dedicated PP memory device(s). 

In operation, CPU 102 is the master processor of system 
100, controlling and coordinating operations of other system 
components. In particular, CPU 102 issues commands that 
control the operation of PPUs 202. In some embodiments, 
CPU 102 writes a stream of commands for each PPU 202 to 
a pushbuffer (not explicitly shown in FIG. 1), which may be 
located in system memory 104, PP memory 204, or another 
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storage location accessible to both CPU 102 and PPU 202. 
PPU 202 reads the command stream from the pushbuffer and 
executes commands asynchronously with operation of CPU 
102. 

It will be appreciated that the system shown herein is 
illustrative and that variations and modifications are possible. 
The connection topology, including the number and arrange 
ment 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 
communicate with System memory 104 via memory bridge 
105 and CPU 102. In other alternative topologies, parallel 
processing subsystem 112 is connected to I/O bridge 107 or 
directly to CPU 102, rather than to memory bridge 105. Instill 
other embodiments, I/O bridge 107 and memory bridge 105 
might be integrated into a single chip. The particular compo 
nents 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 PPU 202 to the rest of system 100 may 
also be varied. In some embodiments, PP system 112 is 
implemented as an add-in card that can be inserted into an 
expansion slot of system 100. In other embodiments, a PPU 
202 can be integrated on a single chip with a bus bridge. Such 
as memory bridge 105 or I/O bridge 107. In still other 
embodiments, some or all elements of PPU 202 may be 
integrated on a single chip with CPU 102. 
A PPU may be provided with any amount of local PP 

memory, including no local memory, and may use local 
memory and system memory in any combination. For 
instance, a PPU 202 can be a graphics processor in a unified 
memory architecture (UMA) embodiment; in such embodi 
ments, little or no dedicated graphics (PP) memory is pro 
vided, and PPU202 would use system memory exclusively or 
almost exclusively. In UMA embodiments, a PPU may be 
integrated into a bridge chip or processor chip or provided as 
a discrete chip with a high-speed link (e.g., PCI-E) connect 
ing the PPU to system memory, e.g., via a bridge chip. 
As noted above, any number of PPUs can be included in a 

parallel processing subsystem. For instance, multiple PPUs 
can be provided on a single add-in card, or multiple add-in 
cards can be connected to communication path 113, or one or 
more of the PPUs could be integrated into a bridge chip. The 
PPUs in a multi-PPU system may be identical to or different 
from each other; for instance, different PPUs might have 
different numbers of cores, different amounts of local PP 
memory, and so on. Where multiple PPUs are present, they 
may be operated in parallel to process data at higher through 
put than is possible with a single PPU. 

Systems incorporating one or more PPUs may be imple 
mented in a variety of configurations and form factors, includ 
ing desktop, laptop, or handheld personal computers, servers, 
workstations, game consoles, embedded systems, and so on. 

Core Overview 

FIG. 3 is a block diagram of a parallel processing unit 220 
for the parallel processing subsystem 112 of FIG. 2, in accor 
dance with one or more aspects of the present invention. PPU 
202 includes a core 208 (or multiple cores 208) configured to 
execute a large number of threads in parallel, where the term 
“thread” refers to an instance of a particular program execut 
ing on a particular set of input data. In some embodiments, 
single-instruction, multiple-data (SIMD) instruction issue 
techniques are used to Support parallel execution of a large 
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6 
number of threads without providing multiple independent 
instruction units. In other embodiments, single-instruction 
multiple-thread (SIMT) techniques are used to support par 
allel execution of a large number of generally synchronized 
threads, using a common instruction unit configured to issue 
instructions to a set of processing engines. Unlike a SIMD 
execution regime, where all processing engines typically 
execute identical instructions, SIMT execution allows differ 
ent threads to more readily follow divergent execution paths 
through a given thread program. Persons skilled in the art will 
understand that a SIMD processing regime represents a func 
tional subset of a SIMT processing regime. 

