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dency tree informs a memory manager of data inputs, data outputs, and intermediate values associated with execution of the applica-
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values from non-intermediate values within the heap reduces memory fragmentation providing improved performance of the computer
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MEMORY MANAGEMENT SYSTEM

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims priority to U.S. Patent Application No. 16/279,884, filed
February 19, 2019, and entitled “MEMORY MANAGEMENT SYSTEM,” the disclosure of

which is herein incorporated by reference in its entirety.
BACKGROUND

[0002] In many computing systems, data is stored in addressable block memory. Data may
include variables, strings, integers, floating-point numbers, or arbitrary data associated with a
particular program, process, thread, procedure call or function. Some data may be static data,
in that the duration of the data is persistent over the lifetime of the application to which it
belongs. Other data may be transitory in nature. For example, a variable used within the body
of a function may be created when the function is called and deleted when the function
completes. In another example, a piece of data may be stored in a section of allocated
memory by the application and then deleted when the application no longer needs to piece of
data. The transitory nature of some application data generally results in memory being
allocated to storage of the transitory data, and then deallocation of the same memory when
the date is no longer needed. In a linear address space, this can produce a pattern of memory
fragmentation where allocated parts of memory are interspersed with free parts of memory in

a noncontiguous way.

{00031 This fragmentation can lead to problems when allocating memory for larger data
objects. For example, if existing allocations in a memory are sufficiently fragmented,
allocating memory to store a large data object may be impossible due to the lack of a single
contiguous block sufficient to store the object, notwithstanding an aggregate amount of
sufficient free memory. Therefore, devising ways to avoid memory fragmentation is an

important problem that enhances the operation of computing systems.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Various techniques will be described with reference to the drawings, in which:

[0005] FIG. 1 illustrates an example of a computer system with a graphics processing unit,

in an embodiment;
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[0006] FIG. 2 illustrates an example of a computer program where a portion of the

computer program runs a graphics processing unit, in an embodiment;

[0007] FIG. 3 illustrates an example of a tree structure that represents an expression

capable of being evaluated on a graphics processing unit, in an embodiment;

[0008] FIG. 4 illustrates an example of a mapping between main memory and graphics

memory for a computer program, in an embodiment;

{00091 FIG. 5 illustrates an example of a lookup table that maps individual program data to

memory locations within a region of graphics memory, in an embodiment;

[0010] FIG. 6 illustrates an example of a process that, as a result of being performed by a
computer system, allocates graphics memory within a graphical processing unit for use by an

application program, in an embodiment;

[0011] FIG. 7 illustrates an example of a process that, as a result of being performed by a
computer system, generates a tree representing the relationships between data used by a

computer program, in an embodiment;

[0012] FIG. 8 illustrates an example of a first portion of a process that, as a result of being
performed by a computer system, maps application data to a block of memory allocated

within a GPU, in an embodiment;

[0013] FIG. 9 illustrates an example of a second portion of a process that, as a result of
being performed by computer system, maps application data to a block of memory allocated

within a GPU, in an embodiment;

[0014] FIG. 10 illustrates an example of parallel processing unit (“PPU”), in accordance

with an embodiment;

[0015] FIG. 11 illustrates an example of a general processing cluster (“GPC”), in

accordance with one embodiment;

[0016] FIG. 12 illustrates an example of a memory partition unit, in accordance with one

embodiment;

(00171 FIG. 13 illustrates an example of a streaming multi-processor, in accordance with

one embodiment; and

[0018] FIG. 14 illustrates a computer system in which the various examples can be

implemented, in accordance with one embodiment.
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DETAILED DESCRIPTION

[0019] The present document describes a memory management scheme for a graphics
processing unit (“GPU”) of a computer system. In an embodiment, a computer system
allocates memory within the graphics processing unit for use by a GPU-hosted program. In
an embodiment, the computer system analyzes the GPU-hosted program to identify program
inputs, outputs, and intermediate values used by the program by generating a tree structure
where the leaf nodes of the tree structure represent input values used by the program, the root
node of the tree structure represents the output of the program, and the intermediate nodes of
the tree represent transient or temporary variables used by the program. In an embodiment,
the GPU-hosted program can be an expression to be evaluated by the GPU, or a program
written in a language that provides managed-memory functionality such as Java, Scala,

Python, Haskell, or Pascal.

0020} In an embodiment, the computer system allocates memory for the GPU-hosted
program by making a single allocation of contiguous GPU memory, the size of which is
determined base at least in part on the information in the tree structure. In an embodiment, the
size of the memory allocation is determined by adding the size of the variables associated
with each node of the tree structure. In an embodiment, the location of each program variable
is determined by maintaining a table with a relative address of the respective variable

respective to the start of the allocated memory block.

{00211 In an embodiment, program variables are assigned to locations within the relative
block based at least in part on the predicted lifespan of each variable. In an embodiment,
variables that are determined to be persistent throughout the life of the program are grouped
together in a contiguous region of allocated memory on the GPU. In an embodiment,
persistent variables include the inputs to the program which are represented by the leaf nodes
of the tree structure. In an embodiment, the variables associated with the leaf nodes of the
tree structure are allocated to a contiguous block of memory at the beginning of the allocated
GPU memory block. In an embodiment, the root node of the tree structure represents the
output of the program, and the output of the program is stored in memory in the contiguous
block with the input variables. In an embodiment, the intermediate nodes of the tree structure
represent transient values and variables used during the execution of the program. In an
embodiment, variables and values represented by the interior nodes of the tree structure are
allocated and deallocated in the remaining portion of the GPU memory block, and in general,

are not required to be stored contiguously with the input or output values.
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[0022] In an embodiment, the systems and methods described herein are used to provide
efficient management of co-dependent memory regions. In various embodiments, the
program is written in a computer language such as Java, Scala, Python, Haskell which relies
on a runtime component that automatically allocates and deallocates memory space allocated
to program variables without an express memory-management command in the source code.
In an embodiment, this mechanism is extended to memory on a GPU by managing a separate
area of memory which is physically separated and generally has less storage capacity. In an
embodiment, these and other similar languages are implemented on a GPU using a technique
which allows the computer system to integrate co-dependent memory regions transparently
into an existing language which uses managed memory. In an embodiment, the solution exists
in user-space and does not require modifications to the underlying programming language. In
an embodiment, the technique allows the system to maintain memory regions on the GPU
that are dependent on the primary memory regions on the central processing unit (“CPU”),
where variables are automatically allocated and de-allocated. In an embodiment, this
managed memory can be used to implement support for programming languages, like Java,
Python or Scala, on the GPU. However, other embodiments may be implemented on other

types of devices or processors.

[0023] In an embodiment, the memory is part of a managed heap which is a region of
continuous memory allocated to the program for use. In an embodiment, the program
allocates memory from the heap to particular variables by assigning offsets relative to the
start address of the heap to each variable. In an embodiment, the system resolves the location
of a variable by adding the assigned offset of the variable to a base value (usually the start
address of the heap) (base + offset addressing mode). In an embodiment, the assignment of
variables to specific locations in the heap is tracked using a lookup table that allows the
system to determine a mapping between a variable and the variable’s allocated storage. In an
embodiment, the program maintains a reference count which is used to determine which
variables are still in use. In an embodiment, variables that are no longer in use are deallocated
from memory. In an embodiment, through the use of relative addressing, the system is able to
easily relocate memory allocations (program heaps) within a larger area of memory. In an

embodiment, the total amount of allocated and/or unallocated memory in the heap is tracked.

[0024] In an embodiment, memory in the dependent memory regions are automatically de-
allocated when the memory manager of the primary managed memory region de-allocates
them. In an embodiment, if an allocation is requested that is too large to fit in the empty space

remaining on the heap, the system runs a defragmentation algorithm that re-arranges valid
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allocations into a contiguous region — gathering multiple smaller free memory regions into a
single larger contiguous region. The allocation can then proceed so long as the request will fit

into the larger contiguous region.

[0025] In an embodiment, the system reduces memory fragmentation by managing memory
allocations to fit into a pre-defined region. In an embodiment, a tree structure that represents
dependencies between variables used in the program, or a computation graph is used to
determine the variables used for an upcoming calculation. In an embodiment, since the
amount of memory needed is calculated ahead of time, the system is able to accurately
predict the size of the memory heap to be allocated. In an embodiment, this extra runtime
information allows the system to determine whether the system is able to run a computation
within the available memory. In an embodiment, if the computation is unable to be performed
because the computation requires more memory than is available in the largest contiguous
free memory block, but sufficient aggregate memory capacity is available, allocated memory
may be relocated to assembly a contiguous block of sufficient size. In an embodiment, the
system is able to determine a number of evictions sufficient to free up the required space. In

an embodiment, evicted allocations can be stored in another memory area or saved to disk.

[0026] In an embodiment the system is able to fit multiple managed heaps into a single
memory and ensure that the applications will not exceed the capacity of their respective
heaps, thus making it possible to allocate memory for multiple applications into single
addressable memory space and ensure that the applications will not interfere with each
other’s allocated region of memory. In an embodiment, as the memory requirement of each
application is known before the application is run, and therefore the system is able to devise a
memory-allocation scheme where a plurality of applications can be run in a single

addressable space, and not interfere with each other.

[0027] In an embodiment, the use of a continuous memory region and relocatable addresses
allows a managed heap to be used for a number of other uses such as taking a snapshot of the
running application for saving program state. In an embodiment, this allows the system to
recover from a known state in failed applications, migrate an application between physically
different memories, or multiplex the execution of multiple GPU applications which together

would require more memory than is physically available.

[0028] As one skilled in the art will appreciate in light of this disclosure, certain examples
may be capable of achieving certain advantages, including some or all of the following: (1)

precisely calculating upcoming memory requirements and the minimum number of memory
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evictions required, (2) eliminating extra GPU driver calls by pre-allocating a single
contiguous region of memory. In an embodiment, this requires one cuMalloc and one cuFree
for the lifetime of the application, (3) enabling allocations to be easily relocated through the
use of base + offset addressing, (4) reducing fragmentation by introducing a garbage
collection framework for dependent memory regions, (5) increasing the precision of memory
allocation, and (6) providing a solution that can be implemented in user-space, with no access

to the internals of the underlying virtual machine.

[0029] In an embodiment, the techniques described herein can be used to implement
programming languages such as Java, Scala, Python and Haskell on GPUs, and enables
applications to continue to work in the presence of memory fragmentation and to reduce the

overhead incurred by repeated foreign function interface (“FFI”) calls.

[00301 FIG. 1 illustrates an example of a computer system with a graphics processing unit,
in an embodiment. FIG. 1 depicts, in an embodiment, an example 100 comprising a computer
system 102 which can comprise a CPU 104, main memory 106, and graphics subsystem 108.
In an embodiment, the computer system 102 is an operable entity comprising systems such as
the graphics subsystem 108. In an embodiment, the computer system 102 can comprise one
or more instances of a physical computing instance, such as a physical computer or device.
Additionally, in an embodiment, the computer system 102 can include one or more
processors, and memory storing instructions executable by the one or more processors. In an
embodiment, the computer system 102 can comprise various components not depicted in
FIG. 1, such as additional memory, hardware, processors, graphics subsystems, and/or
variations thereof. Other variations are also considered as being within the scope of the

present disclosure.

[0031] In an embodiment, the central processing unit 104 is any suitable processing device,
such as one or more of a microprocessor, a co-processor, a micro-controller, a
microcomputer, a central processing unit, a graphics processing unit, application specific
integrated circuit (“ASIC”), custom reduced instruction set computing (“RISC”) chip or some
other programmable logic device. Examples of such processing devices include devices
based on an Intel x86 architecture, an Itanium architecture, a reduced instruction set (“RISC”)
architecture (including ARM, Power Architecture and Blackfin architectures), and a SPARC
architecture. In an embodiment, the CPU 104 operates by processing and executing program
instructions as well as utilizing various data and data structures the main memory 106 can

comprise.
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[00321 The main memory 106, in an embodiment, is one or more data storage and/or
memory devices configured to operate, store, and process data for the CPU 104. The main
memory 106, in an embodiment, can comprise one or more of the following components:
random access memory (“RAM?”), static random access memory (“SRAM”), dynamic
random access memory (“DRAM?”), and/or variations thereof. In an embodiment, portions of
the main memory 106 can be mapped to one or more locations on the graphics subsystem
108, specifically the graphics memory 110, to be used in the processing and execution of

various processes and/or applications.

[0033] In an embodiment, the graphics subsystem 108 is a graphics subsystem existing on
the computer system 102 to provide processing capabilities, specifically the processing of
graphics, although other processes can be performed by the graphics subsystem 108. In an
embodiment, the graphics subsystem 108 can be an integrated graphics subsystem, which can
exist in connection with the CPU 104. An integrated graphics subsystem, in an embodiment,
is a graphics subsystem comprising memory shared with the CPU 104. In an embodiment, an
integrated graphics subsystem shares various resources with the CPU 104 to perform and
execute processes. In an alternative embodiment, the graphics subsystem 108 is a discrete
graphics subsystem. A discrete graphics subsystem, in an embodiment, is a graphics
subsystem comprising memory separate from memory utilized by the CPU 104. A discrete
graphics subsystem, in an embodiment, utilizes an independent source of video memory

and/or other memory types to perform and execute processes.

[0034] In an embodiment, the graphics subsystem 108 comprises graphics memory 110
which can be utilized by the graphics subsystem 108 to perform and execute various
processes. The graphics memory 110, in an embodiment, is one or more data storage and/or
memory devices configured to operate, store, and process data for the graphics processor 112.
In an embodiment, the graphics memory 110 comprises one or more of the following
components: variations of double data rate synchronous dynamic random-access memory
(“DDR SDRAM”), variations of graphics double data rate synchronous dynamic random-
access memory (“GDDR SDRAM?”), high bandwidth memory (“HBM”), and/or variations
thereof.

[0035] In an embodiment, the graphics processor 112, which in some examples can be
denoted as a graphics processing unit (“GPU”), is any suitable processing device, such as one
or more of a microprocessor, a co-processor, a micro-controller, a microcomputer, a central
processing unit, a graphics processing unit, application specific integrated circuit (“ASIC”),
custom reduced instruction set computing (“RISC”) chip or some other programmable logic

7
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device. In an embodiment, the graphics processor 112 operates by utilizing various program
instructions and data the graphics memory 110 and/or main memory 106 can comprise to
perform various operations; these operations can comprise the generation of graphics, the
processing of parallel operations, the processing of various deep learning techniques and

networks, and/or variations thereof.

[0036] FIG. 2 illustrates an example of a computer program where a portion of the
computer program runs a graphics processing unit, in an embodiment. FIG. 2, in an
embodiment, depicts an example 200 of a computer program that can utilize both a CPU
context as well as a GPU context for execution. In an embodiment, the computer program
200 1s written in the Java programming language. In an embodiment, the computer program
200 can be written in programming languages such as Java, Scala, Python, Haskell, and/or

variations thereof.

[0037] In an embodiment, the computer program 200 is processed by a system, such as the
computer system 102 described in connection with FIG. 1, into program instructions to be
executed. In an embodiment, the program instructions the computer program 200 comprises
can include instructions to determine which portions of the program instructions are run
within a CPU context and/or a GPU context. In an embodiment, a CPU context refers to an
environment provided by a CPU in which the execution of a program, such as the computer
program 200, is run. Similarly, in an embodiment, a GPU context refers to an environment
provided by a GPU in which the execution of a program, such as the computer program 206,

is run.

[0038] The computer program 200, in an embodiment, comprises executable code that is
executed in a GPU context. In an embodiment, the portion 204 of the computer program 200
denoted as “GPU_Exec(num,i);” corresponds to the computer program 206, which is
executed within the GPU context 202. The execution of the portion 204, in an embodiment,
can utilize a tree structure, such as the tree structure described in connection with FIG. 3. To
determine the total amount of memory required, in an embodiment, the determined amount of
memory can be allocated within the GPU context, and various memory management
techniques such as memory reallocation and memory defragmentation can be utilized to

execute the computer program 206.

[0039] In an embodiment, the execution of the computer program 200 begins with an
allocation of a portion of memory within the CPU context corresponding to the memory

requirements of the computer program 200. The computer program 200, in an embodiment,
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executes within the CPU context utilizing the CPU and main memory for the storage of
program instructions as well as various input variables, output variables, and other
intermediate variables as needed by the computer program 200. In an embodiment, the
execution of the computer program 200 comprises the execution of the portion 204
corresponding to the computer program 206. The execution of the portion 204, in an
embodiment, comprises an allocation of the total amount of memory required by the
computer program 206 within the GPU context. In an embodiment, the memory allocated
within the GPU context for the computer program 206, which in some examples can be
denoted as a subroutine, can be referred to as a subroutine heap. In an embodiment, a
contiguous block of memory is allocated within the GPU context to execute the computer

program 206.

[0040] In various embodiments, the computer program 206 can be a subroutine, function,
expression, script, executable graph, interpreted code, intermediate code, microcode, or
executable instructions that are executable by a GPU, CPU, combinational logic state
machine, or computer processor. Although a subroutine is illustrated and described as an
example, additional embodiments with the above computer program types are also

understood to be within the scope of the disclosure.

[0041] The execution of the computer program 206, in an embodiment, occurs within the
GPU context 202. In an embodiment, the execution of the computer program 206 comprises
utilizing the previously allocated block of memory to process and manage various facets of
the computer program 206, such as program instructions, input variables, output variables,
and other intermediate variables. In an embodiment, following the execution of the computer
program 206, the computer program 200 resumes execution within the CPU context. In an
embodiment, the computer program 200 comprises a loop structure in which the portion 204
is run numerous times. In an embodiment, each execution of the portion 204 comprises an
allocation of memory as well as the utilization of various memory management techniques
within the GPU context. In an embodiment, the execution of the portion 204 comprises the
execution of the computer program 206 within the GPU context. In an embodiment,
following the completion of the loop structure of the computer program 200, the computer

program 200 can continue and finish execution within the CPU context.

[0042] In an embodiment, inputs and outputs of the computer program 206 are passed
between memory of the CPU context and memory of the GPU context. The inputs and
outputs, for example, may include parameters of the computer program 206 (int 1), and return
values (num%oi) returned by the computer program 206. These input and output values, in an

9
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embodiment, are exchanged using an area of GPU memory mapped into a CPU addressable

memory space.

[0043] FIG. 3 illustrates an example of a tree structure that represents an expression
capable of being evaluated on a graphics processing unit, in an embodiment. FIG. 3, in an
embodiment, depicts an example 300 of a tree structure that is generated by a computer
system, such as the computer system 102 described in connection with FIG. 1, to determine
the memory allocation requirements for a GPU-hosted program. In an embodiment, a GPU-
hosted program can be a program like the computer program 206 running within the GPU

context 202 as described in connection with FIG. 2.

[0044] In an embodiment, the expression 302 is performed by a GPU-hosted program. In
an embodiment, a system analyzes the GPU-hosted program to determine the inputs, outputs
and intermediate values produced by the program, which correspond to the nodes of the tree
structure. The expression 302, in an embodiment, can be written as a part of a computer
program, and can utilize programming languages such as Java, Scala, Python, Haskell, and/or
variations thereof. In an embodiment, the expression 302 is specified using additional
identifiers and/or other forms of data to be evaluated within a GPU context as part of the
GPU-hosted program. The expression 302, in an embodiment, is analyzed by the system to
determine input variables, output variables, and intermediate value variables. In an

embodiment, the node 304 (root node) represents the output variable(s).

[0045] In an embodiment, the node 304 is determined through an analysis of the
expression 302. In an embodiment, the node 304 represents the result and/or output of the
expression 302. In an embodiment, the result and/or output of the expression 302 is analyzed
to determine the size required for the node 304. In an embodiment, the size of node 304 is
determined by analyzing various facets of the result and/or output of the expression 302, such
as variable types, computational logic, and/or variations thereof. In an embodiment, node
306, node 308, node 310, node 312, and node 314 are determined through an analysis of the
expression 302. In an embodiment, the nodes 306, 308, 310, 312, and 314 represent the input
variables to the expression 302. In an embodiment, the expression 302 comprises input
variables “A,” “B,” “C,” “D,” and “E” and comprises the output variable “Result.” In an
embodiment, the input variables “A,” “B,” “C,” “D,” and “E” are analyzed within the context
of the expression 302 to determine the sizes required for each individual node of the nodes

306-314.

10
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[0046]1 In an embodiment, intermediate value variable nodes 316 and 318 are determined
through an analysis of the expression 302. In an embodiment, intermediate value variable
nodes 316 and 318 represent the intermediate value variables of the expression 302. In an
embodiment, the intermediate value variables of the expression 302 represent variables that
are separate from the input and output variables of the expression 302. In an embodiment,
intermediate value variables can refer to variables that are not persistent throughout the life of
a computer program, or expression such as the expression 302. In an embodiment, node 316

represents the intermediate value variable of the expression “(A+B)” and node 318 represents

the intermediate value variable of the expression “(C+D+E).”

[0047] In an embodiment, the total size of the tree structure determines the total memory
allocated within GPU memory by the system for the GPU-hosted program, which performs
the expression 302. In an embodiment, the total size of the tree structure is determined by a
summation of the sizes of each individual node of the tree structure. In an embodiment, the
size of each node in the tree is determined based at least in part on the type of the value
represented by the node. In an embodiment, the system allocates the calculated total memory
required for the GPU-hosted program by allocating a single block of contiguous GPU
memory corresponding to the total memory required. The allocated GPU memory, in an
embodiment, can be mapped to a portion of main memory existing on the system.
Furthermore, in an embodiment, the input variables and output variables are allocated to a
single contiguous block in the beginning of the allocated block of contiguous GPU memory.
In an embodiment, the intermediate value variables are allocated after the allocated input

variables and output variables.

[0048] In an embodiment, the usage of the memory allocated for the intermediate value
variables can depends on the state of the execution of the GPU-hosted program. For example,
in an embodiment, intermediate value variables can be created and deleted depending on the
state of the computer program or expression. In an embodiment, the state of the intermediate
value variables corresponding to the nodes 316 and 318 depends on if the operations on the
input variables have been executed as part of the expression 302. In an embodiment, if the
operations on the input variables have not yet been performed as part of the expression 302,
the intermediate value variables corresponding to node 316 and/or 318 can have null values
in the allocated memory until the operations on the input variables have been performed, and
the results of the operations on the input variables have determined the values of the
intermediate value variables corresponding to nodes 316 and 318. For example, in an

embodiment, before the execution of the expression “(C+D+E)” as part of the expression

11
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302, the intermediate value variable corresponding to node 318 can have a null value, and
following the execution of the expression “(C+D+E)”, the intermediate value variable
corresponding to node 318 in the allocated GPU memory can comprise the result of the
executed expression. In an embodiment, following the execution of the expression “(A+B) x
(C+D+E),” the intermediate value variables corresponding to nodes 316 and 318 can be
deleted after the result of the expression has determined the value of the output variable

corresponding to the node 304.

[0049] The allocated block within GPU memory, in an embodiment, is utilized to perform
the GPU-hosted program comprising the expression 302. In an embodiment, the allocated
block within GPU memory comprises memory required for all of the variables required to
execute the GPU-hosted program comprising the expression 302. In an embodiment, the
input and output variables are of fixed sizes, while the intermediate value variables can vary

in size and state depending on the state of the execution of the GPU-hosted program.

[0050] FIG. 4 illustrates an example of a mapping between main memory and graphics
memory for a computer program, in an embodiment. FIG. 4, in an embodiment, depicts an
example 400 of a main memory 402 and graphics memory 404, which a system, such as the
computer system 102 described in connection with FIG. 1, can comprise. In an embodiment,
the main memory 402 is one or more data storage and/or memory devices configured to
operate, store, and process data for a processing unit, such as a CPU, and the main memory
402 can comprise various data structures, such as an application heap 410 and application
stack 408. The main memory 402, in an embodiment, can comprise one or more of the
following components: RAM (random access memory), SRAM (static random access
memory), DRAM (dynamic random access memory), and/or variations thereof, and can be

utilized to store program instructions that a processing unit can execute.

{00511 In an embodiment, the application heap 410 is a region of continuous memory that
is allocated for the execution of a computer program, which in some examples can be denoted
as an application. In an embodiment, the application heap 410 is determined based on the
total memory requirements of a computer program. The application heap 410, in an
embodiment, can comprise various input, output, and intermediate variables, as well as other
data types and structures that a computer program can utilize throughout the life of its
execution. Additionally, in an embodiment, the application heap 410 can comprise multiple
heaps for usage by various subroutines and/or portions of the computer program. For
example, in an embodiment, a computer program can comprise multiple subroutines that are
run in a CPU context and multiple subroutines that are run in a GPU context. In an
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embodiment, the subroutines in separate contexts have their own associated individual heaps

2

which are denoted as subroutine heaps.

[0052] The application stack 408, in an embodiment, is a region of memory that is
allocated for the execution of a computer program, which in some examples can be denoted
as an application. In an embodiment, the application stack 408 can comprise various input,
output, and intermediate variables, as well as other data types and structures that a computer
program can utilize throughout the life of its execution. Additionally, in an embodiment, the
application stack 408 can store variables local to the execution of a computer program, as
well as other data and/or data structures that can be utilized in the execution of various
functions a computer program can comprise. In an embodiment, the application stack 408 and
application heap 410 are utilized together in the execution of a computer program. In an
embodiment, memory on the application stack 408 can be allocated quicker than memory on
the application heap 410, resulting in the application stack 408 being utilized for data and/or

data structures that require lower latency allocation/retrieval.

[0053] The graphics memory 404, in an embodiment, is memory that is utilized by a
graphics subsystem to perform and execute various processes. The graphics memory 404, in
an embodiment, is one or more data storage and/or memory devices configured to operate,
store, and process data for the graphics processor a graphics subsystem can comprise. In an
embodiment, the graphics memory 404 can comprise one or more of the following
components: variations of DDR SDRAM (double data rate synchronous dynamic random-
access memory), variations of GDDR SDRAM (graphics double data rate synchronous
dynamic random-access memory), HBM (high bandwidth memory), and/or variations

thereof.

[0054] In an embodiment, the subroutine heap 412 is a heap structure that comprises a
memory mapping of the subroutine application memory 420. In an embodiment, the
subroutine application memory 420 is a portion of the application heap 410 that is allocated
for the execution of a subroutine. In an embodiment the subroutine can execute on a graphics
subsystem comprising the graphics memory 404. Furthermore, in an embodiment, the
subroutine application memory 420 is memory required for the execution of a subroutine a
computer program can comprise. In an embodiment, the subroutine application memory 420
is mapped to an allocated region of memory, denoted as the subroutine heap 412, on the
graphics memory 404. In an embodiment, the computer program 200 comprises a subroutine
206 that is executed within a GPU context where the subroutine 206 utilizes the subroutine
application memory 420 mapped to the subroutine heap 412.
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[00551 In an embodiment, the subroutine heap 412 comprises subroutine inputs 414,
subroutine outputs 416, and subroutine intermediate variables 418 that are utilized by a
subroutine executing on a graphics subsystem that comprises the graphics memory 404. In an
embodiment, the subroutine inputs 414, subroutine outputs 416, and subroutine intermediate
variables 418 are variables that are determined to be required for the execution of the
subroutine. In an embodiment, a subroutine is a portion of a computer program such as a
function or set of instructions that is executed at the direction of another portion of the
program. In an embodiment, the subroutine depicted in FIG. 4 is a portion of a computer
program that is executed within a GPU context. In an embodiment, the memory allocated for
the subroutine inputs 414, subroutine outputs 416, and subroutine intermediate variables 418
is determined with a tree structure such as the tree structure described in connection with
FIG. 3. In an embodiment, the total memory required for the subroutine inputs 414,
subroutine outputs 416, and subroutine intermediate variables 418 is allocated as part of the
allocation of the subroutine heap 412. In an embodiment, the subroutine is analyzed to
determine the total memory required for the subroutine inputs 414, subroutine outputs 416,
and subroutine intermediate variables 418. In an embodiment, the total memory required is
then allocated as the subroutine application memory 420, which is mapped to an allocation of
the graphics memory 404, as the subroutine heap 412. Moreover, in an embodiment, the
subroutine inputs 414, subroutine outputs 416, and subroutine intermediate variables 418 that
the subroutine heap 412 comprises are utilized in the execution of the subroutine within a

GPU context, which can be a graphics subsystem comprising the graphics memory 404.

[0056] FIG. 5 illustrates an example of a lookup table that maps individual program data to
memory locations within a region of graphics memory, in an embodiment. FIG. 5, in an
embodiment, depicts an example 500 of the structure of a memory location, specifically the
subroutine heap 504, which utilizes the lookup table 512. In an embodiment, the lookup
table 512 is maintained by a program running on a GPU, and the table maps locations in the
heap to particular variables (input, output, and intermittent) used by the program. In an
embodiment, the table stores a base address of the GPU heap, and an offset relative to the
start of the heap for each variable. In an embodiment, this allows for efficient relocation of
the GPU heap if necessary. In an embodiment, graphics memory 502 is memory that is
utilized by a graphics subsystem to perform and execute various processes. The graphics
memory 502, in an embodiment, is one or more data storage and/or memory devices
configured to operate, store, and process data for the graphics processor a graphics subsystem

can comprise. Additionally, in an embodiment, the graphics memory 502 can be a part of a
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graphics subsystem that a computer system, such as the computer system 102 described in

connection with FIG. 1, can comprise.

[0057] In an embodiment, the graphics memory 502 comprises the subroutine heap 504. In
an embodiment, the subroutine heap 504 is an allocated region of memory that a subroutine,
which has been designated to execute within a GPU context, utilizes throughout the life of its
execution. In an embodiment, the subroutine can be analyzed to determine the subroutine
inputs 506, subroutine outputs 508, and subroutine intermediate variables 510 that the
subroutine will utilize for its execution. In an embodiment, the subroutine inputs 506,
subroutine outputs 508, and subroutine intermediate variables 510 are determined through a
tree structure, such as the tree structure described in connection with FIG. 3. In an
embodiment, the total memory required for the subroutine inputs 506, subroutine outputs
508, and subroutine intermediate variables 510 is determined with the aforementioned tree
structure, and allocated within the graphics memory 502 to facilitate the execution of the

subroutine within the GPU context.

{00581 In an embodiment, the subroutine inputs 506, subroutine outputs 508, and
subroutine intermediate variables 510 are organized utilizing the lookup table 512. In an
embodiment, within the subroutine heap 504, the subroutine inputs 506 are stored first,
subroutine outputs 508 are stored next in a contiguous block along with the subroutine inputs
506, and subroutine intermediate variables 510 are stored last. In an embodiment, the
organization of the subroutine inputs 506, subroutine outputs 508, and subroutine
intermediate variables 510 is tracked utilizing the base address 514, heap size 516, and offset
table 518. In an embodiment, the base address 514 is the address in the graphics memory 502
of the first subroutine input of the subroutine inputs 506. In an embodiment, the base address
514 refers to the first, or base, address of the allocated memory of the subroutine heap 504
comprising the subroutine inputs 506, subroutine outputs 508, and subroutine intermediate
variables 510. In an embodiment, the heap size 516 is the total size of the subroutine heap
504 comprising the subroutine inputs 506, subroutine outputs 508, and subroutine

intermediate variables 510.

[0059] In an embodiment, the lookup table 512 comprises the offset table 518 to track the
locations of the subroutine inputs 506, subroutine outputs 508, and subroutine intermediate
variables 510 within the subroutine heap 504 relative to the base address 514. In an
embodiment, the lookup table 512 is stored within the graphics memory 502 to manage the
subroutine inputs 506, subroutine outputs 508, and subroutine intermediate variables 510 the
subroutine heap 504 comprises. In an embodiment, the lookup table 512 utilizes the offset

15



10

15

20

25

30

WO 2020/172181 PCT/US2020/018667
table 518 to track the subroutine inputs 506, subroutine outputs 508, and subroutine
intermediate variables 510 by storing the base address 514, where the first subroutine input of
the subroutine inputs 506 is stored, and storing offsets from the base address 514. In an
embodiment, the offsets are utilized to track the location of the other subroutine inputs 506,
subroutine outputs 508, and subroutine intermediate variables 510 relative to the first
subroutine input located at the base address 514. For example, in an embodiment, subroutine
input A can be stored at the base address corresponding to an offset of 0. Correspondingly,
subroutine input B, which is stored immediately after subroutine input B, can have its
location tracked relative to subroutine input A, with an offset of 1. In an embodiment, all of
the locations of the subroutine inputs 506, subroutine outputs 508, and subroutine
intermediate variables 510 are tracked relative to the base address 514, where the first

subroutine input is stored.

[0060] In an embodiment, the base address 514 and offset table 518 utilized by the lookup
table 512 allows the subroutine heap 504 to be shifted without significant additional
computation, as the locations are not tracked with absolute addresses within the graphics
memory 502, but rather with relative addresses relative to the base address 514. For example,
in an embodiment, if another subroutine heap is introduced to the graphics memory 502, the
existing subroutine heap can be shifted to another base address. In an embodiment, the base
address of the lookup table corresponding to the shifted subroutine heap is updated to
continue to track the shifted subroutine heap. In an embodiment, the subroutine inputs,
subroutine outputs, and subroutine intermediate variables do not change because they are
addressed relative to the base address. Additionally, in an embodiment, the subroutine heap
504 is capable of being relocated as a result of a memory defragmentation operation. In an
embodiment, multiple subroutine heaps can be allocated within the graphics memory 502. In
an embodiment, multiple allocations and deallocations can cause memory fragmentation in
which portions or fragments of allocated memory, due to their small size, comprise unusable
free memory. In an embodiment, the lookup table 512 can be utilized to relocate and/or
reorganize multiple subroutine heaps to reduce the fragmentation caused by the multiple

subroutine heaps.

[0061] FIG. 6 illustrates an example of a process that, as a result of being performed by a
computer system, allocates graphics memory within a graphical processing unit for use by an
application program, in an embodiment. In an embodiment, the system performing the
process 600 identifies 602 an application program to be executed on a graphical processing

unit (GPU). In an embodiment, an application program can comprise various identifiers
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within the program, such as specific syntax within the application program to denote that the
application program is to be executed on a graphical processing unit. Additionally, in an
embodiment, an application program can comprise other various forms of identification, such
as metadata or other identifiers indicating the execution on a graphical processing unit.
Furthermore, in an embodiment, an application program can be executed from one or more
specific computer applications on a computer system, which can direct the execution of the

application program to a graphical processing unit.

[0062] In an embodiment, the system performing the process 600 analyzes 604 the
application to produce a tree structure that represents the computations performed by the
program. In an embodiment, the system analyzes the application by producing a tree structure
such as the tree structure described in connection with FIG. 3. In an embodiment, the tree
structure comprises nodes that comprise the input variables, output variables, and
intermediate value variables. Further information regarding generation of the tree structure

can be found in the description of FIG. 3.

[0063] In an embodiment, the system performing the process 600 identifies 606 the total
memory requirements of the application from the tree. In an embodiment, the system
identifies the total memory requirements of the application by a summation of the sizes of the
nodes of the produced tree structure. In an embodiment, the nodes of the tree structure
correspond to the input variables, output variables, and intermediate value variables that the

application utilizes throughout the life of its execution.

[0064] In an embodiment, the system performing the process 600 allocates 608 a block of
GPU memory that fulfills the memory requirement of the application. In an embodiment, the
allocated block of GPU memory corresponds to the total memory requirements of the
application, which can be determined from the tree structure. In an embodiment, the system
performing the process 600 establishes 610 a mapping of application data to the allocated
memory block. In an embodiment, the mapping of the allocated memory block comprises the
input variables and output variables in a contiguous block in the beginning of the allocated
memory block, and the intermediate value variables in a block after the aforementioned
contiguous block. Further information regarding the mapping of the allocated memory block

can be found in the description of FIG. 4 and FIG. 5.

[0065] In an embodiment, the system performing the process 600 stores 612 application
input data to the allocated GPU memory. In an embodiment, the application input data

corresponds to the input variables determined as part of the tree structure. In an embodiment,
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the application input data is stored in the portion of the allocated memory block of GPU

memory mapped to the application input variables, which can be in a contiguous block in the

beginning of the allocated block of GPU memory.

[0066] In an embodiment, the system performing the process 600 runs 614 the application
on the GPU. In an embodiment, the system runs the application on the GPU by executing the
necessary processes to direct the execution of the application on the GPU. In an embodiment,
the application can be executed on the GPU by utilizing the allocated block of GPU memory
for various data and/or data structures. In an embodiment, the various data and/or data
structures the allocated block of GPU memory comprises are utilized throughout the

execution of the application.

[0067] In an embodiment, the system performing the process 600 retrieves 616 application
output data from the allocated GPU memory. In an embodiment, the execution of the
application on the GPU comprises the generation of output data. In an embodiment, the
output data is stored in the allocated block of GPU memory in a contiguous block along with
the input data. In an embodiment, the output data can be retrieved directly from the allocated
block of GPU memory. In an embodiment, the system performing the process 600 releases
618 the allocated memory on the GPU. In an embodiment, the allocated memory on the GPU
is de-allocated, allowing for further allocations for subsequent application programs to be

executed on the GPU.

[0068] FIG. 7 illustrates an example of a process that, as a result of being performed by a
computer system, generates a tree representing the relationships between data used by a
computer program, in an embodiment. In an embodiment, the system performing the process
700 identifies 702 an application program to be executed on a graphical processing unit
(GPU). In an embodiment, an application program can comprise various identifiers within the
program, such as specific syntax within the application program to denote that the application
program is to be executed on a graphical processing unit. Additionally, in an embodiment, an
application program can comprise other various forms of identification, such as metadata or
other identifiers indicating the execution on a graphical processing unit. Furthermore, in an
embodiment, an application program can be executed from one or more specific computer
applications on a computer system, which can direct the execution of the application program

to a graphical processing unit.

[0069] In an embodiment, the system performing the process 700 parses 704 the program

code to identify the program inputs and outputs. In an embodiment, the system parses the
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program code by analyzing the syntax and/or semantics of the program code to determine the
program inputs and outputs. In an embodiment, the system analyzes the program code by
identifying various keywords, structures, and/or variations thereof the program code
comprises to determine the program inputs and outputs. In an embodiment, the determination
of the program inputs and outputs can comprise further determining various characteristics of

the program inputs and outputs, such as variable type, size, usage, and/or variations thereof.

[0070]1 In an embodiment, the system performing the process 700 generates 706 a tree with
a root node that represents the program outputs. In an embodiment, the root node that
represents the program outputs is determined by the system parsing the program code. In an
embodiment, the root node represents the program outputs and comprises various
characteristics of the program outputs. In an embodiment, the root node comprises an
indication of the size of the program output. In an embodiment, the program can comprise
multiple sets of program outputs, in which multiple root nodes and tree structures can be

generated.

{00711 In an embodiment, the system performing the process 700 generates 708 a tree leaf
node for each program input. In an embodiment, the leaf nodes that represent the program
inputs are determined by the system parsing the program code. In an embodiment, a leaf node
represents a program input, and comprises various characteristics of the program input. In an
embodiment, the leaf node comprises an indication of the size of the program input. In an
embodiment, the program can comprise multiple inputs, in which multiple leaf nodes can be

generated with respect to a root node within a tree structure.

[0072] In an embodiment, the system performing the process 700 parses 710 the program
code to identify intermediate values generated by subroutines, functions, and intermediate
calculations. In an embodiment, the system can parse the program code by analyzing the
syntax and/or semantics of the program code to determine the program intermediate values.
In an embodiment, the system analyzes the program code by identifying various keywords,
structures, and/or variations thereof the program code comprises to determine the program
intermediate values. In an embodiment, the determination of the program intermediate values
can further comprise determining various characteristics of the program intermediate values,

such as variable type, size, usage, and/or variations thereof.

[0073] In an embodiment, the system performing the process 700 generates 712
intermediate nodes for the intermediate values created by the program. In an embodiment, the

intermediate nodes that represent the intermediate values are determined by the system
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parsing the program code. In an embodiment, the intermediate nodes represent intermediate
values and comprise various characteristics of the intermediate values. In an embodiment, the

intermediate nodes comprise indications of the sizes of the intermediate values.

[0074] In an embodiment, the system performing the process 700 links 714 the leaf nodes
that represent program inputs to the root node via the intermediate nodes. In an embodiment,
the system links the leaf nodes to the intermediate nodes the leaf nodes are associated with; in
an embodiment, for example, a group of leaf nodes can be linked to an intermediate node that
comprises an intermediate result of an operation performed on the group of leaf nodes. In an
embodiment, the intermediate nodes are linked to the root node that represents the output of
one or more processes on the intermediate nodes. In an embodiment, for example,
intermediate nodes can be linked to a root node that comprises a result of one or more

processes on the intermediate nodes.

[0075] In an embodiment, intermediate nodes can be linked to other intermediate nodes that
can represent intermediate results of one or more processes performed on the intermediate
nodes. In an embodiment, the intermediate nodes can be linked to any number of other
intermediate nodes. In an embodiment, the end result of the intermediate nodes will link to a
root node representing the final output/result of one or more processes on the intermediate
nodes. Further information regarding the linking of the leaf nodes to the root node via the

intermediate nodes can be found in the description of FIG. 3.

[0076] FIG. 8 illustrates an example of a first portion of a process that, as a result of being
performed by a computer system, maps application data to a block of memory allocated
within a GPU, in an embodiment. In an embodiment, the system performing the process 800
identifies 802 the base address and size of the allocated GPU memory block. In an
embodiment, the base address of the allocated GPU memory block is the address in GPU
memory where the allocated GPU memory block begins. In an embodiment, the base address
and size of the allocated GPU memory block can be found in a lookup table that is generated
during the allocation of the allocated GPU memory block. Further information regarding the
lookup table can be found in the description of FIG. 5.

0077} In an embodiment, the system performing the process 800 sets 804 an allocation
pointer to the beginning of the GPU memory block. In an embodiment, a pointer is a
programming language object that stores the location of a memory address. In an
embodiment, an allocation pointer stores the location of a memory address that will be

mapped to a value such as an input value, output value, or intermediate value of a computer
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program. In an embodiment, the allocation pointer can be stored in a separately allocated
portion of GPU memory. In an alternative embodiment, the allocation pointer can be stored

on other memory, such as main memory, that a computer system comprises.

[0078] In an embodiment, the system performing the process 800 applies a process for 806
each input value of the program. In an embodiment, the program refers to a computer
program that has been analyzed by a system to determine the computer program’s input
values, output values, and intermediate values. In an embodiment, the allocated GPU memory
block comprises memory mapped to the computer program’s input values, output values, and
intermediate values. In an embodiment, the system performing process 800 iterates through

each input value of the program.

[0079] In an embodiment, the system performing the process 800 assigns 808 memory to
the input value at the location indicated by the allocation pointer. In an embodiment, the
memory location indicated by the allocation pointer is assigned to the input value such that
the input value can be stored in the memory location. In an embodiment, the amount of
memory assigned is determined by the size of the input value. In an embodiment, the memory
assigned is assigned such that the input value can be stored in the assigned memory. In an
embodiment, the system performing the process 800 advances 810 the allocation pointer
based on the amount of memory assigned. In an embodiment, the allocation pointer is
advanced based on the amount of memory assigned such that the allocation pointer points to
a new location in memory that does not overlap with the memory previously assigned to the

input value.

[0080] In an embodiment, the system performing the process 800 determines if more 812
input values remain to be assigned. In an embodiment, if the system determines there are
more input values remaining to be assigned, the system repeats the processes 806-812 for the
remaining input values. In an embodiment, if the system determines that there are no more
input values, the system then begins to process the output values of the program. In an
embodiment, the system performing the process 800 applies a process for 814 each output
value of the program. In an embodiment, the system performing process 800 iterates through

each output value of the program.

[0081] In an embodiment, the system performing the process 800 assigns 816 memory to
the output value at the location indicated by the allocation pointer. In an embodiment, the
memory location indicated by the allocation pointer is assigned to the output value such that

the output value can be stored in the memory location. In an embodiment, the amount of
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memory assigned is determined by the size of the output value. In an embodiment, the
memory assigned is assigned such that the output value can be stored in the assigned
memory. In an embodiment, the system performing the process 800 advances 818 the
allocation pointer based on the amount of memory assigned. In an embodiment, the allocation
pointer is advanced based on the amount of memory assigned such that the allocation pointer
points to a new location in memory that does not overlap with the memory previously

assigned to the output value.

[0082] In an embodiment, the system performing the process 800 determines if more 820
output values remain to be assigned. In an embodiment, if the system determines there are
more output values remaining to be assigned, the system repeats the processes 814-820 for
the remaining output values. In an embodiment, if the system determines that there are no
more output values, the system begins to process the intermediate values of the program,

continued in FIG. 9.

[0083] FIG. 9 illustrates an example of a second portion of a process that, as a result of
being performed by computer system, maps application data to a block of memory allocated
within a GPU, in an embodiment. In an embodiment, the system performing the process 900
applies a process for 904 each intermediate value of the program. In an embodiment, the
program refers to a computer program that has been analyzed by a system to determine the
computer program’s input values, output values, and intermediate values. In an embodiment,
the allocated GPU memory block comprises memory mapped to the computer program’s
input values, output values, and intermediate values. In an embodiment, the system

performing process 900 iterates through each intermediate value of the program.

[0084] In an embodiment, the system performing the process 900 assigns 906 memory to
the intermediate value at the location indicated by the allocation pointer. In an embodiment,
the memory location indicated by the allocation pointer is assigned to the intermediate value
such that the intermediate value can be stored in the memory location. In an embodiment, the
amount of memory assigned is determined by the size of the intermediate value. In an
embodiment, the memory assigned is assigned such that the intermediate value can be stored
in the assigned memory. In an embodiment, the system performing the process 900 advances
908 the allocation pointer based on the amount of memory assigned. In an embodiment, the
allocation pointer is advanced based on the amount of memory assigned such that the
allocation pointer points to a new location in memory that does not overlap with the memory

previously assigned to the intermediate value.

22



10

15

20

25

30

WO 2020/172181 PCT/US2020/018667
[00851 In an embodiment, the system performing the process 900 determines if more 910
intermediate values remain to be assigned. In an embodiment, if the system determines there
are more intermediate values remaining to be assigned, the system repeats the
processes 904, 906, 908, and 910 for the remaining intermediate values. In an embodiment, if
the system determines that there are no more intermediate values, the system ceases

processing of the intermediate values of the program.

[0086] In an embodiment, the system performing the process 900 confirms 912 that data
fits in the allocated memory. In an embodiment, the aforementioned data is the data that has
been allocated in the allocated GPU memory block, and comprises the input values, output
values, and intermediate values of the computer program. In an embodiment, the system
confirms the data fits by performing one or more verification checks on the allocated memory
to determine if the data exceeds the bounds of the allocated memory or if the data fits within

the bounds of the allocated memory.

[0087] FIG. 10 illustrates a parallel processing unit (“PPU”) 1000, in accordance with one
embodiment. In an embodiment, the PPU 1000 is configured with machine-readable code
that, if executed by the PPU, causes the PPU to perform some or all of processes and
techniques described throughout this disclosure. In an embodiment, the PPU 1000 is a multi-
threaded processor that is implemented on one or more integrated circuit devices and that
utilizes multithreading as a latency-hiding technique designed to process computer-readable
instructions (also referred to as machine-readable instructions or simply instructions) on
multiple threads in parallel. In an embodiment, a thread refers to a thread of execution and is
an instantiation of a set of instructions configured to be executed by the PPU 1000. In an
embodiment, the PPU 1000 is a graphics processing unit (“GPU”) configured to implement a
graphics rendering pipeline for processing three-dimensional (“3D”) graphics data in order to
generate two-dimensional (“2D”’) image data for display on a display device such as a liquid
crystal display (LCD) device. In an embodiment, the PPU 1000 is utilized for perform
computations such as linear algebra operations and machine-learning operations. FIG. 10
illustrates an example parallel processor for illustrative purposes only and should be
construed as a non-limiting example of processor architectures contemplated within the scope
of this disclosure and that any suitable processor may be employed to supplement and/or

substitute for the same.

[0088] In an embodiment, one or more PPUs are configured to accelerate High
Performance Computing (“HPC”), data center, and machine learning applications. In an
embodiment, the PPU 1000 is configured to accelerate deep learning systems and
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applications including the following non-limiting examples: autonomous vehicle platforms,
deep learning, high-accuracy speech, image, text recognition systems, intelligent video
analytics, molecular simulations, drug discovery, disease diagnosis, weather forecasting, big
data analytics, astronomy, molecular dynamics simulation, financial modeling, robotics,
factory automation, real-time language translation, online search optimizations, and

personalized user recommendations, and more.

[0089] In an embodiment, the PPU 1000 includes an Input/Output (“I/O”) unit 1005, a
front-end unit 1010, a scheduler unit 1012, a work distribution unit 1014, a hub 1016, a
crossbar (“Xbar”) 1020, one or more general processing clusters (“GPCs”) 1018, and one or
more partition units 1022. In an embodiment, the PPU 1000 is connected to a host processor
or other PPUs 1000 via one or more high-speed GPU interconnects 108. In an embodiment,
the PPU 1000 is connected to a host processor or other peripheral devices via an interconnect
1002. In an embodiment, the PPU 1000 is connected to a local memory comprising one or
more memory devices 1004. In an embodiment, the local memory comprises one or more
dynamic random access memory (“DRAM?”) devices. In an embodiment, the one or more
DRAM devices are configured and/or configurable as high-bandwidth memory (“HBM”)
subsystems, with multiple DRAM dies stacked within each device.

[0090] The high-speed GPU interconnect 1008 may refer to a wire-based multi-lane
communications link that is used by systems to scale and include one or more PPUs 1000
combined with one or more CPUs, supports cache coherence between the PPUs 1000 and
CPUs, and CPU mastering. In an embodiment, data and/or commands are transmitted by the
high-speed GPU interconnect 108 through the hub 1016 to/from other units of the PPU 1000
such as one or more copy engines, video encoders, video decoders, power management units,

and other components which may not be explicitly illustrated in FIG. 10.

[0091] In an embodiment, the I/O unit 1006 is configured to transmit and receive
communications (e.g., commands, data) from a host processor (not illustrated in FIG. 10)
over the system bus 1002. In an embodiment, the I/O unit 1005 communicates with the host
processor directly via the system bus 1002 or through one or more intermediate devices such
as a memory bridge. In an embodiment, the I/O unit 1005 may communicate with one or
more other processors, such as one or more the PPUs 1000 via the system bus 1002. In an
embodiment, the I/O unit 1005 implements a Peripheral Component Interconnect Express
(“PClIe”) interface for communications over a PCle bus. In an embodiment, the I/O unit 1005

implements interfaces for communicating with external devices.
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[00921 In an embodiment, the I/O unit 1005 decodes packets received via the system bus
1002. In an embodiment, at least some packets represent commands configured to cause the
PPU 1000 to perform various operations. In an embodiment, the I/O unit 1005 transmits the
decoded commands to various other units of the PPU 1000 as specified by the commands. In
an embodiment, commands are transmitted to the front-end unit 1010 and/or transmitted to
the hub 1016 or other units of the PPU 1000 such as one or more copy engines, a video
encoder, a video decoder, a power management unit, etc. (not explicitly illustrated in FIG.

10). In an embodiment, the I/O unit 1005 is configured to route communications between and

among the various logical units of the PPU 1000.

[0093] In an embodiment, a program executed by the host processor encodes a command
stream in a buffer that provides workloads to the PPU 1000 for processing. In an
embodiment, a workload comprises instructions and data to be processed by those
instructions. In an embodiment, the buffer is a region in a memory that is accessible (e.g.,
read/write) by both the host processor and the PPU 1000 —the host interface unit may be
configured to access the buffer in a system memory connected to the system bus 1002 via
memory requests transmitted over the system bus 1002 by the I/O unit 1005. In an
embodiment, the host processor writes the command stream to the buffer and then transmits a
pointer to the start of the command stream to the PPU 1000 such that the front-end unit 1010
receives pointers to one or more command streams and manages the one or more streams,
reading commands from the streams and forwarding commands to the various units of the

PPU 1000.

[0094] In an embodiