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A MULTI-THREAD HIGH PERFORMANCE COMPUTING SYSTEM

FIELD OF THE INVENTION

[0001] The present invention relates generally to the field of parallel computing, and
in particular, to systems and methods for high-performance computing on a parallel-
processing computer system including multiple processing elements that may or may not

have the same processor architecture.

BACKGROUND OF THE INVENTION

[0002] Today, a parallel-processing computer system including one or more
processors and/or coprocessors provides a tremendous amount of computing capacity. But
there is lack of an efficient, stable, robust, and user-friendly software development and
execution platform for such computer system. Therefore, there is a need for a software
development and execution platform that provides an easy-to-use program interface and rich
library resources, supports program debugging and profiling, and enables the execution of the

same program on any types of parallel-processing computer system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] For a better understanding of the nature and embodiments of the invention,
reference should be made to the Description of Embodiments below, in conjunction with the
following drawings in which like reference numerals refer to corresponding parts throughout

the figures.

[0004] Figure 1 is an overview block diagram of a runtime system running on a
parallel-processing computer system according to some embodiments of the present

invention.

[0005] Figures 2A through 21 illustrate the operation of the Language-Specific
Interface and the Front End of the runtime system according to some embodiments of the

present invention.

[0006] Figures 3A through 3C illustrate the operation of the compilation scheduler of

the runtime system according to some embodiments of the present invention.
1
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[0007] Figures 4A through 4D illustrate the operation of the trace cache 400 of the

runtime system according to some embodiments of the present invention.

[0008] Figures SA through 5C illustrate the operation of the macro cache of the

runtime system according to some embodiments of the present invention.

[0009] Figures 6A through 6E illustrate the operation of the program generator of the

runtime system according to some embodiments of the present invention.

[0010] Figures 7A through 7E illustrate the operation of the execution scheduler and

the executors of the runtime system according to some embodiments of the present invention.

[0011] Figures 8A through 8C illustrate the operation of the program profiler of the

runtime system according to some embodiments of the present invention.

[0012] Figures 9A through 9C illustrate the operation of the program debugger of the

runtime system according to some embodiments of the present invention.

[0013] Figure 10 is a block diagram illustrating the hardware used for implementing

the runtime system according to some embodiments of the invention.

[0014] Figures 11A through 11C are block diagrams illustrating various types of
software development and execution platforms according to some embodiments of the
invention.

[0015] Like reference numerals refer to corresponding parts throughout the several

views of the drawings.

DESCRIPTION OF EMBODIMENTS

[0016] In some embodiments, a runtime system includes multiple execution threads,
each of which is configured to perform one or more of the following functions: causing an
application to issue one or more operation requests; scheduling processing of the operation
requests; dynamically preparing one or more compute kernels for the operation requests;
dynamically executing the compute kernels on one or more processing elements of a parallel-
processing computer system; and dynamically managing the compute kernels” memory usage

of the processing elements.
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System Overview

[0017] Reference will now be made in detail to embodiments, examples of which are
illustrated in the accompanying drawings. In the following detailed description, numerous
specific details are set forth in order to provide a thorough understanding of the subject
matter presented herein. But it will be apparent to one of ordinary skill in the art that the
subject matter may be practiced without these specific details. In other instances, well-
known methods, procedures, components, and circuits have not been described in detail so as
not to unnecessarily obscure aspects of the embodiments. For example, it will be apparent to
one of ordinary skill in the art that the subject matter presented herein can be implemented on
any type of parallel-processing computer system containing any types of processing elements
including processors and/or coprocessors, although embodiments described below are related

to particular types such as graphics processing units (GPUs) and multi-core CPUs.

[0018] The term “parallel-processing computer system” herein refers to a computing
system that is capable of performing multiple operations simultaneously. A parallel-
processing computer system may contain one or more processing elements including, but not
limited to, processors and coprocessors, which may be deployed on a single computer or a
plurality of computers linked (wired and/or wireless) by a network in a cluster or grid or other
types of configuration. In some embodiments, a processing element includes one or more
cores, which may share at least a portion of the same instruction set or use completely
different instruction sets. The cores within a processing element may share at least a portion
of a common memory space and/or have their own memory spaces. Mechanisms used to
implement parallel execution of the operations include, but are not limited to, multiple-
instruction-multiple-data (MIMD) execution of multiple instruction sequences, single-
instruction-multiple-data (SIMD) execution of a single instruction sequence, vector
processing, pipelining, hardware multi-threading, very-long-instruction-word (VLIW) or
explicitly-parallel-instruction-computing (EPIC) instructions, superscalar execution, and a
combination of at least two of the aforementioned mechanisms. The parallel-processing
computer system as a whole may use a single system image, multiple system images, or have

no underlying operating system.

[0019] In some embodiments, a processing element or a core within a processing
element may or may not run an operating system or a virtual machine monitor (e.g.,

hypervisor) that manages one or more operating systems running on a computer system at the
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same time. Examples of such processors and coprocessors include graphics processing units
(GPUs) by nVidia and AT]I, single-core and multiple-core x86 and Itanium processors by
Intel, single- and multiple-core x86 and x86-64 processors by AMD, single-core and
multiple-core PowerPC processors by IBM, the Cell processor by STI, the Niagara processor
by Sun Microsystems, and the Threadstorm processor or X1E multi-streaming processor by

Cray, Inc.

[0020] In some embodiments, a processing element may be a thread running on a
physical processor or virtual machine such as application-level threads, kernel threads, or
hardware threads. In some other embodiments, a processing element may be a virtual
machine running inside a hypervisor. In other embodiments, a processing element may be a

functional unit within a physical processor or a virtual machine.

[0021] Figure 1 is an overview block diagram of a runtime system 10 running on a
parallel-processing computer system 5 according to some embodiments of the present
invention. For illustrative purpose, the parallel-processing computer system 5 includes at
least one primary processor (e.g., main CPU 960 with its associated CPU memory 950) and at
least one secondary processor (e.g., GPU 930 with its associated GPU memory 940). But it
will be apparent to one skilled in the art that the runtime system 10 can be implemented on
any type of parallel-processing computer systems as described above. There are multiple
components within the runtime system 10 and they all run on the main CPU 960. Note that
the sign “(s)” associated with any component indicates that there are one or more instances of
such component. For example, the symbol “CPU Compiler(s) 625 means that the runtime
system 10 may include one or more CPU compilers, one for each type of CPU. But a symbol
without the sign “(s)” by no means suggests that there can only be one instance of the
corresponding component. In this case, the symbol is merely an abstractive characterization
of the functions performed by the component. For example, the symbol “Program Generator
600” indicates that this component is responsible for program generation in the runtime

system 10.

[0022] It will be apparent to one skilled in the art that the embodiments described in
detail below in connection with Figure 1 are only for illustrative purpose. For example,
Figure 1 depicts that the different components of the runtime system 10 run on the same main

CPU 960. In other embodiments, the different components may run on multiple physical
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processing elements of the same parallel-processing computer system or multiple computers
that are connected via a network or a combination thereof. Communication mechanisms
known in the art can be employed to ensure that information be exchanged among the

different processing elements and computers accurately and efficiently.

[0023] At run-time, an application 20 invokes the runtime system 10 by calling into
one of its Language-Specific Interfaces (LSI) 100 to perform operations predefined in the
application 20. In some embodiments, the LSI 100 includes multiple modules, each module
providing an Application Program Interface (API) to the runtime system 10 for applications
written in a specific programming language. The runtime system 10 is configured to spawn
zero or more threads, initialize one or more processing elements including processors,
coprocessors, processor/coprocessor cores, functional units, etc., as necessary, and execute
compute kernels associated with the predefined operations on the processing elements
accessible to the runtime system 10. In some embodiments, a compute kernel is an
executable program or subroutine that runs on one or more processing elements that are part
of a parallel processing computer system to perform all or parts of one or more operation
requests. In some embodiments, the runtime system 10 includes dynamically linked
libraries, static libraries, or a combination of both types of libraries. In some embodiments,
the runtime system 10 includes one or more standalone programs that run independently of
user applications, with which the other components of the runtime system 10 (e.g., its

libraries) communicate.

[0024] From the runtime system’s user’s perspective, the aforementioned approach
has multiple advantages. First, it allows easy porting of existing applications from one
programming language to another language. Second, it allows easy integration of the runtime
system’s libraries with other standard libraries such as Math Kernel Library (MKL) and
Message Passing Interface (MPI). For example, data are easily passed between the runtime
system’s libraries and other standard libraries called from the application 20 through the
computer hardware’s main system memory. This is important because many applications
rely at least in part on these standard libraries. Third, this approach allows the source code of
the application 20 to be compiled using existing compilers. Fourth, this approach is highly
compatible with existing software development tools. Standard tools such as debuggers,
profilers, code coverage tools, etc., can be easily integrated with the runtime system 10.

Finally, an application 20 that runs on an older version of the runtime system 10 can be
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executed on a new version of the runtime system 10 without being re-compiled. This feature
enables the application to benefit from any features developed in the new generations of

parallel-processing computer systems.

[0025] The runtime system 10 supports programming development using multiple
programming languages. In some embodiments, the application 20 can be written in different
programming languages including C, C++, Fortran 90, MatLab, and the like. For each
programming language, the corresponding LSI module in the LSI 100 binds the application
20 with the rest of the runtime system 10. Because of the LSI 100, the Front End 200 (FE) of
the runtime system 10 can be invoked by applications written in different programming

languages, without the need to have multiple front ends, one for each programming language.

[0026] In some embodiments, the LSI module for a programming language includes
functions, procedures, operators (if the language supports operator overloading), macros,
constants, objects, types, and definitions of other language constructs, which represent
common mathematical and I/O operations, operations supported by the runtime system 10,
values of special significance (e.g., PI), objects manipulated by the runtime system 10, and so
on. The application 20 uses the functions, procedures, operators, etc. defined by the LSI 100
to request that the runtime system 10 perform the operations specified in the application. The
LSI 100 captures and marshals each of these requests, including its kind, its arguments, and
any other information used for error-handling, debugging, or profiling purposes (e.g., an API
call’s address or its return address), and passes the request to the Front End 200 (FE) of the

runtime system 10.

[0027] In some embodiments, the LSI 100 uses a functional programming model in
which the result (e.g., an array) is returned by each operation. In some other embodiments,
the LSI 100 implements an imperative programming model in which each operation
overwrites one of its operands, which is similar to many existing mathematical libraries. In
other embodiments, the LSI 100 adopts a programming model that is a combination of the

two models.

[0028] The LSI 100 may operate on its own data types, such as array objects, or on
native data types, or a combination of the two. If the LSI 100 operates on its own data types,
native data types in the application 20 may be explicitly converted to the LSI’s own data

types (e.g., using a function that takes an operand using a native data type and returns an
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object of the corresponding LSI data type). In some embodiments, the programming
language associated with the application 20 may arrange for the conversion to be performed

without it having been explicitly requested by the application.

[0029] In some embodiments, the use of the LSI’s own data types has several
advantages over native data types. First, it facilitates the use of data representations in the FE
200 that are different from the native representations of data in the programming language.
Second, the use of opaque data types that require conversion back to native data types to be
operated on outside the runtime system 10 facilitates progressive evaluation, in which the
processing of requests to the FE 200 may be deferred and batched for more efficient
processing. Finally, the use of opaque data types facilitates the use of memory by the runtime
system 10 that is not directly accessible to the application 20, such as the memory on a GPU

board.

[0030] In some embodiments, to simplify memory management, the LSI 100 has
facilities to mark the scope in which an object can be accessed.  For example, the C++ LSI
module does this using object constructors and object destructors, which define the scopes of
respective individual objects by notifying the FE 200 of each object’s creation and
destruction. The C LSI module uses explicit function calls such as begin_scope() and

end scope() to define the scopes of objects created between the two function calls. Some
embodiments may support explicit object creation and destruction calls rather than, or in

addition to, these scoping constructs.

[0031] In some embodiments, the FE 200 is responsible for invoking the supervisor
80. The supervisor 80 is configured to start up some other components of the runtime system
10 at the beginning of executing the application 20. In response, some components invoke
their own modules to create their own threads. At the conclusion of the execution, the
supervisor 80 is responsible for shutting down these components and killing threads

associated with these components.

[0032] In some embodiments, the FE 200 processes some requests from the LSI 100
immediately but defers processing some other requests for progressive evaluation in batches.
For each deferred request, the FE 200 is responsible for generating one or more intermediate
representation (IR) nodes, each IR node representing an operation to be performed by the

runtime system 10. Generally, the term “intermediate representation” refers to a data
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structure that is constructed from input data to a program, and from which part or all of the
output data of the program is constructed in turn. In this application, an IR node has
information identifying its type, arguments, and optionally information used for error-
handling, debugging, or profiling purposes, such as the address of an API call in the
application 20 corresponding to a request to the LSI 100, or its return address. These IR
nodes are used by other components of the runtime system 10 (e.g., the program generator
600) to generate compute kernels to be executed on the parallel-processing computer system.
In some embodiments, the IR nodes include information used for generating optimized
compute kernels for the different types of processing elements of the parallel-processing

computer system.

[0033] Below is a table including exemplary types of IR nodes generated by the FE
200.
Map A map operation takes one or more arrays as input and returns another

array, ¢.g., adding two arrays element-by-element.

Reduce A reduce operation takes one or more arrays and reduces values in one or
more dimensions to a single value, e.g., finding the maximum value of

cach column of a 2-D array.

Generator | A generator operates on seed data and produces data arrays from the seed
data, e.g., generating an array of pseudo-random numbers, or assigns
predefined values at predefined locations of an array, e.g., generating an

identity matrix.

View A view operation changes the interpretation of an array, e.g., matrix

transpose, or performs a copy.

Intrinsic | An intrinsic operation is a pre-compiled, high-performance operation on
operation | data types such as array, e.g., matrix multiplication, Fast Fourier

Transform (FFT), etc.

[0034] In some embodiments, the compilation scheduler 300 (C-Scheduler) takes the
IR nodes generated by the FE 200, buffers them in a data structure called a “work queue”

304, and according to a predefined schedule, requests that the ProgGen 600 generate one or
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more compiled programs corresponding to the IR nodes. A compiled program is also
referred to as a “compute kernel” that includes executable binary code for one of the
processing elements of the parallel-processing computer system. Therefore, a compiled
program sequence corresponds to a sequence of compute kernels, which may correspond to
one or more processing elements. For convenience, the two terms, “compiled program” and

“compute kernel”, are used interchangeably in this application.

[0035] The ProgGen 600 returns to the C-Scheduler 300 a sequence of compiled
programs corresponding to the IR nodes. In some embodiments, the ProgGen 600 generates
multiple copies of compiled programs, one for each type of processing element of the
parallel-processing computer system for executing the compiled programs. The C-Scheduler
300 then submits the sequences of compiled programs to the execution scheduler 800 (E-
Scheduler) to arrange for execution of the compiled programs on the respective processing

clement(s).

[0036] To improve its performance, the runtime system 10 includes two caches, the
trace cache 400 and the macro cache 500. In some embodiments, the operation of the trace
cache 400 is transparent to the application 20. A developer does not have to make any
special arrangement to invoke the trace cache 400. The C-Scheduler 300 automatically
caches program sequences generated by the ProgGen 600 in the trace cache 400. Therefore,
the trace cache 400 can reduce the runtime system’s compilation overhead by comparing the
incoming IR nodes from the FE 200 with the previously generated program sequences that

are stored in the trace cache and reusing the program sequences whenever possible.

[0037] In some embodiments, upon receiving a set of IR nodes from the FE 200, the
C-Scheduler 300 checks the trace cache 400 for the previously compiled program sequences
that correspond to the same set of IR nodes or a subset thereof and re-uses the pre-compiled

program sequences.

[0038] In some embodiments, the C-Scheduler 300 automatically starts searching the
trace cache 400 for compiled program sequences that match a set of IR nodes that the C-
Scheduler 300 has accumulated whenever a predefined condition is met (e.g., the set of IR
nodes correspond to at least a predefined number of application function API calls). When
such condition is met, the C-Scheduler does not or cannot verify whether processing the set

of IR nodes can yield the best performance that the application 20 can achieve. For example,
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the C-Scheduler 300 may start searching the trace cache 400 even if the last IR node in the set

corresponds to an API call in the middle of a for-loop structure in the application 20.

[0039] The macro cache 500 offers an alternative solution to this problem by allowing
an application developer to explicitly define a code macro in the application 20. Note that the
term “code macro” and “code reuse section” are used interchangeably throughout this
application. One rationale for using the macro cache 500 is that processors usually perform
better when handling a sequence of computationally intensive operations. Therefore, it is
advantageous for the application developer to group multiple (e.g., dozens or even hundreds
of) computationally intensive operations in the application 20 together using keywords
provided or accepted by the runtime system 10. These keywords provide clear instructions to
the runtime system 10 (in particular, the C-Scheduler 300) as to which set of IR nodes should

be processed together to achieve better performance.

[0040] In some embodiments, the number of operations packaged within a macro is
heuristic-based. For example, the number of operations that the ProgGen 600 is likely to
combine into a single compiled program (also known as a “compute kernel”) can be used to
determine the size of the macro. The macro cache 500 enables the developer to specify a set
of API calls to be compiled into one or more program sequences once by the ProgGen 600,
which are stored in the macro cache 500 and repeatedly invoked subsequently as a macro
group. This feature substantially reduces the API call overhead because only one API call is

required per macro group invocation rather than one API call per operation.

[0041] In some embodiments, when a code reuse section of API calls is first invoked,
the C-Scheduler 300 and the ProgGen 600 treat the code reuse section like other regular API
calls. The only difference is that the compiled program sequences corresponding to the code
reuse section are stored in the macro cache 500, not the trace cache 400. Upon receiving
subsequent invocations of the same code reuse section by the application 20, the C-Scheduler
300 retrieves the compiled program sequences from the macro cache 500 and executes them

accordingly.

[0042] In some embodiments, the IR nodes generated by the FE 200 are organized
into a directed acyclic graph (DAG). The ProgGen 600 transforms the DAG into one or more

sequences of compiled programs (i.e., compute kernels) to be executed on a parallel-
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processing computer system. In some embodiments, each compiled program sequence is

itself a DAG.

[0043] In some embodiments, the operation requests from an application correspond
to one of two types of operations: (i) intrinsic or (ii) primitive. An intrinsic operation
includes one or more programs or functions. In some embodiments, these programs and
functions are hand-coded for a specific type of processor such as GPU to unleash its parallel-
processing capacity. Examples of intrinsic operations include matrix multiplication, matrix
solvers, FFT, convolutions, and the like. As shown in Figure 1, the intrinsic operations are
stored in the intrinsic library 700. In some embodiments, these intrinsic operations are highly
optimized and may or may not be fully pre-compiled. At run time, for an IR node associated
with an intrinsic operation, the ProgGen 600 invokes a processor-specific, hand-crafted
routine from the intrinsic library 700 and constructs one or more program sequences to

implement the operation specified by the IR node.

[0044] In some embodiments, primitive operations correspond to element-wise data
array operations, such as arithmetic operations and trigonometric functions. For IR nodes
associated with primitive operations, the ProgGen 600 dynamically generates processor-
specific program sequences that perform the operations prescribed by the IR nodes. For
example, to generate a program sequence for a GPU, the ProgGen 600 performs a lookup in
the primitive library 660 for a primitive operation’s source code, combines the source code
with source code associated with other primitive operations, and invokes the GPU compiler
620 and the GPU assembler 640 to generate executable binary code for the GPU. Similarly,
to generate a program sequence for a multi-core CPU, the ProgGen 600 retrieves from the
primitive library 660 source code corresponding to one or more primitive operations and
invokes the CPU compiler 625 and the CPU assembler 645 to generate executable binary
code on the multi-core CPU. In some embodiments, the source code for either GPU or CPU
is preprocessed before compilation. In some embodiments, dynamic linking and/or loading
of the binary code for either GPU or CPU into memory follows the assembly operation. One
skilled in the art would understand that this compilation process may be implemented by
fewer individual steps than discussed here, such as by directly generating lower-level

program representations, by combining steps, or by restricting functionality.

[0045] In some embodiments, library routines corresponding to the primitive

operations are also hand-coded and highly optimized. In some embodiments, they are highly
11
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accurate. In some embodiments, the primitive operations are stored in the primitive library
660 as source code rather than as assembly code or binary code, to facilitate dynamic

insertion into programs by the ProgGen 600.

[0046] The ProgGen 600 generates compiled program sequences for processing
elements of the parallel-processing computer system in response to API calls in the
application 20. The program sequences are then executed on processing elements of the
parallel-processing computer system (e.g., a GPU or multi-core CPUs). In some
embodiments, the performance of the runtime system 10 depends on the computational
intensity of a compute kernel, which is measured by the number of operations executed
between two consecutive memory accesses (also known as the program sequence’s

“operation/memory-access ratio”).

[0047] Generally, different types of IR nodes have different operation/memory-access
ratios. For example, a map operation could perform as little as one operation per element,
which cannot saturate a typical processor’s capacity if executed naively, in isolation. Reduce
operations share the same problem because they also have low operation/memory-access
ratios. In some embodiments, a compute kernel prepared by the ProgGen 600 for a specific
type of processing elements (e.g., GPUs or multi-core CPUs) corresponds to one or more IR
nodes. A compute kernel with a high operation/memory-access ratio is therefore more

efficient when being executed on a particular processing element and vice versa.

[0048] Conventionally, it is an application developer’s responsibility for putting the
API calls in an application into different groups that may correspond to different compute
kernels being executed by the runtime system. To achieve best performance, the developer
has to understand how the runtime system prepares compute kernels for different types of
processing elements and group the API calls differently for different processing elements.
This approach is also referred to as “kernel-style programming”. One of the significant
disadvantages with this approach is that the compute kernels prepared by the developer are
less optimal for a specific type of processing elements and therefore result in poor

performance of the runtime system.

[0049] The ProgGen 600 solves this problem through a process called “automatic
compute kernel analysis”. In some embodiments, the ProgGen 600 automatically determines

which set of IR nodes should correspond to a compute kernel targeting a specific type of
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processing elements based on the IR nodes’ associated operation/memory-access ratios. For
example, the ProgGen 600 first estimates the ratios of the IR nodes currently in the work
queue and attempts to merge operations into the compute kernel until the operation/memory-
access ratio of the compute kernel exceeds a predefined threshold. One of the exemplary
methods is the loop fusion with scalar replacement, which is the process of merging back-to-
back array operations into a reduced number of separate array operations so as to decrease
memory accesses and thereby increase the operation/memory-access ratio. As a result, the
application developer is responsible for specifying what operations should be performed by
the runtime system in the application. The application prepared in such manner is portable

across different types of processing element architectures with good performance.

[0050] In some embodiments where the ProgGen 600 invokes a GPU assembler, the
output programs of the ProgGen 600 are in the GPU binary instruction set architecture (ISA)
format, which requires no further compilation, assembly, or linking before being loaded and
executed on a GPU processor. Consequently, the GPU programs can be deployed on the
GPU(s) significantly faster. This approach also allows the intrinsic operations and the
ProgGen-generated programs to implement GPU-specific optimizations at the machine
language level for significant performance gains. Note that different types of GPUs (e.g. ATI
and nVidia GPUs) have different ISAs, which can be supported by a simple embodiment.

[0051] The execution scheduler 800 (E-Scheduler) has two main functions. First, it
dispatches compiled programs to respective executors 900 at run time. In some
embodiments, the E-Scheduler 800 is responsible for synchronizing the computational tasks
at different executors 900. It ensures that data buffers are in the correct place (i.e., available)
before an operation that uses them is allowed to proceed. Second, the E-Scheduler 800
schedules (and in some cases performs) data-array movement. In some embodiments, the E-
Scheduler 800 is responsible for transferring data arrays between the application 20 and the
runtime system 10. For example, it performs scatter-type and gather-type I/O operations to

meet the application’s data layout requirements.

[0052] The executors 900 are responsible for executing the compiled programs they
receive from the E-Scheduler 800. Depending on a processing element’s architecture, the
runtime system 10 may include multiple types of executors, one for each type of processor of
the parallel-processing computer system. A GPU executor 900-2 manages the execution of

compiled compute kernels on a particular GPU that the GPU executor 900-2 is associated
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with. It keeps the GPU’s input buffer as full as possible by submitting many operations and
overlapping the execution of certain compute and I/O operations. A multi-GPU computer
hardware platform may include more than one GPU executor 900-2. Each GPU executor
900-2 manages /O operations between the CPU and the GPU, performs GPU memory

allocation/de-allocation, and swaps memory in the low-memory situations.

[0053] A CPU executor 900-1 plays a role analogous to that of a GPU executor 900-
2. In some embodiments, the CPU executor 900-1 is configured to manage operations that
can be performed more efficiently on single-core or multi-core CPUs. For example, a CPU
may be a preferred choice for handling double-precision calculations. In some embodiments,
if the GPUs become at least temporarily or permanently less available for some reasons, the
runtime system 10 automatically invokes the CPU executor 900-1 to handle the workload
normally handled by the GPUs. In some other embodiments, the runtime system 10 may
transfer some workload from the CPU side to the GPU side for similar reasons. In some
embodiments, CPU executors 900-1 may be responsible for transferring data arrays between
the application 20 and the runtime system 10. In some embodiments, there can be multiple
CPU executors 900-1 in a multi-CPU or a multi-core computer. The multiple CPU executors
900-1 perform independent tasks to exploit the computer’s parallel data processing capacity.
In some embodiments, a CPU executor 900-1 may have one or more slave threads to which it

distributes work.

[0054] In some embodiments, the runtime system 10 cannot access a processing
clement directly. Instead, it has to access the processing element through a software interface
(c.g., a software library or a driver interface) provided by the vendor of the processing
element. For example, Figure 1 shows that the GPU executors call the GPU driver library
920 to access a GPU’s resources or execute compute kernels on the GPU. In some
embodiments, the GPU driver library 920 enables the runtime system 10 to control the GPU’s
memory and thereby facilitates alignment of data arrays according to their designated usage
for improved performance and enables memory-aware scheduling algorithms. Through the
GPU driver library 920, the runtime system 10 can execute binary codes that directly target a
specific GPU’s instruction set architecture (ISA). This configuration makes it possible for
the intrinsic library 700 to include intrinsic operations that are optimized based on a particular
GPU’s ISA to maximize the runtime system’s performance on the GPU. In some

embodiments, a software library like the GPU driver library 920 can also reduce the runtime
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system’s overhead and the interface latency between the executors 900 and the respective

processing elements, particularly coprocessors managed as devices, such as GPUs.

[0055] In some embodiments, the GPU driver library 920 possesses the following

performance enhancing features or a subset thereof:

e Support for explicit control of the GPU memory management. This enables the
runtime system 10 to make decisions about buffer placement in the GPU memory
based on its own knowledge of the application 20.

e Support for synchronous or asynchronous submission/completion of arbitrary
amounts of work. Asynchronous submission/completion support allows the runtime
system 10 to examine a large amount of available work and optimize its execution.

e Support for creation of compute kernels at the machine assembly or binary level.

¢ A low-overhead interface for writing and reading back GPU memory buffers by the
runtime system 10.

e Support for writing multiple output buffers from a single GPU compute kernel, as
well as data-scattering and data-gathering facilities.

e Reduce GPU memory waste.

[0056] In some other embodiments, the runtime system 10 accesses a GPU through a
standard software interface, such as OpenGL or Direct3D. These software packages support

the portability of the runtime system 10 across different architectures of processing elements.

[0057] In some embodiments, API calls in the application 20 specify the semantics of
operations performed by the runtime system 10. The compute kernels to be executed on the
processing element(s) of the parallel-processing computer system may have a different
sequence from the sequence of operations specified by the API calls, so long as the execution
order preserves the specified semantics. In some embodiments, for certain operations, one
API call is split into multiple compute kernels. In some other embodiments, for certain
sequences of operations, multiple API calls are merged into one compute kernel. In yet some
other embodiments, for certain sequences of operations, multiple API calls are converted into
multiple compute kernels. The E-Scheduler 800 is responsible for coordinating the execution
of compute kernels on different processors to ensure that the result of the application 20 is

reliable and accurate, i.e., independent from the specific computer hardware platforms.
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[0058] In some embodiments, there is no developer-specified application-level error
handler in the application. In this case, an execution error may result in the immediate
termination of the application. In some embodiments, an error message is returned to the
application developer, indicating the location (e.g., file name and line number) of an
operation that triggers the error. In some embodiments, an explanation of what might have

caused the error is also provided for the developer’s reference.

[0059] In some other embodiments, a developer can insert error handlers into the
application to specify how execution errors should be handled. An application-level error
handler has the flexibility to ignore certain errors, resolving certain errors by aborting the
computations that caused the errors, or invoking a previously defined error handler when
certain error occurs. Through its arguments, an application-level error handler function is
provided with application-level arguments such as error type, file name, line number, and

program counter.

[0060] In some embodiments, different components of the runtime system 10 run in
multiple threads to improve the system’s performance. As shown in Figure 1, the C-
Scheduler 300 runs in the application thread 30 and the E-Scheduler 800 is associated with
the E-Scheduler thread 40. The two threads are separated from each other by the thread
boundary 60. This thread boundary 60 enables the E-Scheduler 800 to operate continuously,
including dispatching work to the multiple executors 900 and coordinating their operations,
even if the application 20 does not make more API calls to the runtime system 10 for an
extended period of time. Different thread assignments of components of the runtime system

10 are also possible. For example, the Program Generator 600 can also run in its own thread.

[0061] In some embodiments, different components of the runtime system 10 run in
different processes. The lifetimes of these processes may be independent of the lifetime of
the application 20 using the runtime system 10. In some embodiments, one or more of these

processes may service one or more independent applications at one moment.

[0062] Similarly, there are one or more GPU and/or CPU executor threads 50
associated with the respective GPU executors 900-2 and CPU executors 900-1. In some
embodiments, each executor runs in one or more threads of its own. In some other
embodiments, multiple executors share the same thread. In some embodiments, as a highly

asynchronous device, coprocessor may temporarily block its associated executor module
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from access when its input buffer backs up. With a thread boundary 70 separating the
executor’s thread 50 from the E-Scheduler thread 40, the communication between the
executor and the E-Scheduler 800 is not affected by the input buffer backup at the
coprocessor. This multi-thread configuration can effectively increase the runtime system’s

total throughput.

[0063] Note that the location and existence of the thread boundaries shown in Figure
I are illustrative. In some embodiments, the runtime system 10 operates without any thread
boundaries. Likewise, in some other embodiments, an application may run in multiple

threads, each calling into the runtime system 10 independently.

[0064] In some embodiments, the runtime system 10 includes optional thread
boundaries between the LSI 100/FE 200 and the C-Scheduler 300, between the C-Scheduler
300 and the ProgGen 600, between the C-Scheduler 300 and the E-Scheduler 800, and
between the E-Scheduler 800 and each executor 900. As described elsewhere in the
application, in other embodiments, the different components of the runtime system 10 run on
separate processing elements or separate computers connected via a network. At least a
subset of the components run asynchronously. In this case, communication mechanisms
known in the art are employed to ensure that information exchanged between the components

18 processed in an appropriate manner.

[0065] Communication across these thread boundaries is accomplished via invoking
function calls that are defined in a function call interface. When the thread boundaries are
present, the interface arguments to one of these function calls is packed into a message and
the message is put into a message queue that exists for each thread. When the thread
boundaries are present, a thread (except the application's thread) waits on its message queue
for messages. Upon receipt of a new message, the thread determines the message type,

unpacks the interface arguments, and performs operations defined in the message.

[0066] In some embodiments, a message queue is a data structure that includes a list
of reference-counted messages, a mutual-exclusive lock (also known as “mutex”) and/or a
condition variable that prevent simultancous access to the message queue structure. The
mutex and a condition variable are configured to allow a thread associated with the message
queue to be activated when a message arrives. Messages can be placed in the message queue

by any thread in the runtime system 10 and then are removed by the receiving thread in a
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predefined order (e.g., sequentially). In some embodiments, a message queue may be
optimized to batch up messages and thereby reduce the contention for the mutex and the
condition variable. In some embodiments, the message queue may accept messages having
different priorities and deliver messages of higher priorities first. In some embodiments, a
message-sending thread defers submission of any new message until a previously-submitted
message has been processed. This configuration is useful to implement a synchronous
function call interface if a component of the runtime system 10 blocks waiting on results of

some operations.

[0067] Throughout this application, it will be appreciated by one skilled in the art that
function calls and message queues are interchangeable where communication is implied

between components that have an optional thread boundary.

[0068] Within a multi-thread runtime system, there is a possibility that a first thread
may produce work or allocate resources at a rate faster than a second thread that consumes
the work or de-allocate the resources. When this situation occurs, a flow control mechanism
is often employed to cause the first thread to temporarily stop or slow down until the second
thread catches up the pace of the first thread. In some embodiments, this mechanism is not
only useful for improving the overall performance of the runtime system but also helpful to

prevent an application from mal-functioning.

[0069] In some embodiments, a flow control mechanism is implemented at the thread
boundary 60 between the C-Scheduler 300 and the E-Scheduler 800. The C-Scheduler 300
is responsible for allocating buffers in the main CPU memory 950 for use by the E-Scheduler
800 and the executors 900. Sometimes, the C-Scheduler 300 may fail to allocate one or more
buffers because of temporary depletion of the main CPU memory. If so, the C-Scheduler 300
may send messages to the E-Scheduler 800 repeatedly, requesting that the E-Scheduler 800
report back to the C-Scheduler 300 after it finishes a task that may cause release of some the
main CPU memory 950. In some embodiments, the C-Scheduler 300 may return an error to
the application 20 if the E-Scheduler 800 fails to process a sufficient amount of task after a

predefined time period.

[0070] There are other reasons for controlling the work flow between the C-Scheduler
300 and the E-Scheduler 800 even if there is sufficient main CPU memory 950 for allocating

buffers related to a compiled program sequence. For example, another flow control
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mechanism is to have the C-Scheduler 300 and the E-Scheduler 800 share a set of atomic
counters so as to prevent the outstanding work at the E-Scheduler 800 from exceeding a
predefined threshold and therefore improve the E-Scheduler’s efficiency. Advantageously,
the flow control mechanism also provides the C-Scheduler 300 more opportunities to
optimize the work to be submitted to the E-Scheduler 800. In some embodiments, these
atomic counters are functions of the number of outstanding program sequences, the number
of outstanding operations, the time required to perform these operations, and other parameters

that indicate system resources used or to be used by the outstanding program sequences.

[0071] In some embodiments, before submitting a new program sequence to the E-
Scheduler 800, the C-Scheduler 300 checks whether the addition of the new program
sequence to the outstanding ones would exceed a predefined threshold for one or more of the
atomic counters. If so, the C-Scheduler 300 suspends the submission until the E-Scheduler
800 reports back that a sufficient amount of work has been processed such that the atomic
counters are below the predefined threshold. The C-Scheduler 300 then atomically
increments the atomic counters by the numbers determined by the new work it submits to the
E-Scheduler 800. The E-Scheduler 800 decrements the atomic counters in response to a
notification from the executors 900 with regard to the amount of work that has been

completed and/or when the E-Scheduler 800 releases resources it has used.

[0072] In some embodiments, a flow control mechanism is implemented at the thread
boundary 70 between the E-Scheduler 800 and each executor 900 in the runtime system 10.
For example, the E-Scheduler 800 and the executor 900 may share a set of counters that
indicates resource consumption and the workload at the executor 900. In some embodiments,

the E-Scheduler 800 uses these counters in its decision as to which executor to send work to.

[0073] In some embodiments, the runtime system 10 does not allocate memory space
for a data array generated by operations in the application 20 until the C-Scheduler 300 is
ready to send compiled program sequences associated with these operations to the E-

Scheduler 800 for execution.

[0074] In some embodiments, as shown in Figure 1, the C-Scheduler 300 allocates
space in the main system memory 950 associated with the main CPU 960 to host the data
array before submitting any program sequences to the E-Scheduler 800. If the CPU is chosen

to execute the program sequences, the main system memory is used directly to store the result

19



10

15

20

25

30

WO 2007/149884 PCT/US2007/071600

from executing the program sequences. But if a GPU is chosen to execute the program
sequences, the corresponding GPU memory is typically used to store the result from

executing the program sequences.

[0075] In some embodiments, the main system memory can be used as a temporary
backup storage by transferring data from the GPU memory to the main system memory in the
event that the GPU memory does not have sufficient space. In some embodiments, the GPU
executor 900 uses the main system memory to store data generated by the GPU so that the

data can be accessed by the rest of the application 20.

[0076] In some embodiments, if the memory consumed by operations currently being
performed by the runtime system 10 exceeds a predefined threshold level, the runtime system
10 may refrain from any further memory allocation. In this case, the C-Scheduler 300 waits
for the runtime system 10 to complete at least some currently-running operations by sending
a "wait" request to the E-Scheduler 800. The C-Scheduler 300 keeps waiting until the "wait"
request is acknowledged by the E-Scheduler 800, e.g., when the E-Scheduler 800 completes

at least some of the currently-running operations or is ready to handle more work.

[0077] In some embodiments, the C-Scheduler 300 may not be able to allocate the
main system memory to store the result from executing a program sequence even after the E-
Scheduler 800 has completed all the other outstanding operations. For example, this situation
may occur if the program sequence requires more memory space than is available. If so, the
C-Scheduler 300 may choose to re-invoke the ProgGen 600 to reduce the size of the program
sequence or the amount of memory requested by the program sequence. Alternatively, the C-
Scheduler 300 can mark the result from executing the program sequence as “invalid”. If the
invalid result is ever passed to the application through the FE 200 or the LSI 100, they may

generate an error message to the application.

[0078] In some embodiments, the runtime system 10 and the application 20 exchange
data by sharing a portion of the memory space. The application 20 may add a flag to a
"write" operation to request that the runtime system 20 takes over a data buffer owned by the
application 20. As a result, the runtime system 10 can read and write the data buffer directly
without having to copy data from the data buffer into its own memory space. Alternatively,
the application 20 may include another flag in the “write” operation that allows the runtime

system 10 to share the data buffer with the application 20 for a predefined time period or
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indefinitely. In this case, the application 20 and the runtime system 10 have read-only access
to the data buffer until either party releases its read-only access right. After that, the other
party may have write access to the data buffer. In some embodiments, different “write” API

calls are used rather than specifying the different behaviors with a flag parameter.

[0079] In some embodiments, the application 20 can make “read” API calls to the
runtime system 10 to retrieve result data from the runtime system 10. A special instance of
the "read" API call allows the application 20 to access the result data stored in an internal
buffer in the runtime system's memory space without copying the data back to the
application’s data buffer. In this case, neither the application 20 nor the runtime system 10
can modify the internal buffer as long as both parties have references to the internal buffer.
But the runtime system 10 can regain its full control over the internal buffer after the
application 20 releases its references to the internal buffer. In some embodiments, the
application 20 may get read-only access to the internal buffer by including a special flag in

the "read" call.

[0080] In the preceding description, the LSI 100, FE 200, C-Scheduler 300, ProgGen
600, E-Scheduler 800, executors 900, and their subcomponents are all members of the
runtime system 10. In particular, the LSI 100, FE 200, C-Scheduler 300, and ProgGen 600
work in concert to perform functions such as progressive evaluation and dynamic program

generation and compilation.

[0081] The following is a detailed description of some of the key components of the

runtime system 10 using exemplary data structures, algorithms, and code segments.
Language-Specific Interface

[0082] The LSI 100 is responsible for interpreting API calls in the application 20 to

perform a variety of operations including, but not limited to, the following:
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e Initialize and shut down the runtime system 10;

e Create, duplicate, and destroy data held by the runtime system 10;

e Invoke the other components of the runtime system 10 to perform application-
specified operations;

e Allocate and de-allocate main system memory managed by the runtime system 10 but
used by the application 20; and

e Control the error handling behavior of the runtime system 10.

[0083] In some embodiments, for each API call, the LSI 100 generates one or more
objects, each object including a handle pointing to a port returned by the FE 200. A port is an
object generated by the FE 200 that represents data or operations to be performed by the
runtime system 10. The ports and their subsidiary objects and fields comprise the “IR nodes”
described above. As shown in Figure 2A, besides a handle 111, an LSI object 110 may
include several other fields, such as data type and operation type of the corresponding port as
well as allocation type indicating how the LSI object is allocated. In some embodiments,
some of the fields in the LSI object 110 can be used by a debugging tool to detect a misuse of
the LSI object 110 and determine the LSI object’s scope.

[0084] A handle in an LSI object is used for separating the data processed by the
runtime system 10 from the data directly visible to the application 20. In some embodiments,
multiple LSI objects may contain the same handle and therefore correspond to the same data
or operation object in the runtime system 10. A handle may have a counter field tracking the

number of LSI objects that contain this handle.

[0085] There are several advantages from having the handle 111 inside the LSI object
110. First, the handle 111 provides compatibility between different programming languages.
In some embodiments, the objects (e.g., ports) within the runtime system 10 are implemented
as C++ objects. The handle 111 provides an easy and secure access to the objects for
applications written in other programming languages. Because the handle 111 insulates any
object pointers used internally by the runtime system 10 from being exposed to the
application 20, it is less likely for the runtime system 10 to be adversely affected by an

accidental or intentional error or mal-function in the application 20.

[0086] Second, the use of the handle 111 in the LSI object 110 makes it easier for the

runtime system 10 to support binary compatibility between releases. To maintain binary

22



10

15

20

25

30

WO 2007/149884 PCT/US2007/071600

compatibility, the new release of the runtime system 10 is designed such that there is no
change to the signatures of any API function calls that are supported by old releases of the
runtime system 10. The existence of the handle 111 in the LSI object 110 ensures that the
objects used internally by any release of the runtime system 10 are opaque to the application
20. The application 20 cannot directly manipulate the contents of the internal objects. In
some embodiments, the runtime system 10 also reserves additional storage for the internal

objects that can accommodate potential future needs.

[0087] In some embodiments, the LSI 100 translates the application’s operation
requests, including object creation and object destruction requests as well as other API
function calls, into data structures understood by the FE 200 and other components of the
runtime system. In some embodiments, this translation is accomplished by mapping a large
number of API calls in the application 20 into a small number of internal function calls that
include as function arguments a specification of the operations to perform. In some
embodiments, the LSI 100 also associates with an operation request other information, such
as the program counter of the application code that initiates the request. This program
counter can be used to provide error handling information. In some embodiments, the
runtime system 10 uses the program counter to implement its caches or profiling

functionality, etc.

[0088] In some embodiments, the LSI 100 includes multiple LST modules
corresponding to different programming languages such as C, C++, Fortran 90, and MatLab.
Each LSI module provides an interface between the application 20 and the runtime system
10. In some embodiments, a single LSI module works with multiple programming languages
such as C and C++. In some embodiments, multiple LSI modules work in concert to support

an application written in several programming languages.

[0089] An LSI module enables an application to access the data and operations of the
runtime system 10 using types and functions appropriate for the programming language(s)
that the LSI module supports. In some embodiments, the C++ LSI module provides access to
the runtime system’s operations such as mathematical functions via C++ functions via
argument type overloading and operator overloading. In some embodiments, the C LSI
module provides access to the runtime system’s data via pointers to objects allocated by the
C++ LSI module and the runtime system’s operations via functions that operate on the

pointers. In some embodiments, compatibility between the C and C++ LSI modules may be
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obtained by providing a mechanism that converts between the C pointers and the C++

objects.

[0090] In some embodiments, the LSI 100 is responsible for providing error-related
information to the application 20 when there is a misuse of the runtime system 10 by the
application 20 or the runtime system 10 suffers some other type of errors. In some
embodiments, a default error handler may be used to shut down the application 20 in case of
errors. In some other embodiments, the application 20 may include one or more error
handlers that provide customized error handling behavior. In some embodiments, the LSI
100 maintains these error handlers on a stack. The most recently added error handler is
invoked first to resolve an error. If this error handler fails to resolve the error, the LSI 100

either proceeds to the older error handlers or terminates the application 20.

[0091] In some embodiments, the error-related information includes a program
counter, a line number, and a filename of the application code that causes the error. For
example, the LSI 100 captures the program counter of every API call in the application 20.
The runtime system 10 then converts the program counter to a file name and a line number of
the application code using operating system-specific tools and the application’s debugging

information. The error-related information makes it easy to debug the application code.

[0092] In some embodiments, the runtime system 10 primarily operates on data
arrays, which are represented by the LSI 100 as array objects. A particular LSI module may
represent multiple data types (e.g., 32-bit floating point values, 64-bit floating point values, or
32-bit integers) as either different types of array objects (or different types of pointers to

array objects) or a single type of array objects whose type is checked at run-time to determine
compatibility of operations. In some embodiments, a hybrid approach is used where different
data types are represented by the LSI as different objects and/or pointer types and a check for
compatibility is also performed at run-time. For example, the distinction between single- and
double-precision floating-point values may be distinguished by the objects’ static types. But

whether the values are real or complex may be checked at run-time.

[0093] In addition to operating on data arrays, the LSI 100 may provide access to
other functionalities supported by the runtime system 10. For example, the LSI 100 can
provide the application 20 access to one or more random number generators (RNGs)

supported by the runtime system 10, including creating/destroying RNG objects, setting and
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reading seed data associated the RNG objects, and generating random numbers using the

RNG objects.

[0094] In some embodiments, the LSI 100 enables the application 20 to share the
main CPU memory 950 with the runtime system 10 at a low cost. In some embodiments, the
LSI 100 provides functions for performing typical memory allocation operations, such as
allocating/de-allocating memory and resizing memory blocks. In some embodiments, the
runtime system 10 provides interfaces that allow the application 20 to write data into a
memory space allocated by the memory allocation system without copying the memory space
into or out of the runtime system 10. The runtime system 10 can access the data in this

memory space directly when it is told to do so by the application 20.

[0095] In some embodiments, the runtime system 10 does not allocate memory space
for data arrays immediately when the LSI 100 allocates new array objects. Rather, the
memory space for data arrays is allocated when it is needed to store an operation result.
Likewise, an LSI call to perform an operation may not cause the runtime system 10 to
perform that operation immediately. Rather, the runtime system 10 accumulates the
operation request using a work queue mechanism described below. Using the work queue
304, the runtime system 10 can form dense compute kernels to exploit the capacity of the
high-performance processors managed by the runtime system 10. By queuing operation
requests, the runtime system 10 can use techniques such as progressive evaluation to optimize
and execute operation requests more efficiently than processing each operation request

individually and/or synchronously when the application 20 submits the request.

[0096] In some embodiments, an LSI module uses language-specific facilities such as
constructors and destructors to allocate and de-allocate LSI objects that represent data and
operations processed by the runtime system 10, which simplifies the runtime system’s
memory management. For example, the C++ LSI module creates an LSI object by calling the
object’s constructor, destroys an LSI object by calling its destructor, and duplicates an LSI
object by making other function calls. With these function calls into the runtime system 10,
the runtime system 10 only performs operations and generates results that are actually

required by the application 20.

[0097] In some embodiments, the LSI 100 provides automatic or semi-automatic

object management such as allocation, de-allocation, and duplication using a stack of
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“scopes”. A scope acts like a container for a set of allocated LSI objects. When a new scope
is inserted into the scope stack, the new LSI objects associated with the scope are allocated in
a predefined order. When a scope is removed from the scope stack, the objects associated

with that scope are de-allocated in the same order or the reverse order thereof.

[0098] To facilitate normal program semantics, in which data is typically returned
from inner-level functions to outer-level functions of a program, LSI objects can be moved
from the current scope to the next-older scope on the scope stack. When the current scope is
de-allocated, the LSI objects are preserved. This scope stack mechanism can substantially
reduce the number of function calls to object management routines (¢.g., object de-

allocation).

[0099] In some embodiments, the runtime system 10 can predict the application’s
future behavior from one or more hint instructions the application 20 passes through the LSI
100. For example, the application 20 can use the hint instruction “hint _read()” to notify the
runtime system 10 that the application 20 intends to read a certain data array out of the
runtime system 10 in the near future or that the runtime system 10 should start executing
operation requests buffered in the work queue immediately. A more detailed description of

the hint instructions is provided below in connection with the work queue 304 in Figure 2H.

[00100] In some embodiments, the LSI 100 enables the application 20 or a debugging
utility to access the debugging functionality of the runtime system 10. The LSI modules may
provide interfaces to enable or disable features like reference result generation and to retrieve
a reference result array object corresponding to a particular array object. A more detailed
description of the reference result generation is provided below in connection with Figure 9A.
Likewise, the LSI modules may provide interfaces to enable the debugging utility to examine

intermediate operation results generated by the runtime system 10.

[00101] In some embodiments, an LSI module is packaged as a dynamically loaded
library (also known as a shared library) or a portion thereof. Therefore, a new version of the
LSI module can replace an existing version without recompiling the application that invokes
the LSI module. In some embodiments, the LSI module may be statically linked to the
application 20. One or more LSI modules may be combined together in a single dynamically
loaded library or static library. Thus an advantage of the LSI is that it allows applications

written in different languages to issue operation requests to the same runtime system 10,
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which executes those requests on underlying processing elements transparently to the

application.
Front End

[00102] The FE 200 of the runtime system 10 transforms operation requests made by
the application 20 through the LSI 100 into internal data structures used by other components
of the runtime system 10. In some embodiments, the FE 200 is responsible for mapping
"handles" used by the LSI 100 into ports used by the runtime system 10 to represent data and
associated operations. The FE 200 uses a function to map a handle to a pointer to a port used
internally by the runtime system. The same or a different function is used to map the port
pointer back to the handle. In some embodiments, the mapping between the handle and the
port pointer is achieved mathematically, e.g., by XOR-ing a port pointer maintained by the
runtime system 10 with a constant value to produce a corresponding handle and vice versa.
In some other embodiments, as shown in Figure 2A, the FE 200 keeps a table 115 of active
handles and their associated ports. A mapping between a handle and its associated port or
ports is achieved through a table lookup. In either configuration, the FE 200 can perform

additional tasks, ¢.g., checking a handle’s validity.

[00103] A port may correspond to (i) an operation requested by the application 20 that
has not been performed, (ii) data that results from an operation requested by the application
20, (iii) data written into the runtime system 10 by the application 20, or (iv) a data buffer

used internally by the runtime system 10.

[00104] In some embodiments, as shown in Figure 2B, an operation request 120 from
the LSI 100 to the FE 200 includes a code segment and one or more input handles associated
with the operation. Upon receipt of the request, the FE 200 generates one or more ports and
associated data structures to represent the output of the operation. The FE 200 then passes

the ports to the C-Scheduler 300.

[00105] In some embodiments, the FE 200 attempts to optimize operations and their
associated inputs before passing them on to the C-Scheduler 300. For example, the FE 200
may eliminate an operation through constant folding if all operands of the operation are
constants. Some operations with at least one constant operand can be simplified through

strength reduction. For example, pow(x, 2) can be converted to x*x. The benefit of
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performing these optimizations at the FE 200 is to ensure that the constant values used to
perform the optimizations are represented in the trace cache key 407. In some embodiments,
the constant values are part of the trace cache key 407 to ensure that the compute kernel(s)
generated for the optimized operations are not only valid for those particular values but also
more efficient. In some other embodiments, values in the trace cache key 407 that change
frequently may cause significant program generation and compilation overhead. Therefore,
scalar values passed to the LSI 100 by the application 20 are not included in the trace cache
key 407, because the runtime system 10 does not know whether they are literal constants,

runtime constants, or variables in the application 20.

[00106] In some embodiments, the FE 200 manages input and output operations
between the application 20 and the runtime system 10. For a "write" operation request from
the application 20, the FE 200 creates a new port to represent the data to be transferred from
the application’s memory space to the runtime system’s memory space. The FE 200 then
notifies the C-Scheduler 300, which in turn notifies the E-Scheduler 800, causing the data to

be written into the runtime system from a data buffer held by the application 20.

[00107] For a "read" operation request from the application 20, the FE 200 notifies the
C-Scheduler 300 to prepare the data to be transferred back from the runtime system’s
memory space to the application’s memory space by performing one or more operations
including: (i) looking up the trace cache 400 for pre-compiled program sequences associated
with the “read” operation request, (ii) optionally invoking the ProgGen 600 to generate the
necessary program sequences, and (iii) issuing the program sequences to be executed by the
E-Scheduler 800. The C-Scheduler 300 then waits on behalf of the FE 200 until the E-
Scheduler 800 returns the data back to a data buffer owned by the application 20.

[00108] In some embodiments, as shown in Figure 2C, the FE 200 maintains a shared
buffer table 130 for managing buffers shared by the runtime system 10 and the application 20
to track the usage of the shared buffers by the “read” and “write” operations described above.
When a buffer is shared with the application 20, the FE 200 inserts a new entry into the
shared buffer table. As long as the entry remains in the table, the runtime system 10 will not
modify the data in the corresponding shared buffer. In some embodiments, the application 20
is also prevented from modifying the same buffer using, ¢.g., the operating system's virtual-

memory protection mechanisms.
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[00109] If the runtime system 10 finishes using a shared buffer before the application
20, the FE 200 moves a corresponding entry from the shared buffer table to an application
buffer table 132 for tracking memory regions used only by the application 20. When the
application 20 finishes using the buffer, the FE 200 releases the corresponding table entry
from the application buffer table 132 accordingly. If the application 20 finishes using a
shared buffer before the runtime system 10, the FE 200 removes the buffer’s corresponding
table entry from the shared buffer table 130. But the buffer remains accessible by the runtime

system until the runtime system 10 finishes using the buffer.

[00110] In some embodiments, the FE 200 maintains a single buffer table 134 to track
memory usage by the application 20 and the runtime system 10. Each entry in the buffer
table 134 includes a buffer name that uniquely identifies a memory buffer, a buffer location
in the memory space, and a buffer ownership field indicating that the buffer is owned by the

application 20 or the runtime system 10 or both.

[00111] In some embodiments, the FE 200 provides an interface between the LSI 100
and the rest of the runtime system 10. A debugger request from the application 20 passes
through this interface to access the rest of the runtime system 10. The FE 200 is configured
to channel such request to the C-Scheduler 300 to support features like reference result

generation and program debugging.

[00112] Figure 2D is a block diagram illustrating how the LSI 100 and the FE 200
process an API call in the application 20. The source code 22 of the application 20 is written
in C++ and includes two statements, the first statement declaring an array object “x” and the
second statement increasing the array elements by one. The C++ compiler converts the
source code into the code segment 24. Because C++ supports operator overloading, the “+”
sign in the second statement is turned into an add operation “operator +” with two input
arguments “x” and “1”. Note that the data type “PS_Arrayf32” in the source code 22 is
reserved for the runtime system 10. At run-time, operations associated with such data type

are converted into API calls to the runtime system 10.

[00113] Next, the code segment 24 is executed on a parallel-processing computer
system that has deployed the runtime system 10. At run time, the code segment 24 is
dynamically linked to a library of the runtime system 10 that includes the C++ LSI module,
which makes a function call 27 to invoke the FE 200. As shown in Figure 2D, the function
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call 27 includes arguments identifying the array operation type “MAP”, the array element
operation type “OP_ADD?”, and the two input arrays. In some embodiments, the runtime
system 10 provides a function “constantf32()” that automatically converts a constant value
“1” into a PS_Arrayf32 constant data array. The constant data array has the same dimensions
as the data array “x” and its elements all share the same value “1”. The FE 200, in response,
generates new ports (xp, yp, and p) and their associated data structures corresponding to the
API call in the source code 22, notifies the C-Scheduler 300 of the creation of the new ports,

and returns handles to the new ports back to the C++ LSI module. In some embodiments, the

new ports are stored in a data structure called the “work queue” 304.

[00114] When the second statement in the code segment 24 is executed on the
computer system, the runtime system 10 may or may not have the result data, i.e., the updated
array object “x”, available immediately for the application 20 to access. In some
embodiments, the runtime system 10 (more specifically, the C-Scheduler 300 and the
ProgGen 600) waits until a predefined number of ports have been accumulated in the work
queue 304 or another predefined condition is met (e.g., the application 20 makes a “read” API
call for the array object “x”’). Once one of the predefined conditions is met, the runtime
system 10 then performs the application-specified operations and returns the result data to the

application 20.

[00115] Figure 2E illustrates another source code segment of the application 20.
Assuming that all the variables A through F are defined as PS_Arrayf32 data arrays of the
same dimensions, their associated operations trigger API calls to the runtime system 10. For
convenience, exemplary program counters (PC) are listed next to the corresponding API calls
in the source code segment. For example, the program counter for the instruction “C = A +
B” is 1001. As will be explained below, the C-Scheduler 300 uses these program counters
for querying and updating the trace cache 400.

[00116] For simplicity, the example code segment includes only “primitive” operations
such as add “+”, multiply “*”, and divide “/”. For example, the “+” operation is an
overloaded operator that performs an element-wise addition between two array objects A and
B. The result array object C has the same dimensionality as A and B. A release operation
like “Release C” indicates that the application no longer holds a reference of the array object
C. In some embodiments, the release operation in the source code is optional because the

runtime system 10 may dynamically determine the scope of a data array object and cause its
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release if the data array object is no longer referenced by the application 20. Because the data
type “PS_Arrayf32” is exclusively handled by the runtime system 10, executing the code
segment causes a series of API calls to one specific module of the LSI 100, which generates
and manages a set of LSI objects (Figure 2F). As shown in Figure 2A, an LSI object 110
includes a handle pointing to a port created by the FE 200. In some embodiments, the LSI
100 also records the position in a sequence of operations at which the application 20 releases
its last handle to a particular array object. This information provides an indication to the

runtime system 10 about when to start processing ports accumulated in the work queue.

[00117] In some embodiments, the ports generated by the FE 200 are organized into a
DAG. As shown in Figure 2G, a DAG may include at least three types of entities:

e “Port” node (illustrated as an ellipse) that corresponds to an IR node to be
processed by the runtime system 10 and that represents the result of an
operation requested by the application 20 or data passed from the application

20 to the runtime system 10;

e “Parse” node (illustrated as a triangle) that specifies the operation to be

performed on one or more ports; and

e “Data” node (illustrated as a rectangle) that identifies an input argument to a

particular parse node.

[00118] The DAG is passed from the FE 200 to the C-Scheduler 300. The C-
Scheduler 300 identifies the ports in the DAG and generates an entry in the work queue for
cach identified port. As shown in Figure 2H, the C-Scheduler 300 enters five new entries
into the work queue 304, each entry corresponding to an instruction in the application 20.
When a predefined condition is met, the C-Scheduler 300 invokes the ProgGen 600 to query
the work queue 304 and generate compiled program sequences for selected entries in the

work queue.

[00119] As shown in Figure 2H, the work queue 304 is a repository for operation
requests from the FE 200 that have yet to be compiled. It maintains information about the
operation requests for generating program sequences. In some embodiments, the work queue

304 stores the following attributes associated with a stream of operation requests:
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Creations of new port objects that trigger the generation of program sequences.

Generally, the FE 200 submits notifications relating to the creation of two types of
port objects to the C-Scheduler 300: (i) result ports with associated parse nodes,
which have not been compiled (e.g., ports “C”, “F”, and “G” in Figure 2G) and (ii)
ports associated with constant values or buffers of data (e.g., ports “A”, “B”, “E”, and
“D” in Figure 2G). The work queue 304 tracks the result ports, because they are used
to notify the ProgGen 600 the result data that need to be generated. But the work
queue does not have to track those ports associated with constant values or buffers of
data. But both types of ports (as well as previously compiled ports) are used by cache

lookup for matching pre-compiled program sequences.
Releases of the last application reference to a port object.

The port release notification may be associated with result ports or ports with constant
values or buffers of data. Like the port creation notifications, the port release
notifications associated with constant ports created from scalar values passed to the
LSI 100 by the application 20 do not require the generation of any new program
sequence and are therefore not inserted into the work queue. In some embodiments,
the same may be true of ports representing data arrays written by the application 20
into the runtime system 10. In some embodiments, this may also be true of previously
compiled result ports. In some embodiments, the data buffers associated with these
ports may be freed when the runtime system 10 drops its last references to these ports
and their corresponding buffers. In other embodiments, however, releases of data
ports and previously compiled result ports for which data-buffer memory has been or
will be allocated convey information about data buffers that are no longer needed,
which may enable the runtime system 10 to determine that the buffers may be reused
to hold the results of new operations after earlier operations using the same buffers
complete. Using the releases, this determination may be made before the runtime
system 10 drops the last references to the buffers, thereby reducing the total amount
of memory needed by a sequence of operations. If a release for a result port that has
not been compiled by the ProgGen 600 is inserted into the work queue (e.g., see the
two release entries in Figure 2F), the result port is deemed to represent a temporary,

intermediate result that does not have to be returned to the application 20. This
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configuration facilitates scalar replacement by the ProgGen 600, whereby the array
holding such a result may be contracted to a scalar temporary variable, eliminating
large amounts of memory traffic and increasing computational intensity. Therefore,

scalar replacement is useful to the generation of efficient compute kernels.
e Hints from the application 20.

The application 20 can include hint instructions provided by a developer for
performance reason. These hint instructions may affect the ProgGen 600°s selection
of operation requests for program-sequence generation. For example, the hint
instruction “hint_read(D)” notifies the runtime system 10 that the application 20
intends to access the data associated with the array D. The hint instructions pair
“begin_block()” and “end block()” in the source code of the application 20 are used
for marking the boundary of a code block (e.g., a loop) so that the ProgGen 600
automatically defers processing the code block until the entire code block is in the
work queue. The hint instruction “hint_execute()” triggers the ProgGen 600 to start
processing the work queue as quickly as possible. Although the hint instructions may
not have counterparts in the DAG, the C-Scheduler 300 may still create entries in the

work queue corresponding to the hint instructions.

[00120] In sum, the FE 200 maps user-friendly inputs to a parse-tree/data-flow output.
In some embodiments, the FE 200 and the other components of the runtime system 10 are
kept in separate dynamically linked libraries (DLLs). A DLL can be updated or replaced
without recompiling applications that use it. This allows bug-patches and backwards-
compatible upgrades to be distributed without interrupting an application developer’s

workflow.
C-Scheduler

[00121] Figure 3A is a block diagram illustrating the internal structure of the C-
Scheduler 300 and its interactions with other components of the runtime system 10. The
macro recording and replay module 302 is configured to handle API calls relating to code
macros. This process involves lookup and update operations of the macro cache 500. A
more detailed description of this module is provided below in connection with Figures SA-

5C. The compilation-control and hint-processing module 303 is configured to process ports
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generated by the FE 200. The compilation-control and hint-processing module 303 adds new

entries to the work queue 304 for the new ports.

[00122] After accumulating a sufficient number of entries in the work queue 304, the
trace cache lookup and update module 306 is invoked to check the trace cache 400 for
previously compiled program sequences that match the current entries in the work queue 304.
If no match is found, the module 306 then submits compile requests to the ProgGen 600 and
asks the ProgGen 600 to generate new compiled program sequences for the work queue
entries. If there is a match in the trace cache 400, the request instantiation and dispatch for
the execution module 308 submits the compiled program sequences as part of its execution

requests to the E-Scheduler 800 for execution.

[00123] In some embodiments, the request instantiation and dispatch for execution
module 308 allocates space in the main system memory, which is also referred to as “backing
store”, for a new buffer required by a program sequence to be dispatched. The backing store
can be used for different purposes. In some embodiments, programs that run on single-core
or multi-core CPUs can write result data into the backing store. In some embodiments, data
requested by the application 20 via a read API call can be copied into the backing store from
the GPU buffer that contains the original data. In some embodiments, the backing store can
be used as an extension to the GPU buffer if the GPU Executor 900 needs space than what is

available in the GPU memory.

[00124] If an attempt to allocate the backing store fails, the request instantiation and
dispatch for execution module 308 waits for the GPU Executor 900 to complete some
operations and tries again. In some embodiments, after a predefined number of failed
attempts, the C-Scheduler 300 requests and receives from the ProgGen 600 a program
sequence that requires less memory and repeats the aforementioned procedure with the new
program sequence. If, ultimately, no progress is made, the C-Scheduler 300 then marks the
output ports of the program sequence as “invalid”. When there is a subsequent operation that
attempts to access data associated with the invalid ports, the FE 200 causes an error to be

delivered to the application 20 via the LSI 100.

[00125] In some embodiments, the C-Scheduler 300 prevents memory exhaustion and
other resource overloads caused by the runtime system 10 by controlling the workflow

submitted to the E-Scheduler 800. For example, before submitting a compiled program
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sequence to the E-Scheduler 800, the C-Scheduler 300 checks whether the E-Scheduler 800
currently has the capacity to accept the program sequence. If there is not enough capacity,
the C-Scheduler 300 withholds sending the program sequence and waits until the E-Scheduler
800 has the required capacity. After allocating resources for the program sequence, the E-
Scheduler 800 reduces its current capacity, which is a parameter shared between the C-
Scheduler 300 and the E-Scheduler 800. In some embodiments, the E-Scheduler’s capacity is
a function of its buffer size, the number of program sequences to be processed, the number of

operations to be performed, and the time expected for executing the operations.

[00126] Figure 3B is a flowchart further illustrating the operations of the C-Scheduler
300. Upon receipt of an invocation from the FE 200 (312), the C-Scheduler 300 inserts a
new entry into the work queue (314). In some other embodiments, the FE 200 inserts the
new entry into the work queue 304 and then invokes the C-Scheduler 300. The C-Scheduler
300 checks whether the work queue entry is part of a code macro (318). If so (318, yes), the
C-Scheduler 300 then invokes the macro cache 500 to process the code macro (319). As will
be described below in connection with Figures SA through 5C, the macro cache 500 is a data
structure used for storing pre-compiled sequences of compute kernels (also known as
“program sequences’) corresponding to the code reuse sections in the application 20.
Otherwise (318, no), the C-Scheduler 300 invokes the trace cache 400 to handle the new
work queue entry. As will be described below connection with Figures 4A through 4D, the
trace cache 400 is a data structure used for storing pre-compiled program sequences
corresponding to the rest of the application 20 (other than the code reuse sections) that
invokes API calls to the runtime system 10. The use of the trace cache 400 and the macro
cache 500 may improve the runtime system’s performance significantly because compute

kernel generation (also known as “program generation”) is often an expensive process.

[00127] In some embodiments, the C-Scheduler 300 prepares a trace cache key for the
current content of the work queue by adding a new entry into a “trace cache key
accumulator” data structure (320). This trace cache key is used for searching the trace cache
400 for a previously compiled program sequence that match the current content of the work
queue. As shown in Figure 21, the trace cache key accumulator 450 contains multiple
variable-sized key entries. The multiple key entries are concatenated together with the first
key entry representing the currently oldest entry in the work queue. The key accumulation is

an operation of O(N), where N is the number of work queue entries being put into the
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accumulator. For each key entry, a small constant amount of work is performed. In some

embodiments, a key entry in the trace cache key accumulator includes:

e Program counter (PC) of a work queue entry, which may be used by the C-Scheduler

300 for searching for a matching entry in the trace cache 400;
e Size of the key entry;
¢ Input/output ports and their associated locations in the work queue; and

e Data for representing the operations associated with the input/output ports in the work
queue, including scalar values to be used to produce specialized code for any of the

operations, as determined by the FE 200.

[00128] Next, the C-Scheduler 300 checks whether a predefined condition to compile
program sequences for the current work queue entries is met (322). There are one or more
heuristic-based conditions that may trigger the C-Scheduler 300 to start processing the work
sequence entries. In some embodiments, the C-Scheduler 300 may start the process when the
application 20 drops its last reference to a port or when receiving a write/read access request
associated with a port. In some embodiments, the C-Scheduler 300 may start the process
after there are at least a predetermined number of entries in the trace cache key accumulator.
In some embodiments, entries for particular operations or particular sequences of operations
may trigger the C-Scheduler 300 to process the entries in the work queue 304. By deferring
the process, the runtime system 10 can effectively prioritize its resources for more compute-

intensive compute kernels to be generated and thereby increase the system’s throughput.

[00129] After deciding to process the current work queue entries (322, yes), the C-
Scheduler 300 performs a trace cache lookup using the information in the trace cache key
accumulator to identify and replay the previously compiled program sequences corresponding
to the work queue entries (324). If there is a matching entry in the trace cache 400 (326, yes),
the C-Scheduler 300 then re-instantiates the identified program sequences in the trace cache
400 (328), updates the trace cache 400 (329), and sends the instantiated program sequences to
the E-Scheduler 800 for execution (334). A more detailed description of the trace cache

lookup is provided below in connection with Figure 4B.
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[00130] If there is no matching entry in the trace cache 400 (326, no), the C-Scheduler
300 invokes the ProgGen 600 to generate one or more compiled program sequences for the
work queue entries (330). In some embodiments, the C-Scheduler 300 and the ProgGen 600
share an access to the work queue. In some embodiments, the C-Scheduler 300 and the
ProgGen 600 may pass the work queue (or references to it) back and forth. In some
embodiments, the C-Scheduler 300 may construct more than one work queue 304 and pass
the relevant one(s) (or references to them) to the ProgGen 600. The ProgGen 600 determines
the exact number of work queue entries to be processed and generates compiled program
sequences accordingly. A more detailed description of the program generation is provided
below in connection with Figures 6A-6C. The C-Scheduler 300 then inserts the newly
compiled program sequences into the trace cache 400 using the information in the trace cache
key accumulator (332) and submits the instantiated program sequences to the E-Scheduler
800 for execution (334). A more detailed description of the trace cache insertion is provided

below in connection with Figure 4D.

[00131] In either case (320, yes or no), the C-Scheduler 300 performs an update to the
work queue and the trace cache key accumulator (336). In some embodiments, the C-
Scheduler 300 may not be able to process all the entries currently in the work queue through
a single trace cache lookup or invocation of the ProgGen 600 because of, e.g., the limited
capacity of the E-Scheduler 800 and/or the executors 900. If so, the C-Scheduler 300 only
eliminates from the work queue and the trace cache key accumulator the entries that have
been processed and moves its pointer to a new beginning entry in the work queue. In some
embodiments, the ProgGen 600 may distinguish between the number of entries of the work
queue for which it generated a compiled program sequence and the number of entries in the
trace cache key accumulator that are used for the key of the program sequence. This
configuration enables the ProgGen 600 to use information from release entries in the work
queue 304 that follow entries for operations it does not wish to compile as part of the

program sequence.

[00132] Next, the C-Scheduler 300 determines whether the work queue has a sufficient
number of entries that may require a new round of processing (338). In some embodiments,
the C-Scheduler checks whether the remaining work queue entries can trigger a compilation
using the same criteria mentioned above (322). For example, if the initial compilation was

triggered by a data access request but the work queue entry corresponding to the data access
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request has not been processed yet, the C-Scheduler 300 then repeats the aforementioned
process until the data access request is met. But if the remaining work queue entries do not
satisfy any of the criteria, the C-Scheduler 300 may return to wait for the new incoming

operation requests from the Front End 200.

[00133] Note that the order of operations shown in Figure 3B is only for illustrative
purposes. One skilled in the art may find other possible orders that can achieve the same or
similar result. For example, the C-Scheduler 300 may choose to submit the compiled

program sequences (334) and then perform an update/insertion to the trace cache (329, 332).

[00134] In sum, the C-Scheduler 300 is responsible for aggregating operation requests
to be processed by the ProgGen 600 and caching the compiled program sequences generated
by the ProgGen 600 in the trace cache 400. In some embodiments, the C-Scheduler 300 also
supports the use of a macro cache, which bypasses some of the aforementioned procedures
such as request aggregation and trace cache lookup. In some embodiments, the C-Scheduler
300 is, at least in part, responsible for implementing some features relating to internal result
comparison. A more detailed description of the internal result comparison is provided below

in connection with Figures 9B and 9C.

[00135] In some embodiments, the invocations from the FE 200 to the C-Scheduler
300 are synchronous. In these embodiments, there is no asynchronous callback into the C-
Scheduler 300. The C-Scheduler 300 is further responsible for synchronizing the application
20 with the E-Scheduler 800 and, through it, with the executors 900. For instance, the C-
Scheduler 300 may block the application 20 to await completion of data requested by a read
API call. Alternatively, the C-Scheduler 300 may throttle the application 20 to reduce the
rate of incoming new operation requests in order to avoid significant backup at the executors

900 or exhaustion of main system memory.

[00136] Figure 3C is an exemplary code segment from an application that includes
primitive operations, intrinsic operations and a code reuse section (or code macro). The first
set of operations 340 includes element-wise primitive operations such as “+” and /. At run
time, the C-Scheduler 300 inserts a set of entries into the work queue corresponding to the
first set of operations 340. The C-Scheduler 300 keeps accumulating more work queue
entries until a condition that triggers the compilation and execution of the work queue entries

s met.
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[00137] As will be explained below, the code reuse section between the pair of
keywords “PS_BEGIN MACRO” and “PS_END_ MACRO” in the second set of operations
342 may trigger the C-Scheduler 300 to start processing the existing entries in the work
queue. Therefore, the C-Scheduler 300 notifies the ProgGen 600 to start processing the
existing work queue entries. This process corresponds to the operations 322-338 of Figure

3B.

[00138] After processing all existing entries in the work queue, the C-Scheduler 300
starts processing the second set of operations 342. If this is the first time that the code reuse
section is being processed, the C-Scheduler 300 cannot find a matching entry in the macro
cache 500. Therefore, the C-Scheduler 300 processes the code reuse section just like its

processing of another regular code segment.

[00139] In some embodiments, the C-Scheduler 300 does not use the trace cache key
accumulator to generate a key for the macro. Rather, the FE 200 or the LSI 100 or both
generates a unique macro cache key for the code reuse section. This macro cache key
includes an identifier of the code reuse section as well as input/output (I/0) and control
parameters associated with the code reuse section. By including the I/O and control
parameters in the macro cache key, different executions of the code reuse section can involve
only a specific code segment that is consistent with the I/O and control parameters. For
example, the code reuse section in Figure 3C includes an IF-ELSE condition block.
Depending on the specific value of the control parameter “x”, one execution of the code reuse
section may involve only the IF part of the block and another execution may involve the
ELSE part of the block. In some embodiments, these two executions are associated with two

different entries in the macro cache 500.

[00140] At the end of the first execution of the code reuse section, the C-Scheduler
inserts the macro cache key and compiled program sequences into the macro cache 500. The
macro cache key is used for searching the macro cache 500 for a matching entry when the C-
Scheduler 300 intercepts a subsequent entry to the code reuse section. As shown in Figure
3C, the code reuse section is within a for-loop, the C-Scheduler 300 can easily identify and
re-instantiate the macro cache entry corresponding to the same code reuse section after the

first iteration of the for-loop.
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[00141] After processing the second set of operations 342, the C-Scheduler 300 starts
accumulating new entries in the work queue and the trace cache key accumulator for the third
set of operations 344. The intrinsic operation “FFT” may correspond to one or multiple
compiled program sequences in the trace cache 400. Finally, a data access operation
“M.read()” triggers the C-Scheduler 300 to stop accumulating more work queue entries and
start checking the trace cache 400 or invoking the ProgGen 600 if no match is in the trace
cache 400.

[00142] In sum, the runtime system 10 is driven by a dynamic stream of operation
requests from the application 20, which are then compiled into program sequences executable
on processing elements of a parallel-processing computer system, such as multi-core CPUs or
GPUs. In some embodiments, the runtime system 10 processes the request stream
dynamically (or just-in-time). The runtime system 10 does not need to know any information
about the application 20 in advance. Because program sequence generation by the ProgGen
600 is a relatively expensive operation, the C-Scheduler 300 tries to re-use the previously
compiled program sequence in the trace cache 400 and/or the macro cache 500 as much as

possible to achieve good performance.
Trace Cache

[00143] As noted above, the trace cache 400 is used for caching and re-playing a
previously compiled program sequence for a set of operation requests issued by the
application 20. In some embodiments, the trace cache 400 implements some or all of the

following features to achieve a reliable and efficient result:
e Prevent false matches from occurring

A false match occurs when the trace cache 400 returns a non-matching entry to the C-
Scheduler 300. Since the trace cache 400 has no prior knowledge of the next
operation request from the application 20, it cannot speculatively assume a partial
match (e.g., 95% match) as a complete match. In some embodiments, the information
stored in each key entry in the trace cache key accumulator (Figure 2I) is used to

avoid false matches.

The apparently matching trace cache entry should contain at least the program

sequences having the same operations and the same relationship between inputs and
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outputs of the operations. In some embodiments, the ProgGen 600 generates program
sequences that depend on the sizes of their input arrays. Accordingly, the program
sequences in the trace cache 400 should also encode the sizes of the input arrays.
Similarly, the ProgGen 600 uses the fact that an application has dropped references to
ports (through release notifications) to avoid producing those ports as outputs. Thus,
the program sequences in the trace cache 400 must encode the same port release

notifications.

In some embodiments, the trace cache key entries in the accumulator provide a unique
and complete characterization of the operation requests in the work queue. Therefore,
if the trace cache key matches the content in the accumulator, the re-instantiated
program sequence associated with the trace cache key should be identical to the one

generated by the ProgGen 600 for the operation requests in the work queue.
Perform trace cache lookup and update efficiently

In some embodiments, all operation requests from the application 20 to the runtime

system 10 are either compiled by the ProgGen 600 or re-instantiated from the cached
program sequences in the trace cache 400 (or macro cache 500). But the trace cache
key accumulation, the trace cache lookup (for both hits and misses), and the program

re-instantiation are substantially faster than the operation of the ProgGen 600.

Trace cache key accumulation is an incremental process. Each new trace cache key
entry is appended to the end of the existing trace cache key entries in the accumulator,
and does not change any existing trace cache key entries. Each port in the trace cache
key accumulator is given a unique value, which is referenced by subsequent uses of
the port. Checking for repeat occurrences of a port within the key is performed
through a hash table and it takes a constant cost to add a new entry into the trace

cache 400.

To re-instantiate a previously compiled program sequences quickly (using new input
ports and producing new output ports as specified by the work queue), the exact
positions of the entries in the work queue are in the same order. Therefore, even work

queue entries that are not compiled (e.g. block begin/end markers) should be
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represented in the trace cache in association with a previously compiled program

sequence.
Include profiling data in a cached program sequence

Profiling counters that attribute operation costs to different application API calls are
represented in the trace cache 400 in association with a previously compiled program
sequence so that the costs associated with different sets of operation requests can be

attributed correctly back the source code of the application 20 .
Avoid negative impacts caused by trace cache miss

Ideally, an application that does not benefit from the trace cache 400 should perform
substantially the same as if the trace cache 400 were disabled. In other words, the
cost spent on verifying a cache miss should be minimal. In some embodiments, this
feature is accomplished by limiting the cost of comparing a trace cache entry and the

total number of trace cache entries to compare.

A trace cache entry is declared immediately as a mismatch if there is a high-level

mismatch in the corresponding trace cache key, including a mismatch in the number
of work queue entries, the size of key data, or the starting PC. A low-level (or byte-
by-byte) comparison of the trace cache key data is necessary only if there is no high-

level mismatch.

As will be explained below in connection with Figure 4A, the trace cache includes
multiple buckets, each bucket containing multiple trace cache entries sharing the same
starting program counter. In other words, a trace cache entry having a shorter
compiled program sequence is a subset of another trace cache entry in the same
bucket that has a longer compiled program sequence. If there is no trace cache entry
that matches all the entries in the trace cache key accumulator 450, the trace cache
400 may return a trace cache key that matches a subset of the entries to the C-
Scheduler 300. In some embodiments, the trace cache lookup is limited to one bucket
and the number of entries in a bucket is limited to a small number (e.g., 16 or 32
entries) to keep the trace cache search cost small in the case of a series of cache

misses.
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e Limit the growth of the trace cache 400

The total number of entries in the trace cache 400 is kept with a limit in the case of an
application for which trace caching turns to be ineffective (e.g., the probability of
having a trace cache matching is very low). Once the total number of entries in the
trace cache 400 has reached its limit, one or more existing entries (e.g., the least

recently used entry) have to be discarded to leave room for new entries.
e Trace cache does not have to persist from run to run

In some embodiments, no persistent caching of generated program sequences is
required. Therefore, the trace cache 400 does not have to handle issues such as
program addresses changing from run to run. Likewise, the trace cache 400 does not
have to resolve issues such as the intrinsic operations may be numbered differently

from run to run.

In some embodiments, the trace cache 400 may persist from run to run. In this case,

the implementation of a trace cache needs to address the issues mentioned above.
e Same-sized inputs produce same-sized outputs

For a given operation performed at separate times during the execution of the
application 20, the same-sized inputs should produce the same-sized outputs.
Otherwise, it is very difficult for the trace cache 400 to determine whether a given

program sequence can be reused or not.

[00144] Figure 4A is a block diagram illustrating the data structure of the trace cache
400 used for storing compiled program sequences generated by the ProgGen 600 according to
some embodiments of the present invention. The data structure includes a list of program
counters (PC) 402. Each PC in the list 402 has a reference to a bucket 401. As shown in
Figure 21, the trace cache key accumulator includes one or more key entries each having a
PC. The PC of the first key entry in the trace cache key accumulator is used to match a PC in
the PC list 402. The bucket 401 has two components, a list of trace cache entries 405 and a
maximum entry length 403. Each trace cache entry includes a trace cache key 407 and a

previously compiled program sequence 409 associated with the trace cache key 407.
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[00145] Figure 4B is a block diagram illustrating the data structure of a trace cache
key. In some embodiments, the trace cache key 410 includes the number of work queue
entries represented by the key, the key data accumulated in the trace cache key accumulator,
the size of the accumulated key data, the program sequence re-instantiation information, and

the starting program counter.

[00146] Different trace cache keys associated with different trace cache entries within
the same bucket may have different numbers of trace cache key entries. The maximum entry
length 403 of the bucket 401 indicates the maximum number of key entries of an individual
trace cache key within the bucket 401. In some embodiments, this parameter is used by the
C-Scheduler 300 to first compare the trace cache key in the accumulator against the longest
trace cache entry in the bucket 401 if possible. For example, if the trace cache key
accumulator has four key entries, the bucket has first and second trace cache entries whose
trace cache keys have four and five key entries, respectively, and the bucket’s maximum
entry length is therefore five, the C-Scheduler 300 does not perform trace cache lookup until
a new key entry is appended to the trace cache key accumulator. When there are five key
entries in the accumulator, the C-Scheduler 300 first checks if the five key entries match the
trace cache key associated with the second trace cache entry. It does not check the trace
cache key associated with the first trace cache entry only if the second trace cache entry is a

mismatch.

[00147] In some embodiments, the trace cache entries within the bucket 401 are
arranged such that the most recently inserted trace cache entry is located at the head of the
entry list 405 and the least recently inserted trace cache entry is located at the tail of the entry
list 405. After selecting the bucket 401, the C-Scheduler 300 starts with the most recent entry
and iterates through each one in the entry list 405 until identifying a match or reaching the
tail of the entry list 405. The matching trace cache entry is returned to the C-Scheduler 300

as the result of trace cache lookup.

[00148] As noted above, the trace cache 400 may have a limit on the total number of
entries, which is a user-configurable variable to avoid waste of memory space. In some
embodiments, the trace cache 400 maintains a list of global least-recently-used (LRU) trace
cache entries corresponding to different buckets. In some other embodiments, each bucket
has its own list of LRU entries. These per-bucket LRU lists are used to limit the number of

entries per bucket to avoid excessive trace cache lookup cost. In some embodiments, empty
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buckets are immediately reclaimed by the runtime system 10 for other purposes. In some
other embodiments, the trace cache 400 keeps information to track the empty buckets that are

not immediately reclaimed by the runtime system 10.

[00149] Figure 4C is a flowchart illustrating the trace cache lookup. If a predefined
condition to compile is met (322, yes), the C-Scheduler 300 identifies the PC of the first key
entry in the trace cache key accumulator (411). In some embodiments, a matching bucket is
found if the identified PC is in the PC list 402. Otherwise (413, no), the trace cache returns a
null value to the C-Scheduler 300 (423).

[00150] If a matching bucket is found (413, yes), the C-Scheduler 300 selects one
entry in the bucket and compares its trace cache key against the key entries in the trace cache
key accumulator (415). In some embodiments, the C-Scheduler 300 starts the key data
comparison with the largest trace cache entry in the bucket, and if it fails, moves to the next
largest entry in the list until either a matching trace cache key entry is found (417, yes) or the
last entry in the bucket has been examined (421, yes).

[00151] If a matching trace cache entry is found (417, yes), the C-Scheduler 300
generates a new executable object for the matching trace cache entry (419). The executable
object is then sent to the E-Scheduler 800 for execution. In some embodiments, to generate
the executable object, the C-Scheduler 300 identifies a list of inputs and outputs of a program
sequence that is part of the trace cache entry. Each of the inputs and outputs corresponds to a

port in the work queue that is used to create the program sequence.

[00152] Trace cache lookup is an O(N) operation where N is the number of work
queue entries that are being checked for a match. Each trace cache lookup performs a hash
lookup to find a bucket that may contain a matching trace cache key and then at most a
predefined number of key comparisons. Trace cache lookup also includes a predefined

number of constant-time operations such as LRU and statistics updates, etc.

[00153] Figure 4D is a flowchart illustrating the trace cache insertion. In some
embodiments, to insert a new entry into the trace cache 400, the C-Scheduler 300 identifies
the PC of the first entry in the trace cache key accumulator (425). If the PC of the first entry
is in the PC list, a matching bucket is found (427, yes). Otherwise (427, no), the C-Scheduler
300 creates a new bucket for hosting the new trace cache entry (431). Next, the C-Scheduler
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300 checks if the global trace cache entry limit or the per-bucket trace cache entry limit has
been reached (429). If so (429, yes), one or more existing trace cache entries, €.g., some
LRU entries, are eliminated from the trace cache 400 (432). Next, the C-Scheduler 300
creates a new entry in the identified or newly created bucket (433) and associates a compiled
program sequence with the new entry (435). Finally, the new trace cache entry is marked as

the most recently used entry in the per-bucket and the global LRU lists.

[00154] Insertion of an entry into the trace cache 400 is O(1). Several constant-time
operations are performed (e.g., reclaiming an expired key and bucket, creating a new one).

But none of them depends on the size of either the trace cache 400 or the key being inserted.

[00155] The operation of the trace cache 400 assumes that (i) two sets of work queue
entries are deemed identical if they satisfy a set of predefined conditions and (ii) therefore,
program sequences generated for one set of work queue entries can be reused for the other
set. In some embodiments, the set of predefined conditions includes one or more of the

following:
e The two sets of work queue entries have the same PCs.

e The two sets of work queue entries have the same constants and the same constant

values to be used to generate specialized code.
e The two sets of work queue entries correspond to the same set of operations.

e The inputs to the two sets of work queue entries are in the same order, of the same

type (constant port or result port) and have the same sizes.
Macro Cache

[00156] As noted above, the runtime system 10 employs the macro cache 500 to
further improve performance, especially when handling short arrays. Like the trace cache
400, the macro cache 500 reduces the cost of translating operation requests into program
sequences to be executed on a processing element. But unlike the trace cache 400, the macro
cache 500 is visible to an application developer. The developer can specify a particular code
segment, which is also known as a “code reuse section”, in the application 20 to be handled

by the macro cache 500. Therefore, the developer has to understand what type of operations
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in the application 20 can be better handled by the macro cache 500 and choose to use this

feature carefully.

[00157] When a set of operation requests corresponding to a code reuse section reach
the C-Scheduler 300 for the first time, the C-Scheduler 300 invokes the ProgGen 600 to
compile the operation requests into program sequences and the program sequences are
recorded into the macro cache 500. Subsequently, upon receipt of the same set of operation
requests, the C-Scheduler 300 retrieves the previously compiled program sequences from the

macro cache 500 and replays them with a single call to the E-Scheduler 800.

[00158] Figure 5A is a block diagram illustrating the data structure of the macro cache
500. The data structure includes a list of macro cache keys 501. Each macro cache key in
the list points to a bucket 502. Each bucket tracks the macro cache entries for a particular
macro cache key. In some embodiments, a macro cache entry includes the specific inputs,
outputs and control data 504 and the previously compiled program sequence 506 associated

with the entry.

[00159] The total number of entries in the macro cache 500 is limited by a user-
configurable parameter to avoid waste of the runtime system’s memory space. In some
embodiments, the macro cache 500 maintains a global list that tracks the least recently used
entries within the macro cache 500. Each bucket has a per-bucket LRU list. When the macro
cache 500 reaches within a predefined range of its limit on the total number of entries, it
starts eliminating some entries in the different LRU lists to leave more room for newly

generated macro cache entries.

[00160] Figure 5B is a flowchart illustrating the operations associated with the macro
cache 500. As noted above in connection with Figure 3C, an application developer uses
specific keywords such as “PS BEGIN. MACRO” and “PS_END MACRO?” in the source

code of the application 20 to invoke the macro cache 500.

[00161] Upon receipt of a set of operation requests corresponding to a code reuse
section, the C-Scheduler 300 first identifies a macro cache key associated with the code reuse
section (510) and then performs a macro cache lookup (511) using the macro cache key to

identify a bucket corresponding to the macro cache key.
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[00162] If this is the first time that the C-Scheduler 300 processes the code reuse
section, no matching bucket can be found in the macro cache (512, no). The C-Scheduler
300 then starts a macro recording process including accumulating the work queue entries
corresponding to the code reuse section (516) and invoking the ProgGen 600 to compile the
accumulated work queue entries when reaching the end of the code reuse section (517). The
ProgGen 600 returns one or more compiled program sequences corresponding to the code
reuse section. The C-Scheduler 300 is responsible for inserting the compiled program

sequences into the macro cache 500.

[00163] To insert a macro cache entry into the macro cache 500, the C-Scheduler 300
first checks if the macro cache 500 has reached its capacity limit. If so, the C-Scheduler 300
eliminates one or more entries from the global list of least recently used entries from the
macro cache 500. Next, the C-Scheduler 300 checks if the macro cache 500 includes a
bucket matching the macro cache key associated with the code reuse section (518). If no
matching bucket is found (518, no), the macro cache 500 generates a new bucket and inserts
into the new bucket a new macro cache entry 508. As shown in Figure 5A, the new macro
cache entry 508 includes the 1/0 and control key parameters 504 associated with the code

reuse section and the newly compiled program sequences 506 (520, 522).

[00164] If an existing bucket is identified as the matching bucket (518, yes), the C-
Scheduler 300 then generates a new entry 508 in the bucket to store the newly compiled
program sequences. In some embodiments, the C-Scheduler 300 eliminates one or more
entries from the bucket’s per-bucket list of LRU entries to leave room for the newly created

macro cache entry.

[00165] If this is not the first time that the C-Scheduler 300 processes the code reuse
section, the C-Scheduler 300 should find a bucket matching the macro cache key (512, yes).
The C-Scheduler 300 then starts a macro replaying process including identifying a macro
cache entry in the bucket that has matching inputs (identical in terms of size, base type, kind,
and, if constants, constant value) and control data (514), updating the global list of LRU
entries and per-bucket list of LRU entries to identify the matching entry as the most recently
used one (515), and instantiating the previously compiled program sequences associated with

the matching macro cache entry (516).
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[00166] At the end of the macro cache lookup and update, the C-Scheduler 300 sends
an execution request including the newly compiled program sequences from the ProgGen 600

or the previously compiled program sequences from the macro cache 500 to the E-Scheduler

800.

[00167] Figure 5C is an exemplary application segment including a code reuse section
530 (or code macro). Like the example shown in Figure 3C, the code reuse section 530 is
defined by a pair of keywords, “PS_ BEGIN_MACRO” and “PS_END MACRO”. One
skilled in the art will appreciate that there are other mechanisms of defining a code reuse
section. For illustrative purpose, the macro cache key or signature of the code reuse section
530 includes two input variables (A, B), one output variable (C) and a control parameter (x).
As noted above in connection with Figures SA and 5B, the code reuse section’s signature has
to match an entry in the macro cache 500 before the C-Scheduler 300 can replay the
previously compiled program sequences associated with the entry. The code reuse section
530 includes an IF-ELSE block. If the control variable x is non-zero, the IF branch of the
block is executed and the output C is the result of A + (B * 2). But if the control variable x is
zero, the ELSE branch is executed and the output C is the result of A — (B * 2).

[00168] In some embodiments, the runtime system 10 does not allow an input variable
or control parameter to be modified within the code reuse section to ensure that each
occurrence of a code reuse section uses the same matching entry in the macro cache 500. For
example, if there is a statement “A = A — 3” before the IF-ELSE block in the code reuse
section 530, the C-Scheduler 300 no longer processes the program segment as a valid code
reuse section. Instead, the C-Scheduler 300 raises a warning signal to the application 20 and

processes the program segment like any other regular code segments in the application 20.

[00169] The LSI 100 translates the code reuse section 530 into a code segment 540.
The code segment 540 has its own set of parameters corresponding to the inputs, outputs and
controls of the code reuse section 530. For example, the element Ins[0] corresponds to the
input variable “A” and the element Ins[1] corresponds to the input variable “B”. A function
call “record or replay” in the code segment 540 initiates the macro cache lookup (532),
which has been described above in connection with Figure 5B. The signature of the function
call includes the macro cache key “ key” as well as the I/O and control variables. The C-
Scheduler 300 uses this information to determine whether there is a matching entry in the

macro cache 500. If no matching entry is found (e.g., this is the first occurrence of the code
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reuse section), the C-Scheduler 300 processes the code reuse section by accumulating entries
in the work queue (534). The trace cache key accumulator is not invoked during this process
because the compiled program sequences are stored in the macro cache 500, not in the trace

cache 400.

[00170] Depending on the specific value of the control parameter x, the C-Scheduler
300 processes cither the IF branch or the ELSE branch. A function call “finish_recording”
(536) follows the work queue entries accumulation. In some embodiments, this function call
triggers the ProgGen 600 to generate compiled program sequences for the IF or ELSE branch
of the code reuse section. The C-Scheduler 300 then inserts the compiled program sequences
into the macro cache 500. Subsequently, when the same code reuse section is re-executed,
the runtime system 10 repeats the aforementioned procedures, i.¢., checking if there is a
matching entry in the macro cache 500 for a given value of the control parameter “x”, re-

instantiating the previously compiled program sequences if there is a matching entry, or

generating a new entry in the macro cache 500 for another control parameter.

[00171] In some embodiments, the macro cache 500 implements at least some of the

features below to achieve a satisfactory result:

e Associate a unique set of parameters including a macro cache key, input and control

parameters with a macro cache entry in the macro cache 500

In some embodiments, the parameters associated with a macro cache entry must be
matched byte-by-byte before its associated previously compiled program sequences

are replayed.

In some embodiments, the input size and type (constant or result) must be matched
because it determines the nature of the program sequence to be executed on a GPU.
For constant inputs, the actual constant values do not matter because the FE 200 does
not perform constant folding, strength reduction, and other types of specialization

using the values of the inputs to a code reuse section.

In some embodiments, one or more random number generators (RNG) may be inputs
to a code reuse section. In this case, the number of the RNG inputs, their positions in
the list of inputs to a code reuse section, and their types must match the parameters

associated with a macro cache entry.
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Include profiling data in the cached program sequences

Profiling counters that attribute operation costs to different application API calls are
represented in the macro cache 500 in association with a previously compiled
program sequence so that the costs associated with different sets of operation requests

can be attributed correctly back the source code of the application 20 .

Avoid negative impacts caused by macro cache miss

Ideally, an application that does not benefit from the macro cache 500 should perform
substantially the same as if the macro cache 500 were disabled. In other words, the
cost spent on verifying a cache miss should be minimal. In some embodiments, the
macro cache 500 uses a mechanism similar to the trace cache 400 for limiting the
workload associated with a macro cache miss. For example, the macro cache 500
groups multiple entries into different buckets based on their macro cache key and
limits the number of entries with a bucket to keep the macro cache search cost small
in the case of a series of cache misses. During a macro cache lookup, at most one

bucket is searched.

Limit the growth of the macro cache 500

The total number of entries in the macro cache 500 is kept with a limit in the case of
an application for which macro caching turns to be ineffective. When the total
number of entries in the macro cache 500 reaches its limit, one or more existing
entries (e.g., the least recently used entry) have to be eliminated to leave room for new

entries.

Macro cache does not have to persist from run to run

In some embodiments, no persistent caching of generated program sequences is
required. Therefore, the macro cache 500 does not have to handle issues such as
program addresses changing from run to run. Likewise, the macro cache 500 does not
have to resolve issues such as the intrinsic operations may be numbered differently

from run to run.

51



WO 2007/149884 PCT/US2007/071600

In some embodiments, the macro cache 500 may persist from run to run. In this case,

the implementation of the macro cache needs to address the issues mentioned above.
e Same-sized inputs produce same-sized outputs

For a given operation performed at separate times during the execution of the
application 20, the same-sized inputs should produce the same-sized outputs.
Otherwise, it is very difficult for the macro cache 500 to determine whether a given

program sequence can be reused or not.

e Support nesting and recursion of code reuse sections

In some embodiments, an application developer is allowed to nest code reuse sections
so as to record even more operation requests to be performed by a single API call.
Likewise, recursion is supported if it is possible for the recursion to terminate. Errors

corresponding to incorrect nesting or recursion is detected and reported.

In some embodiments, the nesting and recursion of code reuse sections are supported
by keeping a stack that tracks all “PS_ BEGIN_MACRO” declarations for code reuse
sections that the application 20 is currently recording. Upon detecting a new

“PS_ BEGIN MACRO” declaration, the C-Scheduler 300 checks the stack for any
matching declarations. If a matching declaration is found, the recursion condition is
deemed illegal and an error is reported to the application 20. Likewise, upon
detecting an “PS_END_ MACRO” declaration, the C-Scheduler 300 compares the
declaration with the most recent “PS_BEGIN_MACRO” declaration on the stack. If
they do not correspond to the same code reuse section, an incorrect macro nesting has

occurred and an error is reported to the application 20.

[00172] In some embodiments, the C-Scheduler 300 starts macro caching with a
function call "MacroBegin". If a code reuse section is currently being recorded, the C-
Scheduler 300 checks the function call is part of a recursion while allowing the existing code
reuse section to be recorded. If no code reuse section is currently being recorded, the C-
Scheduler 300 submits the current work queue entries to the ProgGen 600 for compiled

program sequences generation and then starts macro recording of the code reuse section.
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[00173] In some embodiments, the trace cache 400 is disabled while a code reuse
section is being recorded. For example, there is no accumulation of trace cache key entries in
the trace cache key accumulator during macro recording and the generated program
sequences are not deposited in the trace cache 400. In some other embodiments, the trace
cache 400 is enabled during macro recording of a code reuse section such that repeated

sequences of operation requests can be recognized and replayed using the trace cache 400.

[00174] In some embodiments, read/write operations are deemed illegal during the
macro recording of a code reuse section. Recursion that starts a code reuse section with the
same key, inputs, and controls is also illegal during the macro recording. The occurrence of
any illegal operations during the macro recording causes an error to be reported back the

application 20 as described previously.

[00175] In some embodiments, the C-Scheduler 300 performs error checking to verify
that only ports that are declared as inputs to a code reuse section and ports that computed
from the input ports are used by the operations within a code reuse section. In some
embodiments, the inputs to a code reuse section cannot be overwritten during the execution
of the code reuse section, and any outputs from the code reuse section that are not properly

declared in the macro specification may cause an error at run time.

[00176] In some embodiments, constant folding and other specialization utilizing the
values of constant inputs to a code reuse section are not allowed while the code reuse section

is being recorded.

[00177] At the end of macro recording, the C-Scheduler makes another function call
“MacroEnd”. This function call causes all operations registered in the work queue to be
compiled, and a macro cache entry to be generated in the macro cache 500 that can be used to

replay the code reuse section.

[00178] As noted above, when a macro cache entry is used to replay a previously
recorded code reuse section, one or more executable objects are created to perform the
previously compiled program sequences associated with the code reuse section. The C-
Scheduler 300 associates the ports in the executable objects with the new inputs and outputs
of the code reuse section being replayed. The C-Scheduler 300 also creates temporary ports

for temporary values used by the program sequences and attaches the temporary ports to the
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executable objects. The new executable objects are then submitted to the E-Scheduler 800

for execution.

[00179] As noted above, random number generators can be used inside a code reuse
section for generating random numbers. In some embodiments, the macro cache 500
supports updating a random number generator’s seed data by recording all uses of the random
number generator inside the code reuse section so that each successive invocation of the

random number generator produces different values.

[00180] In some embodiments, if a code reuse section uses a random number generator
that produces seed data to be used as an input to the code reuse section, the macro cache 500
records references to the random number generator’s seed data ports used by the random
number generator. Likewise, function calls to the random number generator inside the code
reuse section are recorded. Before a macro cache entry corresponding to the code reuse
section is replayed, the random number generator is invoked to produce new seed data and
update its internal seed state. The new seed data is used as inputs to the executable objects

that are executed as part of replaying the macro cache entry.

[00181] In some embodiments, if a code reuse section uses a random number generator
that produces new seed data as a by-product of program sequences that are executed when
replaying a macro cache entry corresponding to the code reuse section, the macro cache 500
records references to the random number generator’s seed data ports produced by these
program sequences during the initial macro recording. Likewise, function calls to the random
number generator inside the code reuse section are recorded. After the macro cache entry’s
associated executable objects are created, the random number generator is invoked to update

its internal seed state.

[00182] Compared with the trace cache 400, the macro cache 500 may dramatically
improve the runtime system’s performance of executing operations on small arrays. In some
embodiments, there are fixed and variable costs associated with performing operations using
the runtime system 10. Under normal, transparent use of the API, the fixed cost includes, but
is not limited to, the cost of calling functions in the LSI 100 for each operation, constructing
the corresponding IR nodes and verifying correct API usage in the FE 200, entering the IR
nodes into the work queue 304 in the C-Scheduler 300, trace cache key accumulation 320,

and trace cache lookup 324. The fixed cost is independent from the size of the data arrays
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being processed but is proportional to the number of calls to the LSI 100. By contrast, the
variable cost is a function of the size of the data arrays being processed and the cost for
processing a long data array is usually higher than the cost for processing a short data array.
In some embodiments, the variable cost is dominated by the cost of executing the compute
kernels in the program sequence and movement of data. Therefore, the fixed cost often
dominates the cost for processing a short data array using the trace cache 400. Because the
macro cache 500 circumvents the calls to the LSI 100 contained within a code reuse section
in the case of a macro cache hit, it can significantly reduce the fixed cost during the replay of

a macro cache entry and therefore achieve a better performance when processing short arrays.

[00183] In some embodiments, an LSI module provides language-specific syntactic
markers used to identify code reuse sections within an application. At run-time, the functions
provided by the LSI module performs error checking and argument validation before
invoking the FE 200 to require that the code reuse section be replayed or recorded by the

runtime system 10.

[00184] In some embodiments, a static preprocessor or compiler may

automatically insert macros around code reuse sections if the tool deems it is desired to do so.

[00185] In some embodiments, the LSI 100, the FE 200, and the C-Scheduler 300 may
detect and report an error when the application 20 performs one or more operations

prohibited from being within a code reuse section.

[00186] In some embodiments, the LSI modules for different languages may be
interoperable. For example, the macro cache implementation for a particular LSI module
may support passing objects of all interoperating LSI modules into a particular code reuse
section. The C++ LSI supports this feature by using overloaded functions to coerce C object
pointers and C++ objects into a common representation used for building the code reuse

section’s input and output description arrays.

Program Generator

[00187] As noted above, the C-Scheduler 300 invokes the ProgGen 600 to generate
compiled program sequences, when necessary, such as on a cache miss in the trace cache 400

or macro cache 500.
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[00188] ProgGen Overview

[00189] In some embodiments, the ProgGen 600 is responsible for determining
whether there are a sufficient number of operations in the work queue to generate an efficient
program sequence and if so, which operations from the work queue should be performed by
the program sequence. In some embodiments, the ProgGen 600 is also responsible for
generating the executable program sequence, and sets of input and output ports for operations
in the work queue that correspond to the inputs and outputs operated on by the program
sequence. In some embodiments, the ProgGen 600 is also responsible for determining which
work-queue entries the C-Scheduler 300 should remove from the work queue after the
ProgGen 600 returns the program sequence and which work-queue entries the C-Scheduler
300 should include in the trace cache key, if the program sequence is to be inserted into the

trace cache 400.

[00190] During the construction of a program sequence, the ProgGen 600 is configured
to determine which operations to include in the program sequence, to choose the most
efficient kinds of execution targets for these operations, and to select and/or generate
optimized compute kernels for the operations. As previously mentioned, in some
embodiments, the ProgGen 600 may generate compute kernels or whole program sequences
for multiple kinds of processing elements for the same set of operations so that the kinds of
processing elements may be selected dynamically by the C-Scheduler 300 and/or E-
Scheduler 800.

[00191] In some embodiments, the compute kernel, or a program within the program
sequence, is the smallest executable unit of computation managed by the E-Scheduler 800
and Executors 900. In some embodiments, for some kinds of processing elements, the
compute kernel is executed in parallel, SPMD-style (single program, multiple data), on the
selected processing element(s) of the parallel-processing system. In some embodiments, for
some kinds of processing elements, the compute kernel may perform vector operations,
which compute multiple result elements in parallel. In some embodiments, for some kinds of
processing elements, both forms of parallel execution may be employed by the same compute
kernel. In some embodiments, for certain kinds of processing elements, other forms of
parallel execution may be used to compute multiple result elements in parallel. In some
embodiments, for some kinds of processing elements, the compute kernel may contain loops

to iterate over many data elements or groups of data elements.
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[00192] Note that, conceptually, and on some processing elements even in practice,
cach result element computed by a compute kernel is computed simultaneously, in parallel. In
some embodiments, for some processing elements, synchronization of all processing
elements executing the compute kernel may not be feasible or even possible within the
kernel, but only between kernel executions. Without synchronization, the correct ordering of
stores of result elements by one processing element and loads of the elements by another

processing element cannot be guaranteed in a parallel-processing system.

[00193] In order to generate efficient compute kernels from a sequence of operations,
the ProgGen 600 must determine which operations may be executed together as part of the
same compute kernels. The transformations used to form compute kernels are similar to loop
fusion and scalar replacement. To fuse operations into the same compute kernel, the ProgGen
600 generates code into the body of the compute kernel that implements the fused operations
element-wise, one element or one vector of elements at a time, such that the result(s) of a
fused operation may be passed directly to a consuming operation fused into the same kernel
using the most efficient means possible on the target architecture (e.g., using registers),
without first storing the results to an array and then subsequently loading them back again. In
fact, the stores of results may be omitted entirely in the case that all consumers of a result are
fused into the same kernel as the operation that generates the result. It is also possible to
eliminate redundant calculations within a compute kernel, by common sub-expression
elimination. On the other hand, in some embodiments, some operations may be computed by
more than one compute kernel where the ProgGen 600 decides that recomputing the results of

the operations would be more efficient than storing them and reloading them.

[00194] In some embodiments, attention is given to formation of large compute kernels
containing many operations. Executing fewer, larger kernels usually incurs less overhead
than executing more, smaller kernels, since on many target architectures there is
synchronization and other overhead associated with launching compute kernels. Another
important factor is the reduction in memory accesses by scalar replacement. On modern
processors, the ratio of the amount of memory bandwidth to computational throughput is
typically very low. Thus, the more computation that can be done per memory access, the
more efficiently the compute kernel is likely to be. Automatic kernel synthesis by the runtime
system 10 both saves the application developer a great deal of effort and allows the system to

optimize performance for new processing elements without changes to the application.
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[00195] In some embodiments, some primitive operations in the primitive libraries 660
for the chosen type of processing element can be fusible into a compute kernel. In some
embodiments, there may be multiple primitive libraries, one for each type of processing
clement. In some embodiments, primitive operations are represented as source code of a
high-level language, such as C or High-Level Shading Language (HLSL). In some
embodiments, primitive operations are represented as assembly code. In some embodiments,
primitive operations are represented using a lower-level intermediate representation, which is
capable of representing implementation details of the primitive operations. In some
embodiments, implementations of primitive operations are not stored directly in the primitive
libraries 660, but are generated on demand. The type of representation of the primitive
operations determines what type of processing is required in order to produce the final
executable binary for the compute kernel. Depending on the representation, it might require

compilation, code generation, register allocation and scheduling, assembly, and/or linking.

[00196] In addition to being implemented as primitive operations for the chosen type
of processing element, in order for two operations to be fused into the same compute kernel,
the ProgGen 600 needs to select the same type of processing element for both operations.
Moreover, where one operation produces the input of another, the second operation may only
consume the results of the first computed at the same array positions, meaning that the
operations may be composed element-wise. In order to achieve this, the ProgGen 600 in some
embodiments determines at kernel-generation time which result elements of the producer
operation are consumed by which elements of the consumer operation, such as in the case of
simple element-wise operations like ADD and MULTIPLY. Where this determination cannot
be made, such as with a gather of elements from run-time-computed locations, the operations

cannot be fused.

[00197] In some embodiments, the ProgGen 600 may not be capable of performing the
index transformations necessary for fusion of certain operations. For example, to fuse a
transpose operation with the operations producing the array to be transposed, either the
producing operations (i.c., the entire sub-graph of operations feeding the transpose, up to
loads from memory) or the consuming operations (i.c., the entire sub-graph of operations
consuming the result of the transpose, down to stores to memory) must be transposed. In
some embodiments, the results of operations fused into the same compute kernel may be

required to be the same size, shape, and type. In some embodiments, the sizes, shapes, and
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types of the results only need to match where they need to be written to memory. In some
embodiments, computations of certain elements may be duplicated and/or guarded by
conditionals (including predicates) as needed in order to facilitate fusion with operations
computing different numbers of elements. For example, operations computing a scalar result
could be fused with an operation that multiplies that scalar by a vector, thereby producing a
vector. For some types of processing elements, the computations generating the scalar result

could be duplicated for each processing element.

[00198] In some embodiments, for some types of processing elements, portions of
operations computing recurrences, such as reductions and parallel-prefix scans may be fused
with producers and/or consumers, since such operations have statically determinable

correspondences between input elements and output elements.

[00199] In some embodiments, independent computations with the same algorithmic
structure may be fused. For example, different independent reductions of the same-sized
arrays may be fused so that they are computed simultaneously. This is most advantageous
when both operations share some or all of the same input arrays and same data access
patterns, since the number of accesses to memory may then be reduced, but may also yield
benefits on some target architectures, where the overhead of launching kernels is high, by

reducing the number of kernels.

[00200] In some embodiments, the ProgGen 600 may choose to place independent
operations into separate compute kernels so that those kernels may be executed in a task-

parallel manner.

[00201] In some embodiments, some target architecture(s) may have resource
limitations that cannot be efficiently mitigated by software, thus imposing restrictions on the
compute kernels that can be generated. For example, there may be limits on the numbers of
instructions that can comprise a compute kernel, the number of hardware registers of different
kinds that can be used by the instructions, the number of input and/or output arrays that can
be accessed by the kernel, the number of arguments to the kernel, and/or the amount of
memory that can be accessed by the kernel. In such embodiments, the ProgGen 600 estimates
the amount of resources the kernel will use as it constructs the kernel and ensures the limits

required for correct operation are not exceeded by the completed executable compute kernel.
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[00202] In some embodiments, the ProgGen 600 may put operations into separate
compute kernels for other processor-specific reasons, such as to impose a global barrier

across all hardware threads or to change the number of active threads.

[00203] In some embodiments, not all operations may be fusible for every type of
processing element. There is no requirement that the same operations be fusible for every
type of processing element supported by the runtime system 10. In some embodiments, such
non-fusible operations may be implemented differently from the primitive operations. These
operations, called intrinsic operations, need not be constrained by all of the same restrictions
as primitive operations. Intrinsic operations may be implemented using any number of hand-
coded compute kernels, which are stored in the intrinsic library 700. In some embodiments,
for some kinds of processing elements, multiple kernels may be required in order to
implement certain operations. This is why the ProgGen 600 can return program sequences

rather than just individual compute kernels.

[00204] In some embodiments, there may be multiple intrinsic libraries, one for each
type of processing element. Each intrinsic may have an associated, custom hand-coded
routine to be invoked by the ProgGen 600 that selects the compute kernels to use for a
particular intrinsic operation, specifies how to pass data between the kernels, decides what
temporary memory is needed to hold intermediate results, determines the launch
specifications for the kernels, and so on. In some embodiments, these hand-coded kernels
may be written in device-specific high-level languages, such as HLSL. In some
embodiments, they may be written in assembly language. In some embodiments, both kinds
of compute kernels may be supported for intrinsic operations. In some embodiments,
compute kernels for intrinsic operations are stored in executable binary form, in which case

they just need to be loaded on demand by the runtime system 10.

[00205] In some embodiments, for some target architectures, the implementations of
certain operations may be comprised of multiple parts, where some parts are fusible and some
parts are non-fusible and/or different fusible parts have different fusion criteria. For example,
the first step of a multi-step reduction algorithm may, in some cases, be fused with the
producers of the input to the operation, the last step may be fusible with consumers of the
result of the reduction, and intermediate steps (as well as the first and last) of the algorithm

could be fused with other similar operations.
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[00206] Figure 6A is an overview flowchart illustrating how the ProgGen 600
generates a compiled program sequence. As noted above in connection with Figures 3B and
5B, the C-Scheduler 300 sends a compilation request to the ProgGen 600 if a predefined
condition is met. In some embodiments, upon receipt of the compilation request (601), the
ProgGen 600 determines whether it should compile the current set of work queue entries
based on its own set of criteria (603). For example, the ProgGen 600 may reject the
compilation request if the total number of instructions associated with the work queue entries
has not reached a predefined threshold level or if the ratio between the numbers of GPU
instructions and memory accesses is lower than a predefined value (e.g., 30:1). In some
embodiments, the C-Scheduler 300 may compel the ProgGen 600 to process the work queue
entries in certain situations, such as when it must produce data to satisfy a read request from

the application 20.

[00207] For a specific set of work queue entries, the ProgGen 600 is responsible for
choosing a processing element to execute the programs corresponding to the work queue
entries. If the ProgGen 600 determines that one or more CPUs are a preferred choice for the
set of work queue entries, it generates either CPU-based source code (630) or interpreter
operations (628). In some embodiments, a set of CPU-based tools 632 such as preprocessor,
compiler, assembler and linker are invoked to convert the CPU-based source code into the
CPU binary code (634). Depending on the specific source code and the CPU architecture,
some of the CPU-based tools such as the preprocessor and linker are optional in the

conversion of the source into the binary code.

[00208] If the ProgGen 600 chooses one or more GPUs to handle the set of work
queue entries, the ProgGen 600 then generates the GPU source code for the work queue
entries (629). The GPU compiler 631 and GPU assembler 635 are invoked to generate the
GPU assembly code (633) and the GPU binary code (637), respectively. Finally, the
ProgGen 600 combines the CPU binary code (634), the interpreter operations (628), and the
GPU binary code (637) into a compiled program sequence (638), which is sent to the E-
Scheduler 800 for execution (639).

[00209] In some embodiments, the primitive and intrinsic operations for which the
ProgGen 600 can generate compiled program sequences include, without limitation, map
(element-wise operations, such as add, multiply, sine, cosine, etc.), reduction (in one or

multiple dimensions), generators (random-number generation, index, identity), spread
61



WO 2007/149884 PCT/US2007/071600

(replicate an element, row, or column to create a higher-dimensional array), transpose, block

copy, periodic copy, gather, matrix multiply, convolution, correlation, LU decomposition, LU

solver, LU condition, LU unpack, FFT, and sparse matrix-vector multiplication.

[00210] The Program Sequence Generation Decision

[00211] The ProgGen 600 first makes a quick decision (603) about whether to generate
a program sequence from the current contents of the work queue 304 or not. In some

embodiments, this decision may be based simply on the number of entries in the work queue.

[00212] In some embodiments, the ProgGen 600 checks whether the leading entry in
the work queue is a fusible operation or not (605). If the entry is not fusible, there is little
benefit from including the entry in a large program sequence. Accordingly, the ProgGen 600
generates a compiled program sequence including this entry and other associated entries. For
this reason, in some embodiments, the entry of a non-fusible operation into an empty work
queue may cause the C-Scheduler 300 to invoke the ProgGen 600 to start processing the

current work queue entries.

[00213] In some embodiments, the program sequence generated by the ProgGen 600 is
a list of executable programs (aka kernels) and associated information needed to allocate
memory for output and temporary buffers, bind actual buffers and constants to formal
program input and output parameters, dispatch the programs to executors, enforce
dependences between programs, execute the (SPMD — single program, multiple data)
programs in parallel on the desired target architecture(s), and accumulate execution data for
the profiler corresponding to the original API calls. In some embodiments, it may be
convenient, and more efficient, to store this information in more than one form, and/or in
target-specific, ready-to-use forms. For example, executable instructions and read-only data

would typically be loaded into memory accessible to the processing element(s).

[00214] Figure 6B is a block diagram illustrating the data structure of a program
sequence 615 generated by the ProgGen 600. The program sequence 615 includes one or
more programs, Program #1, ..., Program #N. Each program has its own formal input and
output parameters 615-1, 615-2, executable binary code 615-3, executor type 615-4, and
launch specification 615-5. The formal input and output parameters of each program refer,

indirectly, to input constants and input, output, and temporary buffers of the entire program

62



10

15

20

25

30

WO 2007/149884 PCT/US2007/071600

sequence 615. In some embodiments, these parameters may specify the type of constant or
buffer (input, output, temporary) and a number that uniquely identifies the operand within the

context of the program sequence (c.g., the 5™ output buffer).

[00215] In some embodiments, each program additionally contains execution data
and/or other information for the profiler, or handles to such. For example, a program could
contain a list of the return addresses of calls into the API corresponding to the operations that
comprise the program, which, with ordinary debugging information, could be used to identify
the lines of the application executed to form the program. The program sequence 615
additionally contains descriptions of any temporary buffers (e.g., size or data type and
dimensions) that need to be allocated for storage of intermediate results within or between
programs of the sequence. (Temporary buffers are used only within the span of a single
program sequence.) In some embodiments, the program sequence 615 may contain
descriptions of input constants and buffers and/or output buffers as well. These input
constants and buffers and output buffers correspond to ports associated with computations in

the work queue.

[00216] The ProgGen 600 returns enough information to the C-Scheduler 300 so that it
may infer this correspondence. In some embodiments, the ProgGen 600 may return explicit
mappings from the formal-parameter identifiers to input and output ports. In some
embodiments, the ProgGen may return these mappings in terms of work-queue entries (e.g.,
the 2™ input to the operation in the 5™ work-queue entry). In some embodiments, the
mapping of work-queue entries and/or macro inputs and outputs may be stored as part of the
program sequence 615. In some embodiments, these mappings may be stored in their

respective cache entries.

[00217] In some embodiments, the ProgGen 600 also decides the formats and/or
layouts of the output and temporary buffers, the specifications of which are attached to the
descriptions of the output and temporary buffers. The format and/or layout may include, for
example, the amount of column and/or row padding or the data tiling pattern. In some
embodiments, these buffer descriptions may be used by the runtime system 10 to determine
the amount of memory required for the buffers and to specify how the array’s elements must
be indexed, by software and/or by hardware. For instance, the column length summed with
the amount of padding at the end of each column is necessary in order to compute linear

indices of two-dimensional arrays with column-major layout.
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[00218] As an example, many GPUs provide hardware support for indexing into multi-
dimensional arrays with a variety of linear and tiled data layouts. Due to the effects of these
data layouts on memory addresses of elements accessed in particular sequences and their
interaction with the GPUs’ memory controllers and caches, certain layouts yield significantly
better performance than other layouts for certain access patterns. It may in some cases be
desirable to reinterpret the layouts of buffers, for example writing them using one layout and
reading them using another, thereby allowing different programs to access the same data with
different indexing schemes. In some embodiments, this can be done by specifying buffer
layouts on a per-program basis in the program sequence, for cases where buffers should be
interpreted differently from their “natural” layouts. The GPU Executor 900-1 (Figure 1) can

then use this information to modify the GPU’s hardware buffer-layout settings, as necessary.

[00219] The launch specification includes whatever other information or arguments (in
addition to the inputs and outputs) are needed to launch the SPMD, data-parallel program on
the processing element(s). For example, it may include the number of processors, cores,
and/or threads to use to execute the program. Alternatively, it may specify the number of
work items to be executed in parallel rather than the amount of hardware resources to apply.
In some embodiments, it may specify other required resources, such as amount of on-chip
memory needed. In some embodiments, the launch specification could also include
arguments derived from parameters of the operations to be performed, such as sizes and

offsets of sub-arrays to be copied.

[00220] In some embodiments, the E-Scheduler 800 selects among executors of the
same kind for executing the program sequence. The metrics employed by the E-Scheduler
800 in choosing a processing element may include, for example, the ProgGen’s estimate of
the cost for executing a specific instance of program sequence on the processing element(s),
the location of the input data to the instance of the program sequence, the desired location of
the output data produced by the instance of the program sequence, and the amount of
outstand workload at the processing element. In some embodiments, these cost estimates may
be recorded in the program sequence 615. In other embodiments, they may be returned by the

ProgGen 600 separately.

[00221] In some embodiments, the ProgGen 600 generates multiple compiled
programs or even whole program sequences for the same sequence of operations, each

targeting a different processor type. The C-Scheduler 300 and/or the E-Scheduler 800 choose
64



10

15

20

25

30

WO 2007/149884 PCT/US2007/071600

to execute one of the multiple compiled program sequences on a particular type of processing
clement based on several factors, including, but not limited to, processor load, processor
failure/faults, processor memory load and contents, and system configuration. The E-
Scheduler 800 then submits the chosen instance to the corresponding executor(s) for
execution. This configuration can dramatically enhance the runtime system’s performance,

reliability, and fault recoverability.

[00222] Consumer Analysis

[00223] If the ProgGen 600 decides to process the work queue entries because a
predefined condition is met (603, yes), the ProgGen 600 performs a backward analysis over
the work queue entries (607), which identifies consumer entries that accept as input the
results from producer entries, propagates information about the consumer entries to the
producer entries, determines the locations of release entries in the work queue corresponding
to results of earlier compute entries, and identifies the “dead” operations (i.c., operations
whose results are released without being consumed by other operations). In some
embodiments, the identification of dead operations may be omitted, under the assumption that
the user would not request unnecessary operations to be performed. This analysis, which is

similar to live-variables analysis and def-use analysis, is essential to the kernel-formation

process.
[00224] Work Queue Selection Heuristic
[00225] In some embodiments, the ProgGen 600 may choose to only process a subset

of the current work queue entries based on the certain heuristics. The remaining work queue
entries are left for the next compilation request. In some embodiments, if the leading work
queue entry is fusible, the ProgGen 600 then selects a specific number of work queue entries
to process during this invocation (608). The ProgGen 600 selects the set of work queue
entries based on deterministic properties of the entries, e.g., the numbers and types of
operations, data array sizes, patterns of call addresses or return addresses of calls into the
runtime system 10, and hints from the application’s developer. In some embodiments, the
ProgGen 600 considers the loop boundaries in the application 20, the predicted memory
usage by the program sequence generated from the selected work queue entries, and the

estimated number of instructions in the program sequence.

65



10

15

20

25

30

WO 2007/149884 PCT/US2007/071600

[00226] In some embodiments, the ProgGen 600 identifies the loop boundaries in the
application 20 through analysis of API call return addresses — repeated addresses may
indicate that the operations are contained within a loop. The predicted memory usage by the
operations is based on the sizes of arrays read by work queue operations that are not
computed within the current work queue, sizes of arrays computed that are not released, and
sizes of arrays computed by non-fusible operations, all of which always require buffers to be
allocated to store their data. Additional heuristics are necessary to approximate memory
consumed by released arrays (identified during the backward pass 607) computed by fusible
operations, since once they are fused not all of those results need to be stored to memory. In
some embodiments, the sizes of such arrays could be multiplied by estimates of the
likelihood that they would be instantiated in memory. The number of instructions is estimated
by querying the primitive libraries 660 for the instruction count of each operation performed

by the program sequence.

[00227] The ProgGen 600 pays careful attention to the loop boundaries inferred from
the sequence of API calls from the application 20 because the loop boundaries provide hints
about the structure of the computation and where good program boundaries might be; they
also provide hints about what operation sequences the application 20 will generate in the
future. The former is important to the formation of efficient compute kernels, while the latter
is important for choosing where trace cache keys will begin. Loop boundaries are good
candidate locations for program boundaries because applications will typically have few ports
live at such points. Loop boundaries are good locations for trace cache keys to begin because
future iterations will start at the same PC, which is a requirement for reuse via the Trace
Cache 400. The ProgGen 600 takes memory usage into consideration in order to ensure that
all output and temporary buffers of any program sequence may be allocated memory up-
front, prior to execution of any programs in the sequence. The instruction count is merely a
proxy for the length of the program sequence. It is undesirable for a program sequence to be
excessively long. It would be best for it to contain just one or a small number of programs.
Therefore, the ProgGen 600 limits itself to the number of instructions needed to fill a few

programs.

[00228] In some embodiments, the ProgGen 600 does not restrict itself in advance as

to which work queue entries it can process during its scheduling pass (611), in which case it
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must decide how much of the work queue to consume on-the-fly during the scheduling pass
(611).

[00229] In some embodiments, the ProgGen 600 distinguishes the number of work
queue entries to be compiled and number of work queue entries in the trace cache key
accumulator. By doing so, the ProgGen 600 can use information about port releases further
ahead in the work queue without generating programs for all of the intervening work queue
entries. In some embodiments, the ProgGen 600 may use information about port releases
from the entire work queue 304 in the case that the program sequence 615 (Figure 6B) is to
be part of an entry in the macro cache 500, since the ProgGen 600 knows with certainty that,
unlike when the trace cache 400 is used, all of the program sequences generated from the

current work queue will be replayed in the same sequence as they are generated.

[00230] Collect Inputs, Outputs, and Scheduling Roots

[00231] In some embodiments, after the work queue selection pass (608), the ProgGen
600 performs a forward pass over the selected work queue entries (609). During this forward
pass, the ProgGen 600 identifies inputs to and outputs from the program sequence 615
(Figure 6B) and collects roots for the subsequent scheduling pass. Inputs to the program
sequence 615 correspond to ports referenced by operations among the work queue entries
chosen for processing that do not have compute entries within the current work queue 304.
Outputs to the program sequence 615 correspond to ports with compute entries among the set
of work queue entries to be processed but without release entries among the entries to be
included in the trace cache key (or, in some embodiments, anywhere in the work queue in the
case of a program sequence to be inserted into the macro cache 500). The inputs must have
been computed by previous program sequences and the outputs may be consumed by
subsequent program sequences, or may be read by the application. The scheduling roots are
operations with no input operands computed within the current set of work queue entries

being processed; all of the operations’ inputs, if any, are inputs to the program sequence 615.

[00232] In some embodiments, the ProgGen 600 determines the number of work queue

entries to process and their associated inputs and outputs during the scheduling pass on the
fly.
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[00233] In some embodiments, the ProgGen 600 chooses the type of processing
clement for the operations to be processed during this forward pass 609. In some
embodiments, the decision may be made earlier, such as during the backward pass 607, or
later, during the scheduling pass 611, any time before each operation is assigned to a
particular compute kernel. The ProgGen 600 is free to make the choice based on whatever
heuristics it wishes unless there is a separate restraint on the selection of a particular
processor or executor type from the C-Scheduler 300. For example, the C-Scheduler 300 may
require use of the CPU Interpreter for the computation of reference results. In some
embodiments, the ProgGen 600 may assign operations to the most efficient type of
processing element available based on data type. For example, single-precision operations
may be assigned to the GPU and double-precision operations may be assigned to the CPU. In
some embodiments, the decision may be based on more sophisticated criteria, such as
estimates of the efficiency of individual operations on the available targets, or predicted

memory residency of an operation’s inputs.

[00234] In some embodiments, the ProgGen 600 counts the number of unique
operations within the selected set of work queue entries producing values consumed by each
operation during this pass. For example, if an operation has two inputs but only one is
computed by another operation in one of the selected work queue entries, then the first
operation has a count of one. In other embodiments, this count may be computed in any other
pass of the ProgGen 600, provided that it is computed prior to the scheduling of any of an
operation’s producers. This count is used by the scheduling pass 611 to keep track of how

many producers of an operation have not yet been scheduled.

[00235] Scheduling Pass

[00236] The scheduling pass 611 packs operations from the work queue 304 into
compute kernels, translates the compute kernels into executable binaries, and builds the
program sequence 615. Additional details of the scheduling pass 611 are now described with
reference to Figure 6E, which is a flow chart of the scheduling pass. To maximize the
number of operations available for fusion, the ProgGen 600 generates programs for all ready
non-fusible operations (646) before processing any fusible operations. Next, the ProgGen
600 builds a program for at least some of the remaining fusible operations (648). In some
embodiments, the ProgGen 600 schedules as many operations as possible into the program

until none is left for fusion or the size of the program reaches a limit set by a processing
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clement. At that point, the ProgGen 600 compiles the program (650) and assembles the
program into binary code for a processing element (652). If the ProgGen 600 succeeds in
compilation and assembling (654, yes), the compiled program is instantiated and appended to
the current program sequence (660). Otherwise (654, no), the ProgGen 600 reduces the
number of operations in the program (656) and rolls back its scheduler state (658). The
ProgGen 600 attempts to compile and assemble the downsized program until success. The
ProgGen 600 repeats the process by alternating scheduling and code generation for fusible

and non-fusible operations until all operations are scheduled (662, yes).

[00237] In some embodiments, for some target architectures, certain operations require
both fusible and non-fusible portions. In this case, the ProgGen 600 may coerce the standard
alternation between scheduling fusible and non-fusible operations to schedule the fusible and

non-fusible sub-operations in a desired order.

[00238] The selection of operations to fuse together into a compute kernel can be
implemented by any of many different algorithms. In some embodiments, the algorithm for
fusing primitive operations into compute kernels might be very similar to algorithms used to
perform loop fusion. In some embodiments, a graph partitioning algorithm could be used to
find the minimum-cost way of dividing operations between compute kernels. However, these
schemes have several drawbacks. First, they are fairly complex. Second, they are relatively
costly, which is disadvantageous for a dynamic compiler. Third, in some embodiments, they
could potentially require recompiling and/or assembling several compute kernels in the event

of compilation and/or assembly failure for one kernel.

[00239] In some embodiments, a simpler algorithm similar to instruction scheduling is
used to assign operations to compute kernels, one kernel at a time. In such a scheme, the
ProgGen 600 essentially traverses the operation dependence graph in order to find operations
eligible for fusion. Operations are eligible to be fused into the compute kernel currently being
formed once all of their inputs are guaranteed to have been previously computed by this
compute kernel or a previously generated one, either in the program sequence currently being

created or in a previous one, and when other fusibility criteria are met, as discussed above.

[00240] In some embodiments, the ProgGen 600 starts the scheduling pass 611 (Figure
6A) with operations having no inputs computed within the current work queue, which are

also known as the “scheduling roots”, which were identified and collect during the forward
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pass (609). As operations are scheduled, dependences of the operations consuming their
results (called “consumers”) are satisfied. A non-root operation is ready to be scheduled once
all of the operations computing its inputs (called “producers”) have been scheduled. This
scheduling process accomplishes a pass over the live ports in the work queue entries in a
topological order, which may or may not be the same order in which the ports are inserted

into the work queue.

[00241] The way this procedure works is as follows. The ProgGen 600 maintains two
lists of operations, the non-fusible ready list and the fusible ready list. Each scheduling root is
inserted into one of the lists according to its fusibility. Multi-stage operations are enlisted
according to the fusibility of their first stages. Then, the ProgGen 600 begins its alternation
between non-fusible and fusible operations. It selects non-fusible operations from the non-
fusible ready queue one at a time and generates and/or selects the corresponding compute
kernels for each one, invoking corresponding hand-written kernel-selection routines as
needed. As each operation is processed, the producer count of each consumer of the
processed operation is decremented. Once the producer count of any consumer reaches zero,
that consumer may be appended to one of the two ready lists according to its fusibility. The
ProgGen 600 continues this process until the non-fusible ready list is empty. In some
embodiments, the ProgGen 600 may attempt to optimize the order of processing of the non-
fusible ready list according to a heuristic cost function. In some embodiments, the order in

which non-fusible operations are processed may be irrelevant.

[00242] For a non-fusible intrinsic operation, the code generator invoked by the
ProgGen 600 identifies which compute kernels should be loaded and determines their launch
specifications. It also adds any temporary buffers required to hold intermediate results to the
program sequence 615. In some embodiments, the code generator refers to the selected
kernels by name or by number. In some embodiments, the intrinsic compute kernels are in an
intrinsic libraries 700. In some embodiments, the intrinsic compute kernels are pre-compiled.
In some embodiments, the pre-compiled kernel binaries in the intrinsic libraries 700 are
compressed and/or encrypted. They need to be decompressed and/or decrypted when loaded

from a computer’s hard drive to its memory by the runtime system 10.

[00243] A similar procedure is then followed for the fusible ready list, except that the
ProgGen 600 attempts to form just a single compute kernel. When an operation is inserted

into the fusible ready list, or sometime prior to that, the ProgGen 600 must create a
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description of its fusibility criteria. In some embodiments, this information may include the
type, dimensionality, and sizes of the result of the operation. In some embodiments, it may
include the launch specification required by the operation’s implementation, such as the
number of processors, threads, loop iterations, or other units of work required. In some
embodiments, it may include an encoding of the structure of the algorithm used by the
operation. For example, in some embodiments, element-wise and reduction operations might
be fusible with like operations but not with each other, so each would require a different
algorithmic key during fusibility tests. In some embodiments, the fusibility criteria would
include a specification of whether the operation (or, for multi-stage operations, the sub-
operation) is fusible with producers and/or consumers. Such a criterion is simplistic, but takes
advantage of the fact that most primitive operations have element-wise access patterns and is
sufficient in systems not capable of transforming producer and/or consumer operations in

order to align element computations.

[00244] The ProgGen 600 searches the fusible ready list for the best candidate for
starting a compute kernel. In some embodiments, the heuristic for selecting the best candidate
may consider a number of factors. In some embodiments, the number of operations that may
be fused with the ready operation may be considered. In some embodiments, whether an
operation’s consumers may be fused with it may factor into the decision. In some
embodiments, the number of dependent operations may be used to drive the choice. In some
embodiments, the chosen type of processing element may factor into the decision. In some
embodiments, the selection may be based on these and/or other factors. In some
embodiments, the fusible ready list may be sorted according to these priorities, or may be
implemented as a priority queue where the highest-priority operation is selected. Once the
first operation, called the “seed”, is selected, subsequent ready operations that are compatible

must be tested for fusibility with this operation and selected.

[00245] In some embodiments, the ProgGen 600 uses heuristics to determine the next
operation to schedule. In some embodiments, these heuristics may be similar to those guiding
the choice of the seed operation. In some embodiments, other considerations may be more
important. For example, operations that have no inputs, such as index, are actually scheduled
as late as possible so that they can be fused with its consumer operations. In some
embodiments, operations are fusible with some of their producer operations but not others. In

this case, the ProgGen 600 may prefer to first schedule the non-fusible producer operations.
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In some embodiments, the ProgGen 600 fuses operations different iterations of a loop in the
application 20 to avoid producing programs that span multiple partial iterations. This
configuration can increase the hit rates of the trace cache 400 and the program cache 680,
reduce the number of data arrays written to memory, and help a user to understand the

transformations.

[00246] This scheduling process continues until the fusible ready list is emptied, none
of the operations remaining in the fusible ready list may be fused with those operations
comprising the compute kernel under construction, none of the operations in the fusible ready
list is deemed beneficial to add to the kernel, or certain kernel limitations are reached. In
some embodiments, these kernel limitations may be driven by hardware resource limitations,
as described above, such as the number of instructions. Since the kernel has not yet been
compiled and/or assembled, in some embodiments, the ProgGen 600 must estimate the
resources used by operations comprising the kernel under construction. For example, the
ProgGen 600 may use estimates from the primitive libraries 660 of the number of instructions
required for each operation to determine whether the hardware instruction limit has been

reached or not.

[00247] In some embodiments, the ProgGen 600 schedules multiple operations into
multiple compute kernels simultaneously. In this case, new compute kernels with are created
on-demand in the program sequence 615 when no suitable compute kernel exists. If possible,

operations are fused into existing compute kernels.

[00248] Code generation

[00249] Once all of the operations to comprise a kernel have been selected, the
ProgGen 600 generates code for the compute kernel. In some embodiments, the ProgGen 600
iterates over the scheduled operations in a topological data-flow order, i.e., the order in which
the operations are scheduled, such that all producer operations are processed before their
corresponding consumer operations, and invokes an operation-specific, target-specific code
generator for each operation to generate the source code fragments necessary to implement
the operation. The fragments may include code for the body of the compute kernel, variable
declarations, function declarations, and so on. Additionally, the ProgGen 600 inserts loads for
reading from arrays that are computed by prior programs or program sequences and stores for

writing into arrays that are not released or that are consumed by operations that have not been
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scheduled. For each result of an operation whose corresponding port has been released that
needs to be written to memory, a temporary buffer of the appropriate size is added to the
program sequence 615. Any input buffer read is also added to the input list for the kernel, and
any output buffer written is added to the output list for the kernel. After generating the source
code fragments for all operations, loads, and stores, the ProgGen 600 invokes a routine
targeting at a specific processor to combine the fragments and finalize the source code for the

compute kernel.

[00250] In some embodiments, the ProgGen 600 has different code generators for
different processing elements. The code generator for a particular processing element may be
implemented using routines that emit necessary syntactic elements, such as parameter and
variable declarations. By accumulating source code strings for various program regions
independently (e.g., variable declaration blocks and loop bodies), the source code for the

processing element may be generated directly.

[00251] Primitive libraries 660

[00252] In some embodiments, the source code for fusible primitive operations is in
primitive libraries 660 (Figure 1). The primitive libraries 660 contains the source code for
individual routines, instruction estimates for the routines, and a list of subroutines from the
primitive libraries 660 that must also be inserted. When a routine is requested for insertion,
the primitive libraries 660 checks whether that routine has already been inserted into the
current compute kernel and, if not, checks whether any subroutines need to be inserted. If so,
the subroutines are inserted, followed by the source code for the requested routine. This

process is performed recursively for the inserted subroutines.

[00253] In some embodiments, the instruction estimates are determined offline as the
primitive operations are parsed for insertion into the primitive libraries 660. For each
primitive operation, a dummy program is constructed that calls the primitive operation. The
dummy program is compiled for a processing element and instructions in the program are
counted. Overhead instructions are subtracted from the program and the estimated number of

instructions is recorded along with the source code in the primitive libraries 660.
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[00254] In some embodiments, the source code for the primitive operations in the
primitive library may be encrypted or otherwise obfuscated, such as by XOR-ing a particular

bit pattern with the source-code character strings.

[00255] Program Cache

[00256] In some embodiments, a program cache 680 (Figure 1) is associated with the
ProgGen 600. The program cache 680 is used for storing the binary compute kernels, or
programs, generated by of the GPU and/or CPU assemblers. If the C-Scheduler 300 fails to
find a matching program sequence in the trace cache 400 or macro cache 500, it may invoke
the ProgGen 600 to search the program cache 680 for programs identical to previously
generated programs. The data path 636 shown in Figure 6D is an exemplary invocation of
the program cache 680. One skilled in the art will appreciate that this approach works for

different processor architectures including multi-core CPU and GPU.

[00257] In some embodiments, the program cache lookup is accelerated using a

program’s source code as a first-stage lookup key.

[00258] Compilation
[00259] In some embodiments, the ProgGen 600 invokes the compiler and assembler

to perform code generation and compilation for a processing element architecture after the

source code is finalized (612), as shown by Figure 6D.

[00260] Figure 6D is a flowchart illustrating how different components of the runtime
system 10 transform an application program into the machine binary codes targeting at
specific processor architecture. The application program 621 may be written in one or more
programming languages, such as C/C++/Fortran90. The LSI 100 and the FE 200 (623)
convert API calls in the application into IR nodes stored in a work queue (625). The C-
Scheduler 300 invokes the ProgGen 600 to generate compiled program sequences for the

work queue entries corresponding to the application (627).

[00261] Recovery from Compilation and/or Assembly Failure

[00262] In some embodiments, if an initial attempt by the ProgGen 600 to compile or
assemble a program sequence for a processing element fails because of e.g., hardware

limitations, the ProgGen 600 may re-generate the program sequence with a set of tighter
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constraints on code fusion and/or program size. In some embodiments, the constraints
become monotonically tighter during successive invocations to increase the chance of a
successful compilation. In some embodiments, only the failing program needs to be
regenerated and recompiled and/or reassembled and the previously compiled and assembled
programs in the program sequence may be retained. In some embodiments, the operations
comprising the failed kernel are split into two kernels using a process different from the

original scheduling process, such as graph partitioning.

[00263] Creation of the Launch Specification

[00264] The ProgGen 600 is responsible for determining how a compute kernel within
a program sequence should be launched on its processing element(s), such as the number of
processors of the parallel-processing system and the number of cores and/or threads per
processor used for executing the program. In some embodiments, the ProgGen 600 is also
responsible for determining the workload among different processors, threads, loop iterations,
etc. In some embodiments, the ProgGen 600 determines the distribution of work and/or data
into parcels, but not the mapping of those parcels to specific hardware resources, such as

processors or cores, which is left to the E-Scheduler 800 and/or Executors 900.

[00265] In some embodiments, the launch specification 615-5 (Figure 6B) can be
created for individual operations and is generated for each operation prior to fusion. In some
embodiments, the launch specification is used as part of the criteria to determine whether two
operations are fusible. In some embodiments, the launch specification is created after a
compute kernel is formed, so that characteristics of the whole compute kernel, such as the

total number of instructions, may be considered when computing the launch specification.

[00266] Construction of the Program Sequence

[00267] Referring to Figure 6A, the ProgGen 600 accumulates the generated compute
kernels as part of a program sequence to be returned to the C-Scheduler 300 (613) as they are
completed. In some embodiments, input and output buffers of the program sequence 615 are
determined prior to the scheduling pass 611. In some embodiments, they are determined
during the scheduling pass 611. Temporary buffers are added to the program sequence 615
during the scheduling pass 611 because that is when compute kernels are selected and/or

generated.
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[00268] In some embodiments, the ProgGen 600 returns a partially constructed
program sequence to the C-Scheduler 300 and a callback routine or object. The C-Scheduler
300 then inserts the partially constructed program sequence into either the trace cache 400 or
the macro cache 500 as it normally does and forwards the partially constructed program
sequence to the E-Scheduler 800, which may, in turn, forward compute kernels from the
program sequence or even the entire program sequence to the appropriate Executors 900.
Afterward, the C-Scheduler 300 invokes the callback to invoke the ProgGen 600 to complete
the program sequence. In some embodiments, as the ProgGen 600 completes the compute
kernels in the sequence, it signals their completion directly to the appropriate Executors 900.
The ProgGen 600 also returns to the C-Scheduler 300 the control over the completed program
sequence. This configuration allows the generation of a program sequence in parallel with its
execution, while allowing the ProgGen 600 to operate in the same thread as the C-Scheduler
300. In some other embodiments, the ProgGen 600 operates in a different thread from the C-
Scheduler 300.

[00269] Example
[00270] As noted above, Figure 2E shows an example pseudo-code sequence input to

the LSI 100. Figure 2G shows the graph of the corresponding IR nodes output by the FE 200.

Figure 2H shows the operations inserted into the work queue 304.

[00271] Assume that the C-Scheduler 300 invokes the ProgGen 600 after the insertion
of “Release F” entry into the work queue 304. Initially, the ProgGen 600 analyzes the work
queue 304 to determine whether it should generate a program sequence 615 for the current
work queue entries. In this particular case, the first operation in the work queue 304 is
fusible. There are only a small number of operations in the work queue and the operations in
the work queue have low computational intensity. Therefore, the ProgGen 600 may choose

not to generate a program sequence 615 and return its decision to the C-Scheduler 300.

[00272] Suppose that the next operation request from the application is a read of G. In
this situation, the C-Scheduler 300 invokes the ProgGen 600 again and, in some
embodiments, compels the ProgGen 600 to generate a program sequence 615 for the current
contents of the work queue 304. Thus, the ProgGen 600 iterates backwards over the work
queue 304 beginning with the last entry (607). It records the “Release F’ entry at the work-

queue position 4 in a hash table indexed by port and then creates an entry in the hash table for
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the port corresponding to G, which is computed by operations in the current work queue and
is therefore alive. The ProgGen 600 then records the “Release C” entry in the hash table.
Next, the ProgGen 600 processes the compute entry for F. Note that F is alive because it is
computed by the current work queue and consumed by the operation corresponding to G.
Finally, the ProgGen 600 processes the compute entry for C, which is alive because it is

computed by the current work queue and consumed by the operation that computes F.

[00273] Following the backward pass 607, the ProgGen 600 analyzes the number of
operations in the work queue 304, the memory consumption of the operations, and the
number of instructions required by the operations (608). Because arrays C and F are
released, the ProgGen 600 assumes that they do not require memory allocation. Arrays A, B,
D, and E are identified as inputs because they are not determined by the current work queue
entries. G is identified as an output because it is not released within the work queue 304.
The total memory space required by the operations is dependent upon the size of arrays A, B,
D, E, and G. If the ProgGen 600 determines that the amount of required memory space by
the program sequence 615 is not excessive, it may decide to consume the entire work queue

304.

[00274] In some embodiments, the ProgGen 600 iterates forward over the work queue
entries (609). While doing so, the ProgGen 600 collects the input ports (A, B, E, and D) to
the program sequence 615 in the order in which they are referenced by the operations in the
work queue 304. In some embodiments, the ProgGen 600 also collects the output ports G.

To facilitate reuse of the program sequence 615 with different buffers of the size, the
ProgGen 600 records the inputs and outputs of the program sequence as lists of ports to return

to the C-Scheduler 300 and as abstract specifications of buffers in the program sequence 615.

[00275] In this case, the operation corresponding to C is identified as the scheduling
root because it is the only operation in the work queue 304 that does not depend on the result
of another operation in the work queue 304. In some embodiments, the ProgGen 600 also
chooses processing elements for the program sequence during this forward pass. For
illustrative purpose, it is assumed that all the operations in the program sequence are to be
performed on single precision floating-point data and the program sequence is therefore

assigned to a GPU.
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[00276] In some embodiments, the ProgGen 600 is also responsible for determining
the number of unscheduled producers for each operation during the forward pass. In this
example, C has none, F has one unscheduled producer (C), and G has one unscheduled

producer (F).

[00277] During the scheduling pass (611), the ProgGen 600 adds the scheduling root C
to the fusible-ready list and creates its launch specification for the targeted processor or
coprocessor (i.e., the GPU). In some embodiments, the launch specification on the GPU
depends on the dimensions of the output array and the GPU computes in terms of four
clements at a time. Assuming that the array C has size 100 x 200, the launch specification

therefore specifies a 25 x 200 pixel rectangle.

[00278] In this example, because there are neither non-fusible operations nor other
fusible-ready operations, C is removed from the fusible-ready list and used as the seed for a
compute kernel. The producer count of F that consumes C is then decremented to zero.
Next, F is appended to the fusible-ready list, removed from the fusible-ready list, and
scheduled in the current compute kernel. The same process then applies to G and other

consumer arrays until no schedulable operations remain.

[00279] In some embodiments, the ProgGen 600 then invokes an operation-specific,
target processor-specific code generator for each scheduled operation in the scheduled order,
i.e., C, then F, and then G. For illustrative purpose, all the operations herein are primitive
operations. Therefore, for each operation, the code generator creates a temporary variable,
generates a statement including the temporary variable to compute the result, and appends the
statement to the kernel body. In some embodiments, the primitive operations are retrieved
from the primitive library 660, the definitions for the primitive operations are accumulated
and calls to the primitive operations are generated and appended to the kernel body. After
generating the code for all of the operations, the ProgGen 600 then adds the main function

body and input declarations to the kernel body.

[00280] Figure 6C shows the GPU source code of a compute kernel 617 generated by
the ProgGen 600 for the code segment shown in Figure 2E. Note that the code segment in
Figure 2D is an array-level expression. In some embodiments, the GPU source code is an
array element-level expression. The ProgGen 600 invokes the GPU compiler 620 to compile

the source code into an assembly code. The GPU assembler 640 then converts the assembly
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code into a GPU machine binary code. In some embodiments, this GPU machine binary code
is part of a compiled program sequence to be stored in the trace cache 400 or macro cache
500 and to be executed on the GPU. In some embodiments, the ProgGen 600 also inserts the
GPU machine binary code into the Program Cache 680 and appended the GPU machine
binary code to the program sequence 615 along with its input and output specifications and
its launch specification. Since no operations remain to be processed in this example, the
ProgGen 600 returns the completed program sequence 615 and lists of input and output ports
to the C-Scheduler 300 as well as the number of entries to be removed from the work queue
304 and the number of entries for the corresponding trace cache key, which are 5 in this

example.
E-Scheduler 800 and Executors 900

[00281] As noted above, the FE 200, the C-Scheduler 300 and the ProgGen 600
generate a dependency relationship between different program sequences and different
programs within the same program sequence. The E-Scheduler 800 is responsible for
dynamically managing the dependency relationship as it arranges for execution of the

program sequences through different executors 900.

[00282] In some embodiments, the E-Scheduler 800 is responsible for scheduling the
execution of program sequences and returning the execution results to the application 20. For
a sequence of programs, the E-Scheduler 800 is configured to choose one or more executors
900, dispatch programs to the executors, move data between the GPU memory spaces 940
and the main CPU’s system memory 950, and synchronize the executors to ensure that the
programs are executed in a predefined order. In some embodiments, the E-Scheduler 800 is
also partially responsible for implementing some internal result comparison features, which
may be used in the context of reference result generation and/or program debugging. In some
embodiments (as shown in Figure 1), the E-Scheduler 800 operates in its own thread to

enable job scheduling even if the other threads of the runtime system 10 are busy.

[00283] Figure 7A is an overview flowchart of the E-Scheduler 800. The E-Scheduler
800 is configured to receive either data movement requests directly from the FE 200 (702) or
execution requests from the C-Scheduler 300 (704). In some embodiments, these requests
are posted in a message queue accessible to the E-Scheduler 800 and processed in the E-

Scheduler’s main processing loop. The E-Scheduler 800 synchronizes different requests to

79



10

15

20

25

30

WO 2007/149884 PCT/US2007/071600

ensure that input data required by one operation is already available at a predefined location

before the operation is started (706).

[00284] In some embodiments, upon receipt of a request, the E-Scheduler places the
request’s outputs in a data structure called the “pending operation table”, each output having
a corresponding entry in the pending operation table. If the E-Scheduler 800 cannot start an
operation immediately (e.g., if its input is not ready), that operation is suspended and
associated with an entry in the pending operation table. The entry corresponds to an output
of another operation and that output is the missing input to the suspended operation. When
the other operation completes, the entry corresponding to its output is then removed from the
pending operation table. The suspended operation that has been associated with the output is
then retried. A more detailed description of the pending operation table is provided below in

connection with Figure 7C.

[00285] In some embodiments, a request is either entirely processed in the E-Scheduler
800, or partially processed by the E-Scheduler 800 and then dispatched to one of the
executors 900 (708). An executor receiving a request either completes the request
immediately or merely returns a completion signal via an asynchronous callback. In some
embodiments, there is no distinction between the two possible outcomes from the E-
Scheduler’s perspective. In either case, the E-Scheduler 800 can safely assume that the
executor is ready to accept new assignments. If a request causes the E-Scheduler 800 to
suspend while waiting for a predefined condition (e.g., for a buffer to become available), the
E-Scheduler 800 also inserts the request into the pending operation table (e.g., associating the
request with the buffer that the E-Scheduler 800 is waiting), and re-processes the request

when the predefined condition is satisfied.

[00286] In some embodiments, as shown in Figure 7A, the E-Scheduler 800 includes
one or more “process” functions for processing request messages stored in a message queue
associated with the E-Scheduler 800. For each request message, the “process” functions
prepare its associated input and output buffers and ultimately invoke one or more “launch”
functions associated with the E-Scheduler 800. Exemplary “process” and “launch” functions

714-717 are shown in Figure 7B.

[00287] In some embodiments, the “process” functions are responsible for inserting

data movement requests into predefined locations in the message queue to ensure that input
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buffers required by different operations are at the required locations before any operation is
launched. The “process” functions are also responsible for allocating input and output data

buffer handles for operations as well as initiating data movement operations if necessary.

[00288] In some embodiments, each output buffer has an entry in the pending
operation table if its handle is not yet marked as “done” and/or may be referenced by
subsequent operations. If all inputs and outputs are allocated appropriately (including
temporary buffers if necessary), the requests are sent to the “launch” functions of the E-

Scheduler 800.

[00289] In some embodiments, the “launch” functions are responsible for processing
requests that may have been deferred. The “launch” functions can be invoked either through
original processing of a request message or by replaying a deferred operation that has been
recorded in the pending operation table. In either case, the requests’ output operands (if any)
should be allocated prior to invocation of the “launch” functions. In some embodiments, this
is achieved in a “process” function that first invokes a “launch” function for a particular

operation.

[00290] In some embodiments, the “launch” functions first check whether their inputs
are ready. If the inputs are not ready, the E-Scheduler 800 places a deferred operation entry
in the pending operation table. In some embodiments, the entry is indexed by the first input
buffer that is ready. Operations are not deferred more than once per input. When all inputs
are ready, the actual operation is launched. When launching an operation, the E-Scheduler
800 sends a request to one of the executors 900. If the executor performs an operation
asynchronously, the E-Scheduler 800 is configured to receive an operation completion

callback from the executor and mark the corresponding output buffer handles as being ready.

[00291] In some embodiments, the pending operation table is indexed by the handle of
a buffer that needs to be finished before the deferred operation can proceed. When an
operation completion callback corresponding to an operation is received, the E-Scheduler 800
marks the output buffer handles produced by the operation as being ”completed”. Thus, any

deferred operations depending on any of those handles are re-tried.

[00292] Figure 7B illustrates how the E-Scheduler 800 arranges for execution of a

program sequence 712 it receives from the C-Scheduler 300. For illustrative purpose, the
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program sequence 712 is depicted as a block diagram to match a corresponding DAG 710.
The DAG 710 includes two root input ports, one output port, and several intermediate ports.
Some of the intermediate ports receive inputs from the root input or other intermediate ports.
The program sequence 712 includes three programs (or compute kernels) A, B, and C.
Program A has two inputs I 0, I 1 and one temporary output T_0. Program B has two inputs
I 0,1 1 and another temporary output T 1. Program C has the two temporary outputs T 0,

T 1 as its inputs and generates one output O 0.

[00293] The two pseudo codes in Figure 7B summarize the E-Scheduler’s use of the
pending operation table as described above. In particular, the pseudo code 714 illustrates a
simplified version of a “process” function for adding new entries to the pending operation
table as it processes a program sequence (issues such as allocating data-buffer handles and
initiating data movement between executors are ignored here for simplicity). The pseudo
code 716 illustrates a simplified version of another “process” function for eliminating entries
from the pending operation table as it processes an operation completion callback returned by
an executor 900. At the core of two pseudo codes are the “launch” functions 715, 717, which
determine whether all the inputs are ready and the operation can be issued to a respective

executor, or whether the operation needs to be (re)inserted into the pending operation table.

[00294] Figure 7C illustrates how the E-Scheduler 800 processes the program
sequence 712 in accordance with the two pseudo codes 714, 716. Initially, the E-Scheduler
800 inserts three new entries into the pending operation table 722 according to the pseudo
code 714, one entry for each output of an individual program A, B, or C in the program
sequence 712 . In this example, because the inputs I 0 and I 1 are ready, the E-Scheduler
submits the two programs A and B to one or more executors for execution to compute the
two temporary outputs T 0 and T 1. But when the E-Scheduler 800 attempts to process the
entry “O_0” in the table 722 that corresponds to the program C, it may have to first
associated the program C with one of the two entries “T 0 and “T_1” because neither may

have been determined yet.

[00295] For illustrative purpose, assume that the E-Scheduler 800 updates the pending
operation table 724 by associating the program C with the first entry “T_0” that is associated
with the program A. Further assume that an executor 900 responsible for executing the
program A subsequently invokes a callback to the E-Scheduler 800, indicating that the

program A has been executed and therefore the temporary output T 0 is available. In this
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case, according to the pseudo code 716, the E-Scheduler 800 removes the first entry “T_0”
from the pending operation table 726 (as shown by the “x” drawn through that entry) and
replays operation(s) that depends on the temporary output T 0. But the E-Scheduler 800 may
find that it cannot submit the program C to any executor because the E-Scheduler 800 has not
yet received a callback indicating that the program B has been executed from the same or
another executor responsible for executing the program B. The E-Scheduler 800 then updates

the pending operation table 728 by associating the program C with the entry “T 17

[00296] After receiving the second callback associated with the program B, the E-
Scheduler 800 removes the “T_1” entry from the pending operation table 730. At this time,
because the two inputs T 0, T 1 to the program C are both ready, the E-Scheduler 800 can
submit the program C to an executor for execution. Note that the aforementioned example is
only for illustrative purpose. In some embodiments, there is no fixed order in which
independent programs within a program sequence are executed at different executors. It is
therefore completely possible for the program B to be executed before the program A under a
different situation. But one skilled in the art will understand that the underlying principle

remains the same.

[00297] An executor 900 is a software module that manages execution of programs, or
compute kernels, on one or more similar functional units within a processing element of a
parallel-processing computer system. In some embodiments, the functional units managed by
a single executor 900 may share the same memory space associated with the host processing
element. The executor 900 may be responsible for managing the memory space if it is
distinct from the parallel-processing computer system’s main system memory (e.g., the CPU
memory 950 shown in Figure 1). In some embodiments, the executor 900 is responsible for
initiating data transfers between the parallel-processing computer system’s main system
memory and the host processing element’s memory space. In some embodiments, the

executors 900 are chosen and initialized by the supervisor 80.

[00298] Figure 7D is a block diagram illustrating the information exchange between
the E-Scheduler 800 and the respective executors 900. For simplicity, the E-Scheduler 800
communicates with two types of executors, GPU executors 900-1 and CPU executors 900-2,
cach executor having an associated input buffer 733-1, 733-2 for storing data array operation

messages from the E-Scheduler 800.
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[00299] In some embodiments, the E-Scheduler 800 submits to the executors 900-1,
900-2 different types of data array operation messages 731-1, 731-2 including, but not limited
to, “Move Data In”, “Compute_Data”, “Compute _Sequential”, and “Move Data Out”. An
executor 900 notifies the E-Scheduler 800 of its receipt and completion of the data array

operation messages via callback messages 735-1, 735-2.

[00300] The message “Move Data In” requests that an executor move data from a
buffer in the main system memory 738 into the memory space of a processor associated with
the executor. The message “Compute Data” requests that the executor execute a single
program or intrinsic operation on the processor. The message “Compute Sequential”
requests that the executor perform a set of operations on the processor in a specific order.
The message “Move Data_Out” requests that the executor move data from the processor’s

local memory space to the main system memory space.

[00301] In some embodiments, some executors (e.g., the CPU executors 900-2) may
share the main system memory 738 with the application 20. Messages such as

“Move Data In” and “Move Data Out” are therefore optional. The CPU executors 900-2
can perform operations associated with the “Compute Data” and “Compute_Sequential”

messages directly in the main system memory space 738.

[00302] By contrast, some other executors (e.g., the GPU executors 900-1) manage
GPUs 736-1, each having its own local memory space 738-1. In this case, the E-Scheduler
800 may send to the GPU executors 900-1 messages such as “Move Data In” and

“Move Data Out” to cause data movement between one GPU’s local memory space 738-1

and the main system memory space 738 or another GPU’s local memory space.

[00303] In some embodiments, upon receipt of an operation message from the E-
Scheduler 800, the GPU executors 900-1 allocate space in their local memory space 738-1 for
objects to be processed. In some embodiments, a GPU executor 900-1 initiates a hardware
direct memory access (DMA) to the data identified by the E-Scheduler 800 and launches
computational tasks on a GPU. The GPU executor 900-1 is also responsible for tracking the

completion of a designated task on the corresponding GPU.

[00304] In some embodiments, as shown in Figure 2D, the callback messages 735-1,

735-2 from the executors 900 to the E-Scheduler 800 fall into one of two categories: (i) early
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acknowledgement callback messages that allow the E-Scheduler 800 to dispatch operations
that are dependent upon the operation being acknowledged by the callback messages, (ii) and
final completion messages that allow the E-Scheduler 800 to de-allocate resources held by
the operations that have been completed. For example, the “Move Data In” and
“Compute_Data” messages enable the GPU executors 900-1 to operate in parallel with the E-
Scheduler 800 using early acknowledgement callback messages. In some embodiments,
carly acknowledgement and final completion messages are encapsulated into a single
message. For example, the “Move Data Out” and “Compute Sequential” messages are

more efficiently handled with a single callback message.

[00305] As noted above, the E-Scheduler 800 is responsible for dynamically managing
the dependency relationship between different program sequences and programs within the
same sequence. Therefore, an executor can execute programs it receives from the E-
Scheduler 800 in an arbitrary order. In some embodiments, the executor chooses an

execution order that may generate the highest yield for a given computer system.

[00306] Figure 7E is a block diagram illustrating the order of executing a set of
operations by a GPU executor. The GPU executor is configured to complete seven
operations that correspond to ports A through G at different locations of a DAG 738. The
root level of the DAG 738 includes three ports A, B, and C. For illustrative purposes, assume
that the operation associated with the port A is an operation that requires frequent accesses to
the main system memory space 738, the operation associated with the port C is an operation
that involves intensive computation at the GPU 736-1, and the operation associated with the
port B is a balanced operation that includes both access to the main system memory 738 and
computation on the GPU 736-1. Therefore, given the GPU’s limited memory access
bandwidth and computational capacity, the executor may achieve the best performance by

first executing operations associated with A and C.

[00307] In some embodiments, the main system memory space 738 is used as a backup
for a GPU’s local memory space 738-1 or for data transfer between two GPUs’ local memory
spaces 738-1. In some embodiments, if the memory allocation requests for a particular
GPU’s local memory space 738-1 exceed its physical limit, the corresponding GPU executor
900-1 can temporarily move some data from the GPU’s local memory space 738-1 to the

main system memory space 738.
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[00308] In some embodiments, as shown in Figure 7D, the runtime system 10 includes
a special type of executor called “interpreter” 900-3, which can be one of the CPU executors
900-2 that has access to the main system memory space 738 but does not allocate its own

buffers in the main system memory space 738.

[00309] In some embodiments, the interpreter 900-3 operates in two basic modes: (i)
“sequential mode” in which the interpreter 900-3 processes one operation at a time on one
CPU 736-2 and (i1) “parallel mode” in which the ProgGen 600 performs just-in-time (JIT)
compilation of multiple operations and the interpreter 900-3 then arranges for execution of
the resulting compute kernels across multiple CPUs 736-2. In some embodiments, the
sequential mode is used for generating reference results. The parallel mode is used for
achieving a high performance by either distributing the workload to multiple pre-allocated
and/or dynamically-allocated threads or calling into existing multi-threaded math libraries

such as MKL.

[00310] In some embodiments, there is an interface between the GPU executor 900-1
and the GPU 736-1 (e.g., the GPU driver libraries 920 in Figure 1). The interface enables the
GPU executor 900-1 to access and/or control the GPU’s local memory space 738-1.
Exemplary low-level GPU interfaces include GPU driver libraries provided respective GPU
vendor, such as ATI’s CTM and nVIDIA’s CUDA.

[00311] In some embodiments, the interface provides a mechanism for the GPU
executor 900-1 to enumerate the graphics cards on a computer system, to discover the
resources associated with each graphics card, and to connect to one or more of them. In some
embodiments, the GPU executor 900-1 connects to one or more GPUs after discovery via the

Supervisor 80,.

[00312] In some embodiments, the GPU executor 900-1 is responsible for allocating
and de-allocating objects such as command buffers, program constants, programs, and buffers
in several classes of memory. Exemplary classes of memory include Cached System
Memory, Uncached System Memory, and GPU local memory 738-1. Cached System
Memory, and Uncached System Memory are accessible by both the GPUs 736-1 and CPUs
736-2 but differ in whether the CPUs 736-2 are able to cache elements in them.
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[00313] In some embodiments, the two types of system memory are parts of the
ordinary main memory of a main processing element (e.g., CPU). The GPU memory 738-1

is directly accessible by a GPU 736-1. Elements in this memory are either copied in by the
GPU 736-1 via one of the two types of system memory or directly generated by the GPU
736-1. In some embodiments, the GPU memory 738-1 is faster for GPU calculations than the
system memory. The relative offsets of objects within the GPU and system memories affect
the amount of time required for the GPUs 736-1 or CPUs 736-2 to perform an operation on
those objects. In some embodiments, these classes of memories may consist of multiple non-
contiguous extents. Other memory types with other properties may also be managed by the

executor 900.

[00314] In some embodiments, a GPU interface such as ATI’s CTM provides the GPU
Executor 900-1 with a model of interacting with the GPU 736-1 by building and sending
command buffers of operations that execute in sequence. Each operation in the command
buffer changes the GPU state and launches a compute kernel in parallel on one or more
processing elements managed by the GPU executor 900-1 in accordance with the launch
specification associated with the compute kernel. In some embodiments, the operation copies

an object from a location within one memory extent to another.

[00315] In some embodiments, the GPU executor 900-1 packs operations into the
command buffer until it is full and then sends the command buffer via the low-level interface
to the GPU 736-1. The GPU executor 900-1 may order the commands to minimize the total
number of commands in the command buffer, the time required for state changes in the

command buffer, and the amount of time required for transferring data back at the CPU.

[00316] In some embodiments, for each command buffer built and submitted to the
GPU 736-1, the GPU executor 900-1 maintains a Completion List of the commands in the
command buffer and the operations to be performed upon the completion of a command.
After the GPU 736-1 completes the operations in the command buffer (as defined within the
GPU interface), the GPU executor 900-1 prepares and sends the callback messages 735-1 to
the E-Scheduler 800.

[00317] In some embodiments, one operation executed by the GPU 736-1 requires
additional operations to be sent to the GPU 736-1. For example, a copy of data may be

performed in multiple pieces if either the sending or receiving memory extent is smaller than
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the total amount of data to be copied. In this case, the additional operations are packed into

the current command buffer along with the remainder of work to complete this operation.

[00318] In some other embodiments, the command buffer in connection with a GPU
interface (e.g., nVIDIA’s CUDA) may be hidden behind the interface. The GPU executor

900-1 may indirectly process the command buffer.

[00319] In some embodiments, the GPU executor 900-1 allocates buffers in different
memory banks of the GPU’s local memory space 738-1 such that the GPU executor 900-1
can access the multiple buffers simultaneously. In some embodiments, these allocated
buffers are spaced apart from each other as far as possible so as to provide maximal

independence when not all memory banks are used.

[00320] In some embodiments, the GPU executor 900-1 specifies in the launch
specification of a compute kernel targeting the GPU 736-1 that all buffers and objects
referred to by the kernel be present in a memory space accessible by the GPU 736-1. If a
buffer is not present, the GPU executor 900-1 may synthesize a “Move Data In” message

and submit the message to the GPU 736-1 in advance.

[00321] In some embodiments, the E-Scheduler 800 may send a sequence of Compute
messages to the executors 900 that is not appropriate for execution with a single layout of
buffers in the GPU Memory, Cached System Memory, and Uncached System Memory.
Accordingly, the executors 900 may reorder the Compute messages and insert intermediate
swap messages into the messages. In some embodiments, the intermediate swap messages
cause a “Move_Data Out” operation of a currently unused buffer to the system memory
managed by the C-Scheduler 300, free the memory managed by the executors 900, and
perform a “Move Data In” operation of the buffer. Note that there are many well known
algorithms for ordering the Compute messages and selecting which buffer to perform a

“Move Data Out” operation.
Profiler

[00322] In some embodiments, one or more programming tools can be used for
developing an application that takes full advantage of the runtime system 10. The profiler is

one of such tools.
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[00323] A profiler is responsible for measuring an application’s performance as it is
being executed on the runtime system 10, such as the frequency and duration of functional
API calls into the runtime system 10 and their corresponding locations in the source code of
the application 20. In some embodiments, the profiler may use a wide variety of techniques
to collect data, including hardware interrupts, code instrumentation, operating system hooks,

and performance counters.

[00324] Figure 8A is an overview block diagram illustrating data flow from different
components of the runtime system 10 into a profiler 809. In some embodiments, the profiler
809 includes a collector 811, an analyzer 815, and a viewer 817. The collector 811 is
responsible for collecting performance-related information from different components of the
runtime system 10 including the C-Scheduler 300, the ProgGen 600, the E-Scheduler 800,

and the executors 900 while the runtime system 10 executes the application 20.

[00325] In some embodiments, the performance-related information includes raw data
relating to various application execution characteristics from running the application 20 in the

runtime system 10, including:

e Computational performance data, such as the amount of time spent performing

operations on a processing clement of the parallel-processing computer system.

e Data transfer performance data, such as the amount of data transferred between a
main master processor (e.g., main CPU) and other slave processors (e.g., GPUs,

CPUs, coprocessors, Cell, etc.).

e The runtime system’s execution information, such as just-in-time compilation

overhead.

e Workload distribution and partitioning information, such as how a sequence of

operation requests is partitioned and how each partition performs individually.

[00326] In some embodiments, the profiler 809 separates data collection from data
visualization. This configuration allows the performance data to be collected for various
application execution runs at one point in time and analyzed at another point in time. This

configuration also allows data associated with different application execution runs to be
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compared to each other and to be examined for performance anomalies between different

application execution runs.

[00327] In some embodiments, the collector 811 runs in parallel to the runtime system
10. It is configured to add little overhead to the runtime system 10 so as to reveal the
system’s actual performance. For example, the collector 811 collects data for individual
dynamically-generated compute kernels that are executed on an individual processor of the
parallel-processing computer system. This configuration allows a deeper understanding of
how the original sequential source code is partitioned and distributed on the different

processors of the parallel-processing computer system.

[00328] The collected performance data is stored in, e.g., a database 813. In some
embodiments, the database 813 is implemented as a repository of profiling output files
arranged in a hierarchical file structure in a platform-independent format. This configuration
allows the data collection to be performed on one platform, and the data analysis and
visualization to be performed on another platform. It also allows the comparison of data from

different platforms and from different system configurations.

[00329] In some embodiments, analyzing the performance data at the processor level is
not the most convenient approach for tuning the source code of an application 20, because the
runtime system 10 dynamically partitions and parallelizes the application 20 into multiple
parallel compute kernels of binary codes that are executed on potentially different processors.
Therefore, the analyzer 815 may map the performance data gathered for these individual
compute kernels back to the original source code of the application 20. This configuration
allows the tuning of the application 20 without the necessity to understand how its source

code is partitioned and distributed in the runtime system 10.

[00330] In some embodiments, the analyzer 815 is responsible for transforming the
performance information amassed by the collector 809 into one or more performance reports.

In some embodiments, the performance reports include:

e A summary report containing a set of high-level measurements, such as the number
of API calls or number of compute kernel executions. This report includes the time

spent performing computations, I/O (including data transfer and paging), and other
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runtime system operations (such as compilation and compute kernel look up in the

trace cache 400 and macro cache 500).

e A compute report containing measurements of computational performance, such as
time spent computing, rate of computation, and the numbers of arrays read from or
written into a processing element’s memory space. The compute report also reveals
the number of times an API call and resulting compute kernel are specialized for

specific parameter or operand values.

e An I/O Report containing several measurements of /0 operations, such as the size
of data transfers and time spent performing them. The I/O Report also reports on
paging (e.g., system-initiated data transfer to or from a processor of the parallel-
processing computer system) and the number of arrays read from and written to the

pI'OCGSSOI"S memaory Spacce.

e A runtime system report that focuses on compute kernel compilation and usage,
such as compilation time and reuse of compute kernels that have been previously

compiled and cached (Cache Look-ups, Look-up Time, and Cache Misses).

[00331] A user can look at the performance reports using the viewer 817 to identify
performance issues associated with the application 20. In some embodiments, the viewer 817
is a simple text editor if the performance reports are written in plain text. In some other
embodiments, the viewer 817 presents a graphical representation of the application’s

performance using the performance reports.

[00332] Figure 8B is a block diagram illustrating the data structure of a PC record
generated by the collector 811. For each API call processed by the runtime system 10, the
collector 811 generates a PC record 821. The PC record 821 includes a program counter 823
corresponding to the API call, the line number 825 of the source code corresponding to the
API call, the file name 827 including the source code, and one or more execution counters
829. The execution counters 829 are used for estimating the resources and time spent by the
runtime system 10 that can be directly attributed back to the program counter 823 associated
with the API call. Exemplary execution counters are associated with those API calls that are

not sent through the ProgGen 600, such as write and read.
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[00333] In some embodiments, as noted above, the ProgGen 600 dynamically
generates a compiled program (or compute kernel) that may correspond to one or multiple
API calls. The C-Scheduler 300 submits the compute kernel to the E-Scheduler 800. The E-
Scheduler 800 then chooses specific executors for executing the compute kernel. Based on
the execution results, the collector 811 generates a compute kernel (CK) record for the

compute kernel.

[00334] Figure 8C is a block diagram illustrating the data structure of a CK record 831.
The CK record 831 includes one or more execution counters 835 associated with the compute
kernel. The execution counters 835 are used for estimating the resources spent by the
runtime system 10 in connection with the execution of the compute kernel, which cannot be
attributed back to a single program counter. For example, if the ProgGen 600 fuses two
multiplies together (each of which has its own PC) into a single compute kernel, which is
then executed on a GPU, it is difficult to directly attribute the GPU time spent for each

multiply on the GPU back to the two program counters.

[00335] On the other hand, a compute kernel corresponds to at least one program
counter associated with an API call in the source code. Therefore, it is possible to attribute
the CK execution counters 835 back to the execution counters 829 in each PC record 821. To
do so, the CK record 831 includes an array of data structures 833, each data structure
including at least one pointer to a corresponding PC record 821 and a weight for estimating
the relative cost of performing the API call corresponding to the PC. In some embodiments,
the sum of the total weights associated with different data structures 833 in the CK record
831 1s 1.0. In some embodiments, the ProgGen 600 is responsible for estimating a weight
based on the particular operation and the array size associated with a compute kernel. In
some other embodiments, the weight of a compute kernel is dynamically determined based

upon the kernel’s actual performance values.

[00336] In some embodiments, one execution of the application 20 with the profiler
809 enabled generates one set of CK records and PC records in the database 813. After a
repeatedly execution of the application 20, the database 813 accumulates a predefined
amount of information, which is sufficient for the analyzer 815 to characterize the

application’s performance.
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[00337] In some embodiments, the analyzer 815 is executed offline, which attributes
the program sequences execution counters back to the API calls in the source code of the
application 20 using the data structures shown in Figures 8B and 8C. For example, the
Total GPU_Time of a CK record is divided among the member PCs based on their respective
numbers of instructions. In some embodiments, one PC may be associated with multiple
compute kernels or even multiple program sequences. The ultimate GPU_Time of a
particular PC at the application level is the sum of the GPU time of the same PC among all
the CK records that include this particular PC.

[00338] In some embodiments, the analyzer 815 generates a performance report that
includes one or more PC-level execution counters, some of which are actual values and some
of which are estimates derived from the corresponding CK records. Because the performance
report includes the file name and line number of the source code for each PC, an application
developer can use the performance report to fine-tune the application to achieve a better

performance.
Debugger

[00339] Program debugger is another tool used for monitoring the execution of the

application 20 using the runtime system 10.

[00340] In some embodiments, the debugger is used for generating a reference result
on a reference processor (e.g., CPU). It is assumed that the reference processor can generate
an accurate result for a given operation. The reference result is compared with an optimized
result generated on a second processing element (e.g., GPU) for the same operation.
Discrepancies between the two results can be used to identify errors in the runtime system 10

and improve its accuracy on the processing element.

[00341] Figure 9A is block diagram illustrating the relationship between ports
associated with a reference result and ports associated an optimized result. If the application
20 is executed with the “reference result generation” debug option, the runtime system 10 (in
particular, the FE 200) generates two sets of ports, one set of reference ports 904 used for
generating the reference result and one set of optimized ports 902 used for generating the
optimized result. In some embodiments, the two sets of ports are nearly identical except that

the reference ports are designed exclusively for execution on the reference processor. The
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actual inputs for a reference operation are from the input ports’ reference results to capture

the propagation of errors across operations.

[00342] In some embodiments, the runtime system 10 processes the reference ports
904 without using the trace cache 400 or macro cache 500. This configuration not only
separates the processing element’s impact from the trace/macro cache’s impact but also
ensures that the reference result can be used to debug the trace cache 400 and the macro

cache 500.

[00343] In some embodiments, the ProgGen 600 dynamically generates program
sequences for the reference ports and applies no optimization to the generated program
sequences. In some embodiments, the runtime system 10 allows a user to invoke the
“reference result generation” debug option either at the beginning of executing an application

or in the middle of executing the application.

[00344] As noted above, the ProgGen 600 is responsible for fusing multiple operations
together for performance reason. Figure 9B is a block diagram illustrating such an example
in which the ProgGen 600 merges two separate but consecutive work queue entries “ADD”
and “MUL” into one operation. It is assumed that the debugger has been turned on and a
breakpoint is set between the “ADD” entry and the “MUL” entry. In some embodiments, the
ProgGen 600 may divide the two entries into two separate program sequences. The two
program sequences are executed separately by the E-Scheduler 800 and the respective
executors 900. But because of the split of the two entries into separate program sequences,
the temporary result a user can access at the breakpoint is not necessarily the same one if the
debugger is not turned on and the two entries are fused into one. This debugging mode is

referred to as “intrusive mode”.

[00345] In some embodiments, instead of splitting the two work queue entries into
separate program sequences, the runtime system 10 generates a cloned work queue 908
including the “ADD” entry, but not the “MUL” entry. The ProgGen 600 generates compiled
program sequences corresponding to the cloned work queue 908, which are then submitted to
the E-Scheduler 800 for execution. In some embodiments, the program sequences
corresponding to the cloned work queue 908 are not saved in either the trace cache 400 or the

macro cache 500. The result associated with the cloned work queue 908 is then presented to
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the end user through the debugger. Meanwhile, the original work queue 906 is processed in a

normal manner by the runtime system 10.

[00346] In other words, the ProgGen 600 generates two sets of program sequences
912, 914. These two sets of program sequences are both sent to the E-Scheduler 800 for
execution. Because the ProgGen 600 is not forced to break the entries in the work queue 906,
the result corresponding to the work queue 906 is the actual one produced by the application
20. The debugging result, which corresponds to the cloned work queue 908, is a reliable and
accurate estimate of the actual result that can be obtained without affecting the actual result.
Therefore, the cloned work queue is like a snapshot of the application 20 right before the
breakpoint without causing any impact on the regular execution of the application 20. This

debugging mode is referred to as “non-intrusive mode”.

[00347] The choice between the intrusive mode and the non-intrusive mode of

debugging is a compromise between efficiency and accuracy. The intrusive debugging mode
is more efficient because it does not require the generation and processing of the cloned work
queue. One the other hand, the non-intrusive debugging mode guarantees that the final result

of the application 20 is not affected by the debugging session and is therefore more accurate.

[00348] In some embodiments, the debugger is used for result comparison. The result
comparison has two modes: result-checking after computation and result-checking on copy-
out. In some embodiments, result comparison is enabled at the system initiation time through
configuration file settings and disabled by default to avoid overhead. In some other

embodiments, result comparison is enabled and disabled dynamically at run time.

[00349] During the result-checking after computation mode, the results generated by
the application 20 are checked asynchronously against separately generated reference results
to identify erroneous operations in the application 20. A subsequent computation or copy-out
operation may continue after a result is generated whether or not it has been checked. This
configuration allows the runtime system 10 to perform more operations without affecting the
results generated by the runtime system 10. In some embodiments, it is possible to identify a
particular operation that causes a specific erroneous result by examining the results from

every operation during this mode.
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[00350] During the copy-out mode, the application’s results are checked

synchronously before they are copied out of the runtime system 10. This configuration can
prevent the application from accessing invalid data. Because the checking does not happen
after every intermediate step, it is less expensive but offers little information as to the cause

of an error associated with a particular operation.

[00351] Figure 9C is a pseudo code illustrating how the result comparison is performed
element by element on the reference and optimized output arrays. In some embodiments,
both the reference result and the optimized result are NaNs if either one is a NaN, and both
the reference result and the optimized result have the same value if either one is an infinity

(positive or negative).

[00352] In some embodiments, the allowed error for an individual optimized result,
allowed_error, is determined using the formula: allowed error = ABS(reference * Scale).

The optimized result is deemed correct if ABS(optimized - reference) <= allowed_error.
Otherwise, the debugger returns a result mismatch signal. In some embodiments, the result
mismatch signals are delivered to the application 20 via the normal error handling
mechanisms employed by the runtime system 10. In some embodiments, this result
mismatch signal aborts the application 20 so that the application developer can investigate the
execution result for causes. In some other embodiments, the debugger saves all the mismatch
signals in a log file for subsequent review by the application developer while allowing the

application 20 to continue.

[00353] In some embodiments, an application developer may choose specific values
for the allowed error and Scale variables. For example, the fact that both variables are set to

zero indicates that the optimized result is acceptable if it matches the reference result exactly.
System hardware

[00354] Figure 10 is a block diagram illustrating the computer hardware used for
implementing the runtime system 10. On the computer motherboard 1000 are one or more
CPU processors 1010 (e.g., AMD Opteron or Intel Xeon), CPU memory 1020, and
CPU/GPU interfaces 1030 (e.g., NVIDIA nForce 4). Multiple sets of GPU boards 1100 are
connected to the motherboard 1000 through the bus 1200. Each GPU board 1100 includes at
least one GPU processor 1110 (e.g., ATI Radeon 1900XT) and GPU memory 1120. In some
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embodiments, the CPUs are integrated into a single package with the GPUs, the interfaces,
and the memory. In some embodiments, the runtime system 10 operates on a computer

system having a single or multiple-core CPU.
Alternative Embodiments

[00355] It will be apparent to one skilled in the art that the runtime system 10 shown in
Figure 1 is one of many implementations of a general runtime system running on a parallel-
processing computer system. Figure 11A is a block diagram of such a general runtime
system 1120. The runtime system 1120 includes an application program interface 1122,
which, in some embodiments, at least partially corresponds to the LSI 100 and the FE 200

shown in Figure 1.

[00356] At run-time, the application program interface 1122 receives one or more
operation requests such as API calls from the application 1110. The application program
interface 1122 is responsible for preparing an intermediate representation 1124 for the
operation requests. In some embodiments, the intermediate representation 1124 is language-
independent and cross-platform. The directed acyclic graph shown in Figure 2G is an

exemplary one.

[00357] The dynamic program generator 1128 dynamically prepares one or more
compute kernels for the intermediate representation 1124 and returns the compute kernels to
the program execution scheduler 1126. In some embodiments, the dynamic program
generator 1128 behaves like a just-in-time compiler and the compute kernels are configured
to be executed on one or more specific types of processing elements. In some embodiments,
the compute kernels are derived from both pre-compiled intrinsic operations and dynamically
compiled primitive operations. The program execution scheduler 1126 dynamically
dispatches the compute kernels to one or more program executors 1129 for execution on one

or more processing elements of a parallel-processing computer system.

[00358] Figure 11B is a block diagram illustrating an alternative embodiment of the
present invention. Specifically, the general runtime system 1120 is split into two separate
parts, a static compiler 1140 and a runtime system 1160. The static compiler 1140 includes a

parser 1142 and a back-end 1146. The runtime system 1160 includes a runtime system API
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1162, a program execution scheduler 1164, and one or more program executors 1166 for

different types of processing elements associated with a parallel-processing computer system.

[00359] At compilation-time, the parser 1142 of the static compiler 1140 identifies one
or more operation requests in the application source code 1130 and prepares an intermediate
representation 1144 for the operation requests. The back-end 1146 of the static compiler
1140 performs loop transformations over the intermediate representation 1144 and prepares
an executable application 1150 that includes one or more compute kernels. In some
embodiments, the compute kernels are configured to execute on one or more specific types of

processing elements of a parallel-processing computer system.

[00360] At run-time, the runtime system 1160 receives the pre-compiled compute
kernels from the executable application 1150 through its API 1162. The program execution
scheduler 1164 dynamically dispatches the compute kernels to one or more program
executors 1166 for execution. Because the compute kernels are prepared at compile-time for
the specific types of processing elements, they can only be executed on the same types of

processing clements.

[00361] Figure 11C is a block diagram illustrating a hybrid embodiment of the present
invention. Like the embodiment shown in Figure 11B, the embodiment shown in Figure 11C
includes a static compiler 1172 and a runtime system 1182. But the executable application

1180 does not have processor-specific compute kernels.

[00362] At compile-time, the parser 1174 identifies one or more operation requests in
an application source code 1170 and prepares an intermediate representation 1176 for the

operation requests. In some embodiments, the static compiler 1172 includes a loop analyzer
1178 that performs loop analysis over the intermediate representation 1176 at compile-time.

But no processor-specific compute kernels are generated at compile-time.

[00363] At run-time, the runtime system 1182 receives the intermediate representation
in the executable application 1180 with runtime API calls through the runtime system API
1184 and performs loop transformations for the intermediate representation. The dynamic
program generator 1185 dynamically prepares one or more compute kernels for one or more

specific types of processing elements. Finally, the program execution scheduler 1186 and the
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program executors 1187 work in concert to execute the compute kernels on selected types of

processing elements of a parallel-processing computer system.

[00364] In some embodiments, it is possible to extend the existing static compiler loop
vectorization technology to generate more direct calls to the runtime system’s API when
parallel loops are discovered. In some embodiments, the static compiler collapses many
primitive operations into some pre-compiled intrinsic operations through code optimization
techniques. In some embodiments, static compilation is performed and all primitive
operations that are not coalesced by the static compilation become pre-compiled intrinsic

operations.

[00365] Although the aforementioned embodiments illustrate one application invoking
the runtime system, it will be apparent to one skilled in the art that the runtime system can be
implemented on one computer and the runtime system communicates with one or more
multiple applications, threads, and processors simultaneously over shared memory, pipes,
and/or other communication mechanisms known in the art. In some embodiments, the
runtime system is implemented in a client-server network environment as a service provider.
An application runs on one or more client computers. The application submits operation
requests to the runtime system running on one or more server computers. The runtime
system, in response, provides services back to the application at the client computers.
Therefore, different applications may submit their respective operation requests to the
runtime system at the same time and receive results generated by the runtime system through

the network connecting the client computers to the server computers.
Conclusions
[00366] 1. Overview

[00367] A runtime system implemented in accordance with some embodiments of the
present invention provides an application development platform for a parallel-processing
computer system including multiple processing elements. The runtime system enables
application developers to accelerate and optimize numeric and array-intensive operations in
their application programs by leveraging the computational power of various types of
processing elements as defined in this application including stream processors and multi-core

processors. This enhancement greatly increases the performance of applications running on
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the parallel-processing computer system. In some embodiments, the numeric and array-
intensive operations on the parallel-processing computer system can be as much as 120 times
faster than today’s fastest CPU implementations. Note that although some of the description
herein refers to one or more specific types of processing elements such as stream processor
and multi-core CPU, one skilled in the art will appreciate that the present invention can be

implemented on other types of processing elements not explicitly enumerated.

[00368] 2. Product Functions

[00369] The runtime system can be used for developing, debugging, profiling and
executing application programs that invoke the runtime system as well as off-the-shelf
packages incorporating the runtime system through the system’s API (e.g., the LSI 100 in
Figure 1). In some embodiments, the runtime system is deployed in a computing cluster of
20-100 multi-CPU x86 servers running Unix, Linux or Windows operating systems and/or
having a multi-user environment. For example, the runtime system can fit seamlessly into the
management and monitoring systems that cluster administrators use today. At least some of
the x86 servers may be configured with GPUs or other types of processing elements. The
runtime system provides optimization and acceleration of compute-intensive operations on
CPUs and/or GPUs that are required by applications running on the cluster. In some other
embodiments, the runtime system is deployed in single-user, single-system, or in multiple-

user, single-system configurations.

[00370] 3. User Objectives

[00371] Users of the runtime system can use their existing tools for development, such
as existing editors, debuggers, profilers and integrated development environments (IDEs), to
create application programs for the runtime system. An advantage of the runtime system is
that users do not need to learn new techniques that are foreign to their development language.
For example, with the runtime system, a FORTRAN 90 programmer does not need to learn
memory management on a particular types of processing elements including stream
processors and coprocessors. In other words, users of the runtime system are able to write
application programs in manner to which they are accustomed, and their programs and code

changes can endure for years, across multiple generations of hardware.

[00372] 4. Functional Summary of the Runtime System.
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[00373] 4.1) Libraries

In some embodiments, the runtime system includes libraries of routines (such
as the primitive library 660 and the intrinsic library 700 in Figure 1). These library routines
can be source code or binary code associated with a specific processing element. These
library routines are designed to be accurate and efficient when executed on a specific
processor such that the applications invoking the library routines can produce more accurate
results than what would typically be obtained using software packages offered by an
operating system. The library routines are available for different classes of functions, some

of which are described below.

[00374] 4.2) Math, Reduction, Trigonometric, and Boolean Functions

[00375] In some embodiments, the library routines are configured to handle a wide
range of array-based mathematical, reduction, trigonometric and Boolean functionalities. In

some embodiments, the mathematical functionality includes, but is not limited to, operations

such as:
L +a_a*a/;
X AX _X,
L eazaY9

o x, My, INx;
e log.x, logiox, logyx, logyx; and

e ABS, MOD.

[00376] In some embodiments, the reduction functionality includes, but is not limited

to, operations such as:
e sum, max, min;
e max clement, min_eclement; and
e any, and all.

[00377] In some embodiments, the trigonometric functionality includes, but is not

limited to, operations such as:
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e sin, cos, tan, sec, ¢sc, cot;
e asin, acos, atan, asec, acsc, atan2; and
e sinh, cosh, tanh, sech, csch, coth.

[00378] In some embodiments, other functionality includes, but is not limited to,

operations such as:
e Sign, Is NAN;
e AND, NAND, OR, NOR, and NOT;
o > < <===2>=<>;
e Floor, Ceiling, Trunc, Round;
e Cond;
® mean, variance, stddev, dot product;
e pl norm, p2 norm, pinf norm, cdf norm; and
e Block copy, periodic copy, index, gather, spread.

[00379] 4.3) BLAS Level 1-3 Functionality

[00380] In some embodiments, the primitive library routines support execution of
matrix operations, such as matrix multiplication, transpose, and identity, in parallel on
various types of processing elements. For example, through the LSI, the runtime system can
provide functions at different levels of BLAS (“Basic Linear Algebra Subroutines”) including
level 1 (vector x vector), level 2 (vector x matrix), and level 3 (matrix x matrix) operations
for vectors and 2D matrices on real numbers. These functions are implemented as the
primitive operations in the primitive library and therefore can execute in parallel on multiple
processing elements. In some embodiments, the primitive library routines support execution

of inverse hyperbolic functions in parallel on various types of processing elements.

[00381] 4.4) Matrix-base Operation, Fast Fourier Transform, and Convolution
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[00382] In some embodiments, the intrinsic library routines are individually hand-
tuned, pre-compiled, and highly-optimized binary code to perform predefined, sophisticated
operations on a specific type of processing elements as defined above (e.g., stream processors
or multi-core CPUs) in parallel. Exemplary sophisticated operations include LU
decomposition, LU solve, LU condition, and LU unpack, 1D/2D real and complex Fast
Fourier Transform, and convolution. An application can access these operations through the
runtime system’s API (e.g., the LSI 100 in Figure 1). In some embodiments, the matrix
operations described above are implemented as intrinsic library routines that can solve

multiple independent matrixes of data in parallel on one or more processing elements.

[00383] 4.5) Random Number Generators

[00384] In some embodiments, the runtime system provides multiple random number
generators (RNG), including a fast, short-period RNG and a slower, long-period RNG. These
RNGs can be used separately or in combination. These random-number generators execute

in parallel on one or more processing elements.

[00385] 4.6) Inverse Hyperbolic functions

[00386] In one embodiment, the runtime system API provides inverse hyperbolic
functions. As with the basic math and trigonometric functions described above, in some
embodiments these are provided as highly accurate primitives that are optimized for specific

target stream and multi-core processors.

[00387] 4.7) Debugger Functionality - Breakpoints

[00388] The runtime system provides a debugger with reproducible execution with
compatibility for break/watchpoints, stepped execution and data inspection. The runtime
system allows users to run their programs in reproducible execution mode, which will make
their programs run in a synchronous mode. In this mode, the user will be able to set

break/watch-points within code sections, and inspect data within data types.

[00389] A unique feature of the runtime system debugger is that it enables a user to set
breakpoints and to review the state of program data in such a way that the actual result of the
operation (if it were performed in the context of normal program execution) is not affected by

data examination. This could be a significant factor in the runtime system as certain
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mathematical vector operations are performed asynchronously, in an optimized fashion in
certain types of processing elements such as stream processors (for reasons of efficiency) and
may provide different results if they were instead performed individually, which would be the
case if a user set a breakpoint intermediate between two sequentially executed instructions.
An example of two such instructions is a vector multiply-add sequence, known as “MUL-
ADD.” Thus, the runtime system debugger in one embodiment enables a user to set a
breakpoint anywhere in the application program in code sections, including (such as after the
MUL in a MUL-ADD sequence) to inspect data types without modifying the actual result of
that operation in normal system operation — even when that data would be an intermediate

result in a sequential stream-processor operation.

[00390] It is also a unique feature of the runtime system debugger that helps debugging
problems within compute kernels (e.g., by finding gross differences when results are
generated in different ways) and set breakpoints in relation to line numbers of the application
program. This provides previously unavailable visibility into the status of code running in a
processing element, which enables users to debug runtime system code segments that are
specified in high-level application source code. Without this feature, such code segments
would be very difficult to debug given the opacity to a conventional application of operations

being executed in a processing element (such as traditional 3D graphics operations).

[00391] 4.8) Debugger Functionality: Reference Results and Result Comparison —

Reference Results vs. Results from the Stream or Multi-core Processor

[00392] The runtime system accelerates software operations by generating and/or
executing optimized, parallel programs on stream and multi-core processors. This has the
potential of generating different results as compared to performing the operations on a single
CPU core. This is because different stream and multi-core processors support different
arithmetic precision and because parallel algorithms perform operations in different orders

than would be performed by sequential CPU programs.

[00393] One of the concerns of users of the runtime system is likely to be whether a
given implementation of the runtime system based one or more types of processing elements
provides accurate results compared to a traditional CPU implementation. The runtime system
provides a mechanism to compare variables (including results) between programs run using a

reference implementation on the CPU vs. an optimized implementation on a stream or multi-
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core processor. This involves the runtime system generating equivalent program code
sequences for the reference implementation and the stream or multi-core processor, executing
the equivalent programs sequences, and then generating side-by-side results. In a Result
Comparison mode the runtime system determines when the side-by-side results are within a
defined tolerances and, if not, performs an action that can be selected from aborting the
program, throwing an error and continuing program execution, or initiating a dialog with the
user. In another mode, referred to as Reference Results mode, the runtime system can display
for the user the reference result and the side-by-side optimized result (from execution on the
stream or multi-core processor) to enable users to analyze the accuracy and precision of
program results generated by the stream or multi-core processor. Other embodiments of the
runtime system can include identifying which specific calculations are causing loss of

precision or accuracy.

[00394] 4.9) Profiler Functionality

[00395] The runtime system provides performance profiling, including bottleneck
identification. The runtime system profiler provides sufficient information to users to enable
them to understand the drivers of performance. The information may include, for example,
measured performance data, such as the time to perform an operation or the number of
operations performed, estimated performance data, such as time estimates derived from data
sizes, and information about the code compiled for the specific stream or multi-core
processor, such as where more efficient, special-purpose mechanisms could be used to

accelerate the operations performed.

[00396] The runtime system profiler enables a user to view performance data
associated with one or more processing elements for executing operations corresponding to
particular lines of code in the application source program. This is important because, in some
embodiments, execution on the stream or multi-core processor may be asynchronous with
respect to the application’s calls to the runtime’s API, which would frustrate attempts to use
standard timing and profiling tools to measure performance. Furthermore, the program code
executed in a stream or multi-core processor under control of the runtime system may bear
little similarity to the particular API call at a particular place (file and line) in an application
that resulted in the generation and execution of that stream or multi-core processor program

code.
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[00397] On the other hand, understanding how the runtime system fused sequences of
primitive operations into programs for the stream or multi-core processor can be important
for tuning performance of the application. Therefore, the runtime system profiler enables a
user to view performance data corresponding to programs and program sequences, and also to
view performance data corresponding to individual calls into the runtime system’s API which

comprise the programs executed on the stream or multi-core processor.

[00398] In one embodiment, the runtime system profiler writes collected performance
data to a file, which it can analyze offline after program execution is complete. In another
embodiment, users can review performance data with a graphical user interface that provides
a number of different views into execution of programs and program sequences handed off to

the runtime processor. These different views include: summary, compute, I/0 and runtime.

[00399] 4.10) Double-precision functions in a stream-processor API or cross-platform

API for stream and multi-core processors.

[00400] In some embodiments, the runtime system API, which enables cross-platform
execution on different types of processing elements, supports double-precision
implementations of all its supported operations, even though some processing elements do
not natively support fast double precision. In one embodiment, the double-precision
operations can be performed on the stream or multi-core processor using its native support for
double-precision. In one embodiment, the double-precision operations can be performed on

the CPU.

[00401] In another embodiment, the runtime system can support a mode in which
computations on ‘double’ variables (e.g., floating-point numbers with greater than 24 bits of
precision) can be performed on the some processing elements by combining multiple single-
precision floating-point data elements to achieve the level of double precision during

arithmetic implementations.

[00402] This technique could be applied to computations done on values of any
precision or word/bit length. For example, these techniques would be applicable in the
situation where CPUs provide ‘quadruple’ precision whereas a particular stream or multi-core

processor provided only single and/or double precision.

[00403] 4.11) Cross-platform Binary Compatibility
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[00404] In some embodiments, assuming that an old version of the runtime system is
available for a particular target platform (i.c., a combination of processing elements and
operating system), application programs executable on the old version of the runtime system
can be run on another platform that is loaded with a new version of the runtime system. This
cross-platform binary compatibility is due to the fact that the runtime system contains
implementations of the operations for multiple stream and multi-core processors and uses
handles to separate the application from the runtime system. Given an application, the
runtime system automatically maps its old handles to ports supported by the new version of

the runtime system and selects and executes the appropriate implementations transparently.

[00405] 5. Software Interfaces

[00406] In some embodiments, the runtime system provides applications with
interfaces to operations implemented in multiple languages, such as C, C++, and FORTRAN.
Additional languages can be supported as necessary. For case of use, API's provided by the
embodiments can conform to the style and usage of the individual languages, but this is
optional. There is also no requirement for API's to be consistent across different languages.
In some embodiments, the interfaces associated with different languages can interoperate

with each other.

[00407] The runtime system can interface with the available GPUs through a graphics
API, such as OpenGL or Direct3D, or through a low-level proprietary driver provided by
GPU manufacturers. It can also interface with multi-core processors through low-level
drivers, such as OpenMP and MPI. Other embodiments can make use of different APIs and

drivers appropriate to the system resources.

[00408] 6. Cluster Management Functionality: Integration with standard cluster

management tools

[00409] An embodiment of the runtime system can be configured to interoperate with

standard cluster management tools along the following lines:

e Runtime deployment: the runtime system as well as GPU drivers can be installed on

clusters using a cluster management application, such as Rocks.

107



10

15

20

25

30

WO 2007/149884 PCT/US2007/071600

e Runtime upgrade: patches to the runtime system can also be distributed via cluster

management applications.

[00410] 7. Concept Summary

[00411] There are several unique concepts that are included in different embodiments
of the runtime system. These concepts include system level concepts that relate to functions
and methods provided by interoperation between several blocks; and features, methods and

data structures associated with individual system blocks. The purpose of this summary is to

outline some of the concepts/functions of both types.

[00412] 7.1) System Overview.

[00413] The runtime system enables compute-intensive operations (typically
matrix/array operations) in an application program to be executed on one or more processing
elements (such as stream and/or multi-core processors and/or GPUs) instead of on a single
CPU core. The runtime system offers several unique features that enable application
programmers to take advantage of these capabilities with relative ease. For example, to
execute a particular operation on the stream and/or multi-core processors, the runtime system
requires a user to do no more than: 1) to ensure that an appropriate version of the runtime
system is available on the target computer system (i.c., with appropriate execution modules
for the available processors), and 2) to specify in the application which operations are to be

executed under the control of the runtime system using the runtime system’s API.

[00414] 7.2) Hardware and Software Discovery at Initialization.

[00415] When booted on a computer system, the runtime system conducts a system
inventory to determine what hardware (e.g., CPU and GPU) and software (graphics drivers
and GPU interfaces or APIs, such as OpenGL, Direct 3D, or low level, proprictary GPU
interfaces provided by GPU vendors) are installed on the target computer system. Using this
information, the runtime system is able to select appropriate execution modules (executors),
which manage execution of the application programs on the hardware including the GPU and
multi-core CPU. This information also enables the runtime system to compile the specified
application programs for the target hardware (GPU or multi-core CPU or both) and to select
the appropriate versions of pre-compiled programs and library routines to execute on the

target hardware.
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[00416] 7.3) Utilization of Proprietary GPU interfaces.

[00417] The runtime system is designed to take advantage of proprietary, low-level
GPU interfaces, which enable the runtime system to utilize the GPU memory and to exploit
target-specific hardware and software features not exposed through traditional graphics APIs,
such as OpenGL and Direct3D to improve the runtime system’s performance. For example,
such low-level, target-specific interfaces are less or even not subject to the limits on the
numbers of instructions and registers used by GPU programs. In some embodiments, some
application programs can be written in a GPU’s native assembly or machine binary code
rather than or in addition to programs written in high-level languages and platform-
independent pseudo-assembly, such as Direct3D Shader Assembly. In some embodiments,
special, more efficient data layouts and data-transfer mechanisms may be exploited. In some
embodiments, non-graphics-oriented capabilities can be used, such as writing to arbitrary
memory offsets from GPU pixel shaders rather than to just the current pixel and accessing
hardware performance counters. In some embodiments, a GPU program may be compiled or
assembled into a binary image that may be executed without further translation, which can
reduce run-time overhead, simplify testing, and enable greater control over execution on the

GPU than if the driver further processed the assembled program.

[00418] In some embodiments, the runtime system can also take advantage of

traditional graphics APIs.

[00419] 7.4) Progressive Evaluation

[00420] Progressive Evaluation is the technique at the heart of the runtime system. An
application generates a dynamic sequence of calls to API functions and operators that the
runtime system cannot predict in advance. Under Progressive Evaluation, the runtime system
treats calls to API functions and operators merely as requests to perform computation and
defers processing them. The requests are batched to improve application performance on the

processing element.

[00421] 7.5) Dynamic program generation and compilation for stream and multi-core
processors.
[00422] After sufficient deferred requests have been received, the runtime system, e.g.,

its ProgGen module, may apply generate and compile one or more compute kernels, which
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are executable programs or subroutines that run on the processing element(s), which may be
one or more stream and/or multi-core processors, to perform the computations requested by a
sequence of API calls. Formation of efficient compute kernels for the processing element is
critical to performance. During this process, the runtime system determines which operations
can execute in parallel, optimizes the sequence of operations, generates source code for the

processing element, compiles, and assembles the kernels.

[00423] In some embodiments, some of these code translation steps may be skipped by
directly generating lower-level program representations. For example, assembly code or
even executable binary instructions could be generated directly rather than compiling and/or

assembling higher-level program representations.

[00424] In some embodiments, some intrinsic operations may use pre-formed, hand-

written kernels rather than dynamically generated kernels.

[00425] In some embodiments, when processing requests for operations to be
performed by the CPU, the runtime system may generate code for one or more CPUs, each
with one or more cores. This is accomplished using basic multiprocessing features provided
by the host system or cluster. In some embodiments, the runtime system may treat some or
all such requests as intrinsic operations, and use pre-formed kernels. In some embodiments,
the pre-formed kernels may be used only in certain contexts, such as to process small arrays

or to use as reference results.

[00426] Note that throughout the present application, the terms “program” or “kernel”
for a stream or multi-core processor refer to a computational unit that may be invoked by the
runtime system. Depending on the specific type of the stream or multi-core processor, the

computational unit may be a standalone program or a subroutine.

[00427] 7.6) API Features.

[00428] The runtime system’s API enables programmers to issue requests to the
runtime system. In some embodiments, the API commands include specific calls to invoke
basic input and output functions, to perform a variety of operations on data arrays. The API
commands allow users to define Macros (groups of executions that are executed repeatedly,
also known as Code Reuse Sections). The operations include at least a subset of the

following operations:
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[00429] 7.6.1) Primitive operations.

[00430] The runtime system’s API includes calls that enable programmers to execute
primitive operations for mathematical, trigonometric, and other functions optimized for
specific types of stream and/or multi-core processors. In some embodiments, these primitive
operations are more accurate and provide higher performance than those provided by
standard libraries from the hardware vendor or development environment. In some
embodiments, these primitive operations are stored internally as source code to facilitate
dynamic formation of compute kernels, which are then dynamically compiled for the specific

type of particular stream or multi-core processors.

[00431] 7.6.2) Intrinsic operations.

[00432] The runtime system’s API enables an application program to execute pre-
written, optimized routines called intrinsic operations. An intrinsic operation implements a
predefined set of matrix/array operations for execution on one or more specific stream and/or
multi-core processors. In some embodiments, the intrinsic operations include one or more
programs for the stream or multi-core processors. They may include control code executed on
the CPU, which may select one or more kernels to invoke, arrange for any temporary buffers
required to pass intermediate results between kernels, determine how the kernels should
execute in parallel (e.g., by choosing the number of threads to launch), and determine kernel
arguments. Because they are written by hand rather than being generated from sequences of
calls to primitive operations automatically, intrinsic operations may take advantage of
features not supported by the kernel-formation machinery in the ProgGen module. In some
embodiments, intrinsic operations are written using high-performance, low-level interfaces to
a specific type of processing elements. In some other embodiments, intrinsic operations are
written in either a high-level language or in assembly language. In some embodiments,
intrinsic programs may be pre-compiled to reduce the runtime system’s overhead and
increase the system’s robustness. In some embodiments, pre-compiled intrinsic operations
for the CPU may be linked into the runtime system and called as ordinary procedures by the
CPU executor.

[00433] 7.6.3) Compound operations.
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[00434] The runtime system’s API also provides functions implemented using its own

primitive operations and intrinsic operations.

[00435] 7.7) Dynamic program gengeration and compilation for multiple different

stream and multi-core processors.

[00436] As mentioned above, the runtime system, e.g., its ProgGen module, generates
and compiles compute kernels for specific types of processing elements including stream
processors and/or multi-core CPUs to perform sequences of primitive operations invoked by
an application through the runtime system’s API. In some embodiments, the runtime system,
e.g., its ProgGen module, generates kernels for multiple different types of processing

elements where multiple different types of processors are present in the same system.

[00437] As an initial step of processing code segments in an application program, the
runtime system generates a uniform intermediate representation (IR) for each function (such
as the math, reduction, trigonometric, Boolean, and intrinsic functions described above)
directed to the runtime system for execution. The intermediate representation includes
information about each function’s inputs and outputs, one or more operations performed by
the function, and the operations’ execution order. In some embodiments, the intermediate
representation is represented as a directed acyclic graph (DAG). In some embodiments, the
same IR can be used to generate object codes for CPU, GPU, or any other processor
supporting the runtime system. This enables the runtime system to support features such as
executing the same set of instructions on a CPU and a GPU separately for code comparison
or reference results determination and dynamic selection of processor type on which to

execute the instructions.

[00438] 7.8) Efficient, Transparent Reuse of Programs Generated from Sequences of
Calls into an API.

[00439] The runtime system’s API enables software applications to run compute-
intensive operations transparently on stream and/or multi-core processors. During normal
operation the runtime system automatically and transparently compiles a set of API calls into
a program sequence for the stream and/or multi-core processors that it then executes on
available processors. The user is not required to have any prior knowledge about the specific

stream or multi-core processors in order to take advantage of the hardware’s high-
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performance capacity. In some embodiments, the runtime system manages two caches to
store compiled programs for reuse. This configuration enables the runtime system to search
these caches for possibly reusable programs or program sequences before compiling new

ones.

[00440] Compiled program sequences and signatures of the sequences of calls used to
generate them are stored in the Trace Cache (TC). Program sequences generated for
previously executed sequences of calls to the runtime system’s API are reused if the C
Scheduler determines that they are identical to new sequences of API calls in an application
program submitted to the runtime system for execution. This takes advantage of programs
optimized for the stream and/or multi-core processors, while avoiding the time required to

repeatedly generate and compile the programs, which takes a good deal of time.

[00441] The ProgGen module additionally stores individually compiled programs and
their source code in the Program Cache. In the case that there is a previously generated and
compiled program in the Program Cache that is identical to a newly generated program to be
compiled, the previously compiled program may be re-used. In some embodiments, this
saving could be substantial depending on the particular compiler used for a particular target

multi-core processor.

[00442] 7.9) Code Reuse Sections/Code Macros.

[00443] In addition to the transparent execution mode, the runtime system enables a
user to define a sequence of API calls that may be executed repeatedly via a macro feature,
which is also known as a Code Reuse Section. In this mode of operation, the user indicates
one or more groups of operations and/or macros that are to be recorded for subsequent use.
After performing these operations and generating the program sequences necessary to
implement them on the multi-core processors, the compiled program sequences are stored in
the Macro Cache (MC) along with an invocation signature that must be matched in order to
reuse the program sequence. The MC-based code reuse is more efficient than the TC-based
code reuse, because while the Macro Cache may reuse program sequences based on just a
signature of the inputs to the macro, the TC-based code reuse requires more work from the C
Scheduler to determine whether there is a match for a new sequence of operations, as well as
the full sequence of API calls themselves. In contrast, the API calls to perform the operations

do not need to be repeated when a macro is being replayed. In some embodiments, the
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Program Cache may be used in conjunction with the Macro Cache. In some embodiments,
the Trace Cache may be used in conjunction with the Macro Cache. This configuration may

be useful if a single macro includes a long sequence of repeated operations.

[00444] Although some of various drawings illustrate a number of logical stages in a
particular order, stages which are not order dependent may be reordered and other stages may
be combined or broken out. While some reordering or other groupings are specifically
mentioned, others will be obvious to those of ordinary skill in the art and so do not present an
exhaustive list of alternatives. Moreover, it should be recognized that the stages could be

implemented in hardware, firmware, software or any combination thereof.

[00445] The foregoing description, for purpose of explanation, has been described with
reference to specific embodiments. But the illustrative discussions above are not intended to
be exhaustive or to limit the invention to the precise forms disclosed. Many modifications
and variations are possible in view of the above teachings. For example, although some of
the embodiments described above are based on a language-specific application program
interface, one skilled in the art will appreciate that many features associated with the
language-specific application program interface can be realized using a programming

language designed to support the runtime system.
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What is claimed is:

1. A runtime system comprising multiple execution threads, wherein each execution
thread is configured to perform one or more of the following functions:

causing an application to issue one or more operation requests;

scheduling processing of the operation requests;

dynamically preparing one or more compute kernels for the operation requests;

dynamically executing the compute kernels on one or more processing elements of a
parallel-processing computer system; and

dynamically managing the compute kernels” memory usage of the processing

clements.
2. A parallel-processing computer system, comprising;:
memory;

one or more processing elements; and

a runtime system comprising multiple execution threads, the runtime system stored in
the memory and executed by the one or more processing elements, wherein each execution
thread is configured to perform one or more of the following functions:

causing an application to issue one or more operation requests;

scheduling processing of the operation requests;

dynamically preparing one or more compute kernels for the operation requests;

dynamically executing the compute kernels on the one or more processing elements of
the parallel-processing computer system; and

dynamically managing the compute kernels” memory usage of the processing

elements.

3. A computer program product for use in conjunction with a parallel-processing
computer system, the computer program product comprising a computer readable storage
medium and a computer program mechanism embedded therein, the computer program
mechanism comprising multiple execution threads, wherein each execution thread is
configured to perform one or more of the following functions:

causing an application to issue one or more operation requests;

scheduling processing of the operation requests;

dynamically preparing one or more compute kernels for the operation requests;
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dynamically executing the compute kernels on one or more processing elements of the
parallel-processing computer system; and

dynamically managing the compute kernels” memory usage of the processing

clements.
4. A parallel-processing computer system, comprising;:
memory;

two or more processing elements; and

at least one program stored in the memory and executed by the two or more
processing elements, the at least one program including:

instructions for receiving one or more compute kernels, wherein the one or more
compute kernels are configured to execute on the two or more processing elements; and

instructions for dynamically arranging for execution of at least one of the one or more
compute kernels on at least one of the two or more processing elements in response to or in
anticipation of a request for a result associated with the at least one of the one or more

compute kernels.

5. The computer system of claim 4, further comprising:
instructions for generating a programming language-independent, processor-

independent intermediate representation for the one or more operation requests.

6. The computer system of claim 5, wherein the one or more operation requests are from

an application being executed on the parallel-processing computer system.

7. The computer system of claim 5, wherein said dynamic execution of the compute

kernels is triggered by an operation request subsequent to the one or more operation requests.

8. The computer system of claim 4, wherein the two or more processing elements
include single-core/multi-core central processing units, graphics processing units, and single-

core/multi-core co-processors.

9. A parallel-processing computer system, comprising;:
memory;
multiple processing elements; and
at least one program stored in the memory and executed by the multiple processing

elements, the at least one program including;:
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instructions for receiving one or more operation requests from an application;

instructions for preparing an intermediate representation for the operation requests;

instructions for dynamically preparing one or more compute kernels for the
intermediate representation; and

instructions for dynamically executing the compute kernels on the processing

elements of the parallel-processing computer system.

10. The computer system of claim 9, wherein the operation requests correspond to an

application program interface function call in the application.

11. The computer system of claim 9, wherein the operation requests correspond to a code

segment written in a specific programming language in the application.

12. A parallel-processing computer system, comprising:

memory;

one or more types of processing elements; and

at least one program stored in the memory and executed by the one or more types of
processing elements, the at least one program including:

instructions for receiving one or more operation requests directed to the parallel-
processing computer system;

instructions for dynamically selecting at least one of the one or more types of
processing elements for at least one of the one or more operation requests; and

instructions for dynamically preparing one or more compute kernels for the at least
one of the one or more operation requests, wherein the one or more compute kernels are
configured to execute on the selected at least one of the one or more types of processing

elements.

13. The computer system of claim 12, further comprising:
instructions for generating a programming language-independent, processor-
independent intermediate representation for the at least one of the one or more operation

requests.

14. The computer system of claim 12, further comprising:
instructions for dynamically arranging for execution of at least one of the one or more

compute kernels on the selected at least one of the one or more types of processing elements.
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15. The computer system of claim 12, wherein the instructions for dynamically preparing
one or more compute kernels further include:
instructions for selecting from a source code library one or more source code
segments corresponding to the at least one of the one or more operation requests; and
instructions for dynamically compiling the one or more source code segments into the

one or more compute kernels.

16. A parallel-processing computer system, comprising:

memory;

one or more processing elements; and

at least one program stored in the memory and executed by the one or more
processing elements, the at least one program including:

instructions for receiving an application program including one or more operation
requests, wherein an operation request is expressed as a processor-independent operation on
one or more data elements specified by an API call or a program language statement;

instructions for dynamically determining an execution scheme by spreading work
associated with the one or more operation requests over at least a subset of the processing
elements, wherein the execution scheme includes a combination of the operation requests
and/or at least a subset of the operation requests in accordance with a predefined condition;
and

instructions for generating one or more compute kernels from the execution scheme,
wherein the compute kernels are executable on one or more of the processing elements to

perform all or parts of the one or more operation requests.

17. The computer system of claim 16, wherein the compute kernels are generated

statically, independent of execution of the application program.

18. The computer system of claim 16, wherein the compute kernels are generated

dynamically, in parallel with execution of the application program.

19. The computer system of claim 16, wherein the application program, apart from the
operation requests, comprises executable code prepared for execution on at least one of the

processing clements.

20. A parallel-processing computer system, comprising;:
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memory;

one or more processing elements; and

at least one program stored in the memory and executed by the one or more
processing elements, the at least one program including:

instructions for receiving from an application one or more operation requests directed
to the parallel-processing computer system, wherein the application is written in one or more
programming languages; and

instructions for generating a programming language-independent, processor-
independent intermediate representation for at least one of the one or more operation
requests, wherein the intermediate representation includes one or more objects corresponding

to the at least one of the one or more operation requests.

21. The computer system of claim 20, further comprising:

instructions for identifying from a plurality of language-specific application program
interface modules an application program interface module; and

instructions for generating the intermediate representation using the identified

application program interface module.

22. The computer system of claim 21, wherein at least one of the one or more
intermediate representation objects corresponds to a function call to the identified application

program interface module in the application.

23. The computer system of claim 20, further comprising:
instructions for defining an object scope for at least one of the one or more

intermediate representation objects.

24. The computer system of claim 20, wherein at least one of the intermediate
representation objects has an associated handle and the associated handle is embedded in at

least one of the one or more operation requests.

25. The computer system of claim 24, wherein the application has an access to the at least

one of the intermediate representation objects through its associated handle.

26. The computer system of claim 20, comprising:
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instructions for dynamically selecting at least one of one or more processing elements
associated with the parallel-processing computer system for the intermediate representation;
and

instructions for dynamically preparing one or more compute kernels for the
intermediate representation, wherein the one or more compute kernels are configured to

execute on the selected at least one of the one or more processing elements.

27. The computer system of claim 26, further comprising:
instructions for dynamically arranging for execution of at least one of the one or more

compute kernels on the selected at least one of the one or more processing elements.

28. A parallel-processing computer system, comprising:

memory;

one or more types of processing elements; and

at least one program stored in the memory and executed by the one or more types of
processing elements, the at least one program including:

instructions for receiving one or more operation requests directed to the parallel-
processing computer system;

instructions for dynamically identifying at least one of the one or more types of
processing elements for at least one of the one or more operation requests; and

instructions for dynamically preparing one or more compute kernels for the at least
one of the one or more operation requests, wherein the one or more compute kernels are

configured to execute on the identified at least one of the one or more types of processing

clements.
29. A parallel-processing computer system, comprising:
memory;

one or more types of processing elements including a target processing element of a
first type and a reference processing element of a second type; and

at least one program stored in the memory and executed by the one or more types of
processing elements, the at least one program including:

instructions for receiving one or more operation requests directed to the parallel-

processing computer system;
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instructions for preparing a first set of compute kernels for the one or more operation
requests, wherein the first set of compute kernels is configured to execute on the reference
processing element;

instructions for arranging for execution of the first set of compute kernels on the
reference processing element;

instructions for preparing a second set of compute kernels for the one or more
operation requests, wherein the second set of compute kernels is configured to execute on the
target processing element; and

instructions for arranging for execution of the second set of compute kernels on the

target processing element.

30. The computer system of claim 29, further comprising:
instructions for comparing a result from the execution of the second set of compute

kernels with a result from the execution of the first set of compute kernels.

31. The computer system of claim 29, further comprising:
instructions for comparing a result from the execution of the second set of compute

kernels with a reference result associated with the one or more operation requests.

32. A parallel-processing computer system, comprising:

memory;

one or more processing elements; and

at least one program stored in the memory and executed by the one or more
processing elements, the at least one program including:

instructions for receiving one or more operation requests directed to the parallel-
processing computer system, wherein the one or more operation requests are associated with
a user-initiated data examination request;

instructions for preparing one or more compute kernels for the one or more operation
requests, wherein the one or more compute kernels are configured to execute on the one or
more processing elements of the parallel-processing computer system; and

instructions for arranging for execution of the one or more compute kernels on the one

or more processing elements.

33. The computer system of claim 32, wherein the user-initiated data examination request

is embedded in an application.
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34, The computer system of claim 32, wherein the user-initiated data examination request

is launched through a program debugging tool.

35. The computer system of claim 32, wherein the user-initiated data examination request

is a user-specified breakpoint.

36. The computer system of claim 32, wherein the user-initiated data examination request

is a user-specified breakpoint.

37. A parallel-processing computer system, comprising;:
memory;
one or more of first processing elements;
one or more of second processing elements; and
at least one program stored in the memory and executed by at least one of the first and
second processing elements, the at least one program including:
while an application is being executed by the one or more of first processing
elements and one or more compute kernels corresponding to one or more operation requests
from the application are being executed by the one or more of second processing elements,
instructions for determining performance information of the compute kernels
in association with their execution by the one or more of second processing elements; and
instructions for transforming the performance information of the compute
kernels into performance information of the one or more operation requests from the

application.

38.  The computer system of claim 37, wherein at least two of the second processing

elements execute the one or more compute kernels in parallel.

39. The computer system of claim 37, wherein at least one of the first and second
processing elements is one selected from the group comprising of a GPU, a coprocessor, and

a CPU.

40.  The computer system of claim 39, wherein the coprocessor has multiple cores.
41.  The computer system of claim 39, wherein the CPU has multiple cores.
42. The computer system of claim 37, wherein at least two of the first and second

processing elements are of different processor architectures.
122



10

15

WO 2007/149884 PCT/US2007/071600

43. The computer system of claim 37, wherein the performance information includes
computation performance information, data transfer performance information, dynamic code

generation performance information, dynamic workload distribution performance

information.
44. A parallel-processing computer system, comprising:
memory;

multiple processing elements; and

at least one program stored in the memory and executed by the multiple processing
elements, the at least one program including;:

instructions for receiving one or more operation requests directed to the parallel-
processing computer system;

instructions for dynamically choosing one or more of the processing elements for at
least a subset of the one or more operation requests; and

instructions for identifying one or more previously compiled compute kernels for the
subset of operation requests, wherein the identified previously compiled compute kernels are

configured to execute on the dynamically chosen one or more processing elements.
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/ Source Code 22 of Application

PS Arrayf32 x;
X=xt1;

Output 24 of C++ Compiler
v )

PS Arrayf32 x;
operator + (x, 1) 2> x;

/ Output 26 of C++ LS| Module

A4
x = LSl::makeNode(MAP, OP_ADD, x, constantf32(1));

ilnternal Function Call 27

x.handle = CreateCapturedQOperationHandle(MAP, OP_ADD,
x.handle, y.handle);

/ Output 28 of Front End

PortRef xp = FE::handleToPort(xh);
PortRef yp = FE::handleToPort(yh);
PortRef p = Port::makeOperation(...);
CS::notifyPortCreate(p);

Figure 2D
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A,B,C,DEF M;
X, I;
Operations Set 340
—_> One or more entries in the trace cache

— Operations Set 342

for (i = 0; i < outer; i++) {
PS_BEGIN_MACRO (IN (A, B), OUT (C), CTL (x)) {

if (x) { One or more entries
C=A+(B*2) — in the macro cache
}else {
C=A-(B*2)
}
} PS_END_MACRO
}
M=C—E;
M.FFT(); > One or more entries in the trace cache
M.read();
Operations Set 344
Figure 3C
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Trace Cache Data Structure

/ PC List 402

Bucket 401
403 /
y

Maximum
- Entry

Length Entry List 405
Program \ /

Counter A
1

Entry #1

Trace Cache Key
407

Entry #N

Compiled Program
Sequence
409

Maximum

Entry
Length /
Program

Counter Z l

Entry | Entry — Entry

Figure 4A
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Trace Cache Key Data Structure

Trace Cache Key 410

Number of work queue entries represented by
the key 410-1

Accumulated key data 410-2

Size of the accumulated key data 410-3

Program sequence re-instantiation information
410-4

Starting program counter (optional) 410-5

Figure 4B

9/32



WO 2007/149884 PCT/US2007/071600

Trace Cache Lookup

411
Identify the PC of the first
entry in the trace cache
key accumulator
v 413
A matching bucket is % No
found?
Yes

-

4 415
Select one entry in the /

matching bucket

v 417

A matching trace cache
key is found?

No

419 421
S s

Generate an
executable object
including the entry

Yes

Last entry in the bucket? No

Yes

////420 423
Y \ 4 /

Return the
executable object Return NULL

Figure 4C
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Trace Cache Insertion

425
Identify the PC of the first entry /
in the trace cache key
accumulator

427

v
A matching bucket is No

found? / 431

Yes Create a new bucket for
the new entry

|

) 4

429
Bucket or trace cache %

reaching their limit?

Yes

v 432

Eliminate one or more entries
from the bucket or trace cache

v 433

Create a new entry in the
bucket using the trace cache
key

\ 4 —435

Associate the program
sequence with the new entry

Figure 4D
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Macro Cache Data Structure
/ Macro Cache Key List 501
Cache Key /
A _ Entry 508
Entry #1
I/0, Control Key
KN 504 Entry
#N
Previously Compiled
Program Sequences
506
Macro
Cache Key
Z \
Entry | Entry — Entry
Figure 5A
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Macro Cache Lookup & Insertion

510
Identify a macro cache
key
v 511
Macro cache lookup
\ 4 512
Yes A matching macro
cache key is found? Macro
f Recording
Macro No
Replaying v 516
Accumulate work queue /
entries for the code
514 reuse section
, y 517
Identify the Invoke the ProgGen
program when reaching the end of
sequences in the code reuse section
the matching
bucket 518
v \/
Yes
/ 515 A matching bucket?
& No
Macro cache
update v 520
Create a new bucket in
the macro cache
516
/
Instantiate
the y 522
previously Insert the program (
compiled sequences into the
sequences

\
Send an executable ( 374
object including the

program sequences to

the E-Scheduler

'

Figure 5B
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Code Reuse Section or
/ Code Macro 530

PS_Arrayf32 A, B, C;
integer X;

I.=;'S_BEGIN_MACRO (IN (A, B), OUT (C), CTL (x)) {
if
() { C=A+B"2)
}else {
C=A-(B*2)

}
} PS_END_MACRO

u LSI API calls
/ Code Segment 540

Static macro_key key;
Handle Ins[2]; int nins = 2;
Handle Outs[1]; int nOuts = 1;
Ctl_Ptrs Ctls[1]; int nCtls = 1;

Ins[0] = A;
Ins[1] = B;

Outs[0] = &C;
Ctls[0] = {&x, sizeof(x)}; Macro Cache Lookup 532

If (Irecord_or_replay (&_key, Ins, nins, Outs, nOuts, Ctls, nCtls) {

if (x) {
C=A+(B*2)
}else { |
| —A_(R*oV | Work queue entry
} C=A-(B"2) . accumulation 534

Hinish_recording (& _key, Ins, nins, Outs, nOuts, Ctls, nCils);

\ Program generation and
Macro cache insertion 536

Figure 5C
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ProgGen Qverview

601

Receive a compilation
request from the C-
Scheduler

A predefined
condition to compile
is met?

Yes

4

603

No

Identify the work queue
entries to compile
(Part 1)

605

4

Backward Pass

607

Y

Identify the work queue
entries to compile
(Part 2)

/ 608

v

609

Forward Pass

) J

611

Scheduling Pass

Invoke compiler
and assembler

\612

h J

613

Return the compiled
program sequence to the
C-Scheduler

Figure 6A
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Program Sequence 615

Program #1
Input(s) Output(s) Binary Code
615-1 615-2 615-3
Executor Type Launch Spec.
615-4 615-5
Program #N

Input(s) Output(s) Binary Code

Executor Type Launch Spec.

Figure 6B

/617

sampler in0Q, in1, in2, in3;
PS_OUTPUT main(pos:VPOS) {

float4 tmpO;
tmp0 = tex2D(in0, pos); // tmp0 is an element of Array A;

float4 tmp1;
tmp1 = tex2D(in1, pos); // tmp1 is an element of Array B;

float4 tmp2;
tmp2 = tex2D(in2, pos); // tmp2 is an element of Array D;

float4 tmp3;
tmp3 = tex2D(in3, pos); // tmp3 is an element of Array E;

float4 tmp4;
tmp4 =tmp0 + tmp1; // C = A + B;

float4 tmp5;
tmp5 =tmp4 * tmp3; //F=C * E;

float4 tmp6;
tmp6 = tmp5 /tmp2; // G =F /D;

PS_OUTPUT po;
pa.colorQ = tmp6;

return po;

Figure 6C
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636
[

Program
Cache
Lookup

PCT/US2007/071600
Code transformation flow
621
pplication Program
(Executable)
623

LSI, Front End

R Nodes in Work Queue

/ 625

C-Scheduler, ProgGen

627
(

CPU

PU Source
Code

Pre-processor
(optional),
compiler,

assembler, and
linker (optional)

630

632
/

4
nterpreter
Operations

634

CPU Binary
Code

CPU

/

GPU

629

GPU Source
Code

631
-

GPU Compiler
628 636
633 v/
GPU Assemb Program
Code Cache
Lookup

635
K
GPU Assembler

637
GPU Binary
Code

638

639

E-Scheduler

Figure 6D
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611,
612

4

646

Generate programs for
non-fusible operations

4

648

Build a program for

Optional 658

Roll back the
scheduling state

4 656

Reduce the
number of
operations

fusible operations

/

Compile the program

/ 650

) 4

652

Assemble the program

A

v

Yes

h 4

654
No
Succeed?

660

Add the program to the
program sequence

4

Scheduling done?

Yes

v

Figure 6E
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E-Scheduler Overview

Receive data movement | 702 Receive compiled
requests from the Front program sequences from
End the C-Scheduler

/ 704

\ J

locations per the

Move data to desired

movement requests

706

) J

708

Submit the program
sequences to the
Executors

Figure 7A

19/32



WO 2007/149884 PCT/US2007/071600

DAG 710 Program Sequence 712

A0, 1I_1->T_0

B:1.0,1 1->T_1

C:T_0,T_1->0_0

Pseudo code 714 for populating a pending operation table

|
|
For each program in the program sequence { :
for each output of the program { I
generate a new entry in the pending operation table (POT); :

[

[

[T~ "~~~ T T T — oS- [
: if (any input of the program not ready) {

| associate the program with the POT entry of the input;
I }else {
: send the program to an executor;

Pseudo code 716 for processing a pending operation table

For each output of the program {
Remove the POT entry of the output of the program:;

For each operation that had been pending on the just-completed output

| |
| |
| |
| |
| |
| |
| |
| |
|
H ~/71 7 :
! [ T T T T T e T T T T T e e |
| i If (any input of the operation not ready) { Ly
| ! associate the operation with the POT entry of the input; | |
! 1 Yelse { I
I : send the operation to an executor; : :
: ! D
| |
| |
| |

Figure 7B
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/712 /722

Program Seguence Pending Operation Table

A:10,11->T 0 TO NULL
B: 10,1 1->T_1 T 1 NULL
C:T 0, T 1->00 0.0 NULL

/ 726 U / 724

Pending Cperation Table Pending Operation Table

T0 >89E(— T 0| ProgramC
——‘/ —

T_1 NULL T 1 NULL

0.0 NULL 0.0 NULL

U /728 /730

Pending Cperation Table Pending Operation Table

e
T 1 Program C T 1 :Euagu:n(
> .——/ ——
00 NULL 00 NULL
Figure 7C
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Executor Overview
Callback Messages 735-2

Callback Messages 735-1
1. Early Acknowledgement
2. Final Completion

1. Early Acknowledgement
2. Final Completion
> E-Scheduler 800
Request Messages 731-1 ~ _ Request Messages 731-2
Input Buffer
( 733-2
"l
Input Buffer .
f/ 733-1
/ C
I B
c A
B’ N
A Interpreter
l > 900-3
| y —y [
| | GPU Executors | l«—p Shared Main CPU Executors | |
900-1 ] Memory Space 738 900-2
i i
GPUs 736-1 J
WY Yy
\
» CPUs 736-2 J

/

\

Local Memory J
Space 738-1

Figure 7D

22/32



WO 2007/149884

738

PCT/US2007/071600

/Operation Characterization

A: Memory Access Intense Operation
B: Balanced Operation

C: Computation Intense Operation

Figure 7E
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Profiler Overview
Application 20
/
Runtime System 10
C-Scheduler ProgGen E-Scheduler Executors
300 600 800 200

Profiler 809
Collector

811

Data
813

Profile

Viewer
817

815

Analyzer

Figure 8A
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Record PC 821

Program Counter 823

Line # 82

File Name 827

Execution Counters 82

Figure 8B
Record CK 831/ 833 833 /833
PC #1 PC #2 PC #N
Weight Weight Weight

Compute Kernel Execution Counters 835

Figure 8C
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Reference Result Generation

Optimized Ports 902

GPU Buffer
Program v
Sequence
@ CPU Buffer
Reference Ports 9@4 “x\
@ CPU Buffer

Program
Sequence

Criteria for reference ports:
1. No use of trace cache

2. No use of macro cache
3. No optimization

4. CPU only

Figure 9A
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Non-intrusive Mode Debugging

RELEASE

MUL .
ADD Breakpoint ADD
Work Queue Cloned
906 Mini-Work Queue
\ / 9208
ProgGen
600
4 4
Program Program
Sequence(s) Sequence(s)
912 914
E-Scheduler
800
Figure 9B
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Result Comparison

C_opt: the optimized result generated by the runtime system
C_ref: the reference result generated by the runtime system
For each elementin the C_optand C_ref{

allowed_error = [Scale * C_ref|;

if (allowed_error < MIN_ERR) {

} allowed_error = MIN_ERR;

if (|IC_ref—C_opt| > allowed_error) {
Generate a mismatch signal;
}

}

Return the mismatch signal(s) to the end user;

Figure 9C
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Application
1110

/ Runtime System 1120

Application Program
Interface 1122

Intermediate
Representation
1124

Dynamic Program
Generator 1128

Program Execution
Scheduler 1126

Program Executor(s)
1129

Figure 11A
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Application Source
Code 1130

/ Static Compiler 114

PCT/US2007/071600

Parser 1142

Back-end 1146

Intermediate
Representation
1144

Executable
Application
1150

/Runtime System 1160

Runtime System
APl 1162

Program Execution
Scheduler 1164

Program Executor(s)
1166

Figure 11B
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Application Source
Code 1170

/ Static Compiler 117

Parser 1174

Intermediate
Representation>
1176

Loop Analyzer 1178

Executable
Application with
runtime API calls
1180

f Runtime System 1182

Runtime System
APl 1184

Dynamic Program
Generator 1185

Program Execution
Scheduler 1186

Program Executor(s)
1187

Figure 11C
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