In a way similar to a SIMD machine, a SIMT parallel 
processing core 208 executes instances of a single parallel 
program on different data across a plurality of parallel pro 
cessing engines 302 included in the core 208. Thus, for 
example, the core 208 may be configured to execute a series 
of common instructions on the parallel processing engines 
302 within the core 208. The series of instructions to a single 
parallel processing engine 302 constitutes a thread, as defined 
previously, and the collection of a certain number of concur 
rently executing threads among the parallel processing 
engines 302 within a core 208 is referred to hereinas a “warp' 
or “thread group.” Additionally, a plurality of related thread 
groups may be active (in different phases of execution) at the 
same time on a core 208. This collection of thread groups is 
referred to herein as a “cooperative thread array” (“CTA). 
The size of a particular CTA is equal to mik, where k is the 

number of concurrently executing threads in a thread group 
and is typically an integer multiple of the number of parallel 
processing engines 302 in a core 208, and m is the number of 
thread groups simultaneously active on the core 208. The size 
of a CTA is generally determined by the programmer and the 
amount of hardware resources, such as memory or registers, 
available to the CTA. 

In one embodiment, each core 208 includes an array of P 
(e.g., 8, 16, etc.) parallel processing engines 302 configured 
to receive SIMT instructions from a single instruction unit 
312. Each processing engine 302 advantageously includes an 
identical set of functional units (e.g., arithmetic logic units, 
etc.). The functional units may be pipelined, allowing a new 
instruction to be issued before a previous 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 operations including integer and 
floating point arithmetic (e.g., addition and multiplication), 
comparison operations, Boolean operations (AND, OR, 
XOR), bit-shifting, and computation of various algebraic 
functions (e.g., planar interpolation, trigonometric, exponen 
tial, and logarithmic functions, etc.); and the same functional 
unit hardware can be leveraged to perform different opera 
tions. 

Each processing engine 302 uses space in a local register 
file (LRF) 304 for storing its local input data, intermediate 
results, and the like. In one embodiment, local register file 304 
is physically or logically divided into Planes, each having 
Some number of entries (where each entry might store, e.g., a 
32-bit word). One lane is assigned to each processing engine 
302, and corresponding entries in different lanes can be popu 
lated with data for different threads executing the same pro 
gram to facilitate SIMT execution. In some embodiments, 
each processing engine 302 can only access LRF entries in the 
lane assigned to it. The total number of entries in local register 
file 304 is advantageously large enough to Support multiple 
concurrent threads per processing engine 302. 

Each processing engine 302 also has access to an on-chip 
shared memory 306 that is shared among all of the processing 
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engines 302 in core 208. Shared memory 306 may be as large 
as desired, and in some embodiments, any processing engine 
302 can read to or write from any location in shared memory 
306 with equally low latency (e.g., comparable to accessing 
local register file 304). In some embodiments, shared 
memory 306 is implemented as a shared register file; in other 
embodiments, shared memory 306 can be implemented using 
shared cache memory. 

In addition to shared memory 306, some embodiments also 
provide additional on-chip parameter memory and/or 
cache?s) 308, which may be implemented, e.g., as a conven 
tional RAM or cache. Parameter memory/cache 308 can be 
used, e.g., to hold State parameters and/or other data (e.g., 
various constants) that may be needed by multiple threads. 
Processing engines 302 also have access via memory inter 
face 214 to off-chip “global memory 320, which can include, 
e.g., PP memory 204 and/or system memory 104, with system 
memory 104 being accessible by memory interface 214 via 
host interface 206 as described above. It is to be understood 
that any memory external to PPU 202 may be used as global 
memory 320. Processing engines 302 can be coupled to 
memory interface 214 via an interconnect (not explicitly 
shown) that allows any processing engine 302 to access glo 
bal memory 320. 

In one embodiment, each processing engine 302 is multi 
threaded and can execute up to Some number G (e.g., 24) of 
threads concurrently, e.g., by maintaining current state infor 
mation associated with each thread in a different portion of its 
assigned lane in local register file 304. Processing engines 
302 are advantageously designed to Switch rapidly from one 
thread to another so that instructions from different threads 
can be issued in any sequence without loss of efficiency. 

Instruction unit 312 is configured such that, for any given 
processing cycle, the same instruction (INSTR) may be 
issued to all P processing engines 302. Thus, at the level of a 
single clock cycle, core 208 implements a microarchitecture 
substantially representing a P-way SIMT or SIMD design. 
Since each processing engine 302 is also multithreaded, Sup 
porting up to G threads concurrently, core 208 in this embodi 
ment can have up to P*G threads executing concurrently. For 
instance, if P=16 and G=24, then core 208 supports up to 384 
concurrent threads. 

Because instruction unit 312 may issue the same instruc 
tion to all P processing engines 302 in parallel, core 208 is 
advantageously used to process threads in “SIMT thread 
groups.” As used herein, a “SIMT thread group' or “warp' 
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. ASIMT thread 
group may include fewer than P threads, in which case some 
of processing engines 302 will be idle during cycles when that 
SIMT thread group is being processed. A SIMT thread group 
may also include more than P threads, in which case process 
ing will take place over consecutive clock cycles. Since each 
processing engine 302 can Support up to G threads concur 
rently, it follows that up to G SIMT thread groups can be 
executing in core 208 at any given time. 
On each clock cycle, one instruction is issued to all P 

threads making up a selected one of the G SIMT thread 
groups. To indicate which thread group is currently active, a 
warp identifier for the associated warp or threadgroup may be 
included with the instruction. Processing engine 302 uses the 
warp identifier as a context identifier, e.g., to determine which 
portion of its assigned lane in local register file 304 should be 
used when executing the instruction. Thus, in a given cycle, 
all processing engines 302 in core 208 are nominally execut 
ing the same instruction for different threads in the same 
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8 
SIMT thread group. In some instances, some threads in a 
SIMT thread group may be temporarily idle, e.g., due to 
conditional or predicated instructions, divergence at branches 
in the program, or the like. 
The core 208 also includes a vote unit 330, which is con 

figured to receive and execute instructions from the instruc 
tion unit 312 to compute vote results. The vote unit 330 
computes a given vote result by processing data residing in 
certain registers within the local register file 304 that may be 
specified by an associated instruction. The vote unit 330 
stores a given vote result in a plurality of registers within the 
local register file 304 such that related threads executing 
processing engines 302 may access to the Vote result. 

Operation of core 208 is advantageously controlled via a 
core interface 303. In some embodiments, core interface 303 
receives data to be processed (e.g., primitive data, Vertex data, 
and/or pixel data) as well as state parameters and commands 
defining how the data is to be processed (e.g., what program 
is to be executed) from work distribution unit 210. Core 
interface 303 can load data to be processed into shared 
memory 306 and parameters into parameter memory 308. 
Core interface 303 also initializes each new thread or SIMT 
thread group in instruction unit 312, then signals instruction 
unit 312 to begin executing the threads. When execution of a 
thread or SIMT thread group is completed, core 208 advan 
tageously notifies core interface 303. Core interface 303 can 
then initiate other processes, e.g., to retrieve output data from 
shared memory 306 and/or to prepare core 208 for execution 
of additional threads or SIMT thread groups. 

It will be appreciated that the core architecture described in 
FIGS. 1, 2 and 3 is illustrative and that variations and modi 
fications of this architecture fall within the scope of the 
present invention. For example, any number of processing 
engines may be included in each core 208. In some embodi 
ments, each processing engine has its own local register file, 
and the allocation of local register file entries per thread can 
be fixed or configurable as desired. Further, while only one 
core 208 is shown, a PPU 202 may include any number of 
cores 208, which are advantageously of identical design to 
each other so that execution behavior does not depend on 
which core 208 receives a particular processing task. Each 
core 208 advantageously operates independently of other 
cores 208 and has its own processing engines, shared 
memory, and so on. 

Persons skilled in the art will understand that the architec 
ture described in FIGS. 1, 2 and 3 in no way limits the scope 
of the present invention and that the techniques taught herein 
may be implemented on any properly configured processing 
unit, including, without limitation, one or more CPUs, one or 
more multi-core CPUs, one or more GPUs, one or more 
multi-core GPUs, or the like, without departing the scope of 
the present invention. 

Thread Arrays and Cooperative Thread Arrays 

In some embodiments, multithreaded processing core 208 
of FIG. 3 can execute general-purpose computations using 
thread blocks or thread arrays. A thread array consists of a 
number (n0) of threads that concurrently execute the same 
program on an input data set to produce an output data set. 
Each thread in the thread array 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 and/or to determine which portion of an 
output data set a thread is to produce or write. 
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In some embodiments, the thread arrays are arranged as 
“cooperative thread arrays.” or CTAs. Each CTA is a group of 
threads that concurrently execute the same program (referred 
to hereinas a "CTA program') on an input data set to produce 
an output data set. In a CTA, the threads can cooperate by 
sharing data with each other in a manner that depends on 
thread ID. For instance, in a CTA, data can be produced by 
one thread and consumed by another. In some embodiments, 
synchronization instructions can be inserted into the CTA 
program code at points where data is to be shared to ensure 
that the data has actually been produced by the producing 
thread before the consuming thread attempts to access it. The 
extent, if any, of data sharing among threads of a CTA is 
determined by the CTA program; thus, it is to be understood 
that in a particular application that uses CTAS, the threads of 
a CTA might or might not actually share data with each other, 
depending on the CTA program. 

In some embodiments, threads in a CTA share input data 
and/or intermediate results with other threads in the same 
CTA using shared memory 306 of FIG.3. For example, a CTA 
program might include an instruction to compute an address 
in shared memory 306 to which particular data is to be writ 
ten, 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 address function is 
advantageously defined such that different threads write to 
different locations; as long as the function is deterministic, 
the location written to by any thread is predictable. The CTA 
program can also include an instruction to compute an 
address in shared memory 306 from which data is to be read, 
with the address being a function of thread ID. By defining 
suitable functions and providing synchronization techniques, 
data can be written to a given location in shared memory 306 
by one thread of a CTA and read from that location by a 
different thread of the same CTA in a predictable manner. 
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. 
CTAS (or other types of thread arrays) are advantageously 

employed to perform computations that lend themselves to a 
data-parallel decomposition. As used herein, a "data-parallel 
decomposition' includes any situation in which a computa 
tional problem is solved by executing the same algorithm 
multiple times in parallel on input data to generate output 
data; for instance, one common instance of data-parallel 
decomposition involves applying the same processing algo 
rithm to different portions of an input data set in order to 
generate different portions an output data set. Examples of 
problems amenable to data-parallel decomposition include 
matrix algebra, linear and/or nonlinear transforms in any 
number of dimensions (e.g., Fast Fourier Transforms), and 
various filtering algorithms including convolution filters in 
any number of dimensions, separable filters in multiple 
dimensions, and so on. The processing algorithm to be 
applied to each portion of the input data set is specified in the 
CTA program, and each thread in a CTA executes the same 
CTA program on one portion of the input data set or produces 
one portion of the output data set. ACTA program can imple 
ment algorithms using a wide range of mathematical and 
logical operations, and the program can include conditional 
or branching execution paths and direct and/or indirect 
memory access. 

For example, as is known in the art, an array of data values 
(e.g., pixels) can be filtered using a 2-D kernel-based filter 
algorithm, in which the filtered value of each pixel is deter 
mined based on the pixel and its neighbors. In some instances 
the filter is separable and can be implemented by computing 
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10 
a first pass along the rows of the array to produce an interme 
diate array, then computing a second pass along the columns 
of the intermediate array. In one CTA implementation of a 
separable 2-D filter, the threads of the CTA load the input data 
set (or a portion thereof) into shared memory 306, then syn 
chronize. Each thread performs the row-filter for one point of 
the data set and writes the intermediate result to shared 
memory 306. After all threads have written their row-filter 
results to shared memory 306 and have synchronized at that 
point, each thread performs the column filter for one point of 
the data set. In the course of performing the column filter, 
each thread reads the appropriate row-filter results from 
shared memory 306, and a thread may read row-filter results 
that were written by any thread of the CTA. The threads write 
their column-filter results to shared memory 306. The result 
ing data array can be stored to global memory or retained in 
shared memory 306 for further processing. Where shared 
memory 306 can be accessed with lower latency and/or 
greater bandwidth than global memory, storing intermediate 
results in shared memory 306 advantageously improves pro 
cessor throughput. In one embodiment, a driver program 
executing on CPU 102 of FIG. 1 writes commands defining 
the CTA to a pushbuffer (not explicitly shown) in memory 
(e.g., system memory 104), from which the commands are 
read by a PPU 202. The commands advantageously are asso 
ciated with state parameters such as the number of threads in 
the CTA, the location in global memory 320 of an input data 
set to be processed using the CTA, the location in global 
memory 320 of the CTA program to be executed, and the 
location in global memory 320 where output data is to be 
written. The state parameters may be written to the pushbuffer 
together with the commands. In response to the commands, 
core interface 303 loads the state parameters into core 208 
(e.g., into parameter memory 308), then begins launching 
threads until the number of threads specified in the CTA 
parameters have been launched. In one embodiment, core 
interface 303 assigns thread IDs sequentially to threads as 
they are launched. More generally, since all threads in a CTA 
execute the same program in the same core 208, any thread 
can be assigned any thread ID, as long as each valid thread ID 
is assigned to only one thread. Any unique identifier (includ 
ing but not limited to numeric identifiers) can be used as a 
thread ID. In one embodiment, if a CTA includes some num 
ber (no) of threads, thread IDs are simply sequential (one 
dimensional) index values from 0 to no-1. In other embodi 
ments, multidimensional indexing schemes can be used. 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. 

In some embodiments, warps consisting of more threads 
than processing engines may execute on the processing 
engines through a regime of time interleaving. For example, a 
warp consisting of 32 threads may execute on eight process 
ing engines 302 over the course of four instruction cycles. 
Persons skilled in the art will recognize that core 208 may 
include a different number of processing engines 302 and 
registers within the local register file 304 to accommodate 
data storage for the threads, without departing from the scope 
of the invention. 

Context Migration Across CPU Threads 

FIG. 4 illustrates a user application 410 calling a library 
440 to perform a specific function using a private parallel 
processing unit context 442 associated with the library, in 
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accordance with one or more aspects of the present invention. 
The user application 410 may include at least one CPU thread 
450. Each CPU thread 450 includes, without limitation, a 
CPU thread context 412, registers 414, a process ID 416 and 
thread local storage (TLS) 418. A CPU thread 450 may also 
include a PPU context, such as PPU context 420 of CPU 
thread 450-0. The CPU thread context 412 includes informa 
tion related to the execution of a specific thread. The registers 
414 store register values associated with the CPU thread 450. 
The process identification (ID) 416 stores, without limitation, 
the process ID of the associated thread. Thread local storage 
418 stores data structures defined by the CPU thread 450 and 
that are local to the CPU thread 450. The PPU context 420 
encapsulates resources and actions performed with respect to 
a given PPU. A PPU driver 460 manages the PPU contexts 
according to requests transmitted to the PPU driver 460 via a 
PPU application programming interface (API). An API call 
434 to the PPU driver 460 may transfer execution from a 
calling function to the PPU driver 460. An API function return 
436 returns execution to a calling function. The API function 
return 436 may also return a result code, Such as a Success or 
failure flag, to the calling function. An example of an API call 
434 from a CPU thread 450 may beareduest to the PPU driver 
460 to create or initialize a new PPU context. 

Each CPU thread 450 within the user application 410 may 
performindependent tasks for the user application 410, where 
each task requires a different PPU context. Alternatively, 
certain CPU threads 450 may perform tasks that require the 
same PPU context. In both cases, the library 440 may require 
a yet different PPU context 442 to properly perform tasks 
assigned by the user application 410. In existing art, PPU 
context 420 and PPU context 442 must be associated with two 
independent CPU threads, thereby incurring inefficiencies 
that diminish the performance of user application 410 when 
the two. However, with the addition of a PPU context push 
operation and a PPU context pop operation, one CPU thread 
may use two or more persistent PPU contexts. Additionally, 
each PPU context may be used by any arbitrary PPU thread. 
The PPU context push and PPU context pop operations are 
invoked via the PPU API. 
When the PPU driver 460 receives a PPU context push 

request, the PPU driver 460 pushes the current PPU context 
associated with the calling CPU thread onto a PPU context 
stack 462 and associates a new PPU context with the calling 
CPU thread. A reference to the new PPU context may be 
passed to the PPU driver 460 via the PPU context push 
request. Alternatively, the PPU driver 460 may create the new 
PPU context if no PPU context is named in the PPU context 
push request. 
Any number of PPU contexts may exist at any one time, 

where one or more PPU context may not be associated with a 
PPU thread. Any PPU context that is not associated to a CPU 
thread is referred to as “floating.” 
When CPU thread 450-0 of user application 410 calls a 

library function within library 440, the library 440 should 
request a PPU context push 430 prior to performing the 
requested library function. In this scenario, library 440 names 
PPU context 442 as the new PPU context to be associated with 
the calling CPU thread 450-0. CPU thread 450-0 may then 
execute library functions within library 440, while using PPU 
context 442, which is owned by library 440. 

Prior to returning from a function call, library 440 performs 
a PPU context pop 432, which restores PPU context 420 as the 
current PPU context of CPU thread 450-0. In this way, CPU 
thread 450-0 may execute arbitrary functions within library 
440, each of which may use an arbitrary PPU context. Impor 
tantly, CPU thread 450-0 need not be aware of any PPU 
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12 
context manipulation conducted by library 440. In fact, the 
function call interface may appear to be identical to any 
standard function call interface. 

FIG. 5 illustrates a user application 410 with multiple 
function calling levels, each with an associated private paral 
lel processing unit context 442, 562, in accordance with one 
or more aspects of the present invention. 

In this scenario, the function calling sequence illustrated in 
FIG. 4 is expanded to include an additional calling level to a 
second library function within library 560. Library 560 may 
be distinct from library 440, and may require a separate PPU 
context. Using the PPU context push and PPU context pop 
operations discussed in FIG.4, library 560 is able to execute 
an arbitrary library function using PPU context 562, which is 
owned by library 560. 
CPU thread 450-0 calls a first function within library 440. 

The first function performs a PPU context push 430, making 
PPU context 442 the current PPU context for CPU thread 
450-0. The first function calls a second function, within 
library 560. The second function performs a PPU context 
push 550, thereby making PPU context 562 the current PPU 
context for CPU thread 450-0. Prior to returning, the second 
function performs a PPU context pop 552, restoring PPU 
context 442 as the current PPU context for CPU thread 450-0. 
Prior to returning, the first function performs a PPU context 
pop 432, restoring PPU context 420 as the current PPU con 
text for CPU thread 450-0. 

FIG. 6A is a flow diagram of method steps 600 for per 
forming a push operation on a parallel processing unit con 
text, according to one embodiment of the invention. Although 
the method steps are described in conjunction with the sys 
tems of FIGS. 1-5, persons skilled in the art will understand 
that any system configured to perform the method steps, in 
any order, is within the scope of the invention. 
The method begins in step 610, where a parallel processing 

unit (PPU) driver receives a request from a central processing 
unit (CPU) thread to push a PPU context. In step 612, the PPU 
driver pushes a current PPU context onto a PPU context stack. 
In step 614, the PPU driver associates a named PPU context 
with the CPU thread. In step 616, the PPU driver returns 
execution to the calling function. At this point, the CPU 
thread is associated with the named PPU context. The method 
terminates in step 618. 

FIG. 6B is a flow diagram of method steps 601 for perform 
ing a pop operation on a parallel processing unit context, 
according to one embodiment of the invention. Although the 
method steps are described in conjunction with the systems of 
FIGS. 1-5, persons skilled in the art will understand that any 
system configured to perform the method steps, in any order, 
is within the scope of the invention. 
The method begins in step 620, where the PPU driver 

receives a request from the central processing unit thread to 
pop a PPU context. In step 622, the PPU driverpops the PPU 
context from the top element of the PPU context stack. In step 
624, the PPU driver associates a popped PPU context, if any, 
with the CPU thread. Persons skilled in the art will appreciate 
that under certain circumstances the PPU context stack may 
be empty and the PPU driver does not need to associate a 
popped (null) context with the CPU thread. In step 626, the 
PPU driver returns execution to the calling function. At this 
point, the PPU context associated with the calling CPU thread 
is restored to the previous PPU context from the top of the 
PPU context stack. The method terminates in step 628. 

In sum, a technique for enabling CPU threads to use one or 
more existing PPU contexts is disclosed. The technique 
allows a first function with a first PPU context to directly call 
a second function with a second PPU context, where the first 
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function need not be aware of any PPU context management 
on the part of the second function. The technique introduces 
two operators used manage the PPU contexts. The first opera 
tor is the PPU context push, which causes the PPU driver to 
store the current PPU context of a calling thread on a PPU 
context stack and to associate a named PPU context with the 
calling thread. The second operator is a PPU context pop, 
which causes the PPU driver to restore the PPU context of a 
calling function to the PPU context at the top of the PPU 
context stack. By performing a PPU context push at the begin 
ning of a function and a PPU context pop prior to returning 
from the function, the function may execute within a single 
CPU thread, but advantageously operate on a two distinct 
PPU contexts. 

While the forgoing is directed to embodiments of the 
present invention, other and further embodiments of the 
invention may be devised without departing from the basic 
Scope thereof. For example, aspects of the present invention 
may be implemented in hardware or Software or in a combi 
nation of hardware and software. One embodiment of the 
invention may be implemented as a program product for use 
with a computer system. The program(s) of the program 
product define functions of the embodiments (including the 
methods described herein) and can be contained on a variety 
of computer-readable storage media. Illustrative computer 
readable storage media include, but are not limited to: (i) 
non-Writable storage media (e.g., read-only memory devices 
within a computer such as CD-ROM disks readable by a 
CD-ROM drive, flash memory, ROM chips or any type of 
solid-state non-volatile semiconductor memory) on which 
information is permanently stored; and (ii) Writable storage 
media (e.g., floppy disks within a diskette drive or hard-disk 
drive or any type of solid-state random-access semiconductor 
memory) on which alterable information is stored. Such com 
puter-readable storage media, when carrying computer-read 
able instructions that direct the functions of the present inven 
tion, are embodiments of the present invention. Therefore, the 
scope of the present invention is determined by the claims that 
follow. 

I claim: 
1. A method for preserving a processing unit context asso 

ciated with a processing unit thread, the method comprising: 
receiving from a first calling function a request to store a 

first processing unit context associated with the process 
ing unit thread; 

storing the first processing unit context by pushing the first 
processing unit context onto a stack; 

associating a second processing unit context with the pro 
cessing unit thread; 

returning execution to the first calling function; 
receiving from a second calling function a request to store 

the second processing unit associated with the process 
ing unit thread, wherein the first calling function resides 
within a processing unit thread program, and the second 
calling function resides within a library; 

storing the second processing unit context; 
associating a third processing unit context with the pro 

cessing unit thread; and 
returning execution to the second calling function. 
2. The method of claim 1, wherein the request comprises an 

application programming interface function call. 
3. The method of claim 1, wherein the processing unit 

comprises a central processing unit, and the processing unit 
context comprises a parallel processing unit context. 
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4. The method of claim 1, wherein the step of storing the 

second processing unit context comprises pushing the second 
processing unit context onto the stack on top of the first 
processing unit context. 

5. The method of claim 4, further comprising the steps of: 
receiving a request from the second calling function to 

restore the second processing unit context to the pro 
cessing unit thread; 

retrieving the second processing unit context from the top 
of the stack; 

associating the second processing unit context with the 
processing unit thread; and returning execution to the 
second calling function. 

6. The method of claim 1, further comprising the steps of: 
receiving a request from the first calling function to restore 

the first processing unit 
context to the processing unit thread; 
retrieving the first processing unit context; 
associating the first processing unit context with the pro 

cessing unit thread; and 
returning execution to the first calling function. 
7. The method of claim 6, wherein the step of retrieving the 

first processing unit context comprises popping the first pro 
cessing unit context from the top of a stack. 

8. A non-transitory computer-readable medium including 
instructions that, when executed by a processing unit, cause 
the processing unit to preserve a processing unit context 
associated with a processing unit thread, by performing the 
steps of: 

receiving from a first calling function a request to store a 
first processing unit context associated with the process 
ing unit thread: 

storing the first processing unit context by pushing the first 
processing unit context onto a stack; 

associating a second processing unit context with the pro 
cessing unit thread; 

returning execution to the first calling function; 
receiving from a second calling function a request to store 

the second processing unit associated with the process 
ing unit thread, wherein the first calling function resides 
within a processing unit thread program, and the second 
calling function resides within a library; 

storing the second processing unit context; 
associating a third processing unit context with the pro 

cessing unit thread; and 
returning execution to the second calling function. 
9. The non-transitory computer-readable medium of claim 

8, wherein the request comprises an application program 
ming interface function call. 

10. The non-transitory computer-readable medium of 
claim 8, wherein the processing unit comprises a central 
processing unit, and the processing unit context comprises a 
parallel processing unit context. 

11. The non-transitory computer-readable medium of 
claim8, wherein the step of storing the second processing unit 
context comprises pushing the second processing unit context 
onto the stack on top of the first processing unit context. 

12. The non-transitory computer-readable medium of 
claim 11, further comprising the steps of: 

receiving a request from the second calling function to 
restore the second processing unit context to the pro 
cessing unit thread; 

retrieving the second processing unit context from the top 
of the stack; 

associating the second processing unit context with the 
processing unit thread; and 

returning execution to the second calling function. 
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13. The non-transitory computer-readable medium of returning execution to the first calling function. 
claim 8, further comprising the steps of 14. The non-transitory computer-readable medium of 

receiving a request from the first calling function to restore claim 13, wherein the step of retrieving the first processing 
the first processing unit context to the processing unit unit context comprises popping the first processing unit con 
thread; 5 text from the top of a stack. 

retrieving the first processing unit context; 
associating the first processing unit context with the pro 

cessing unit thread; and k . . . . 
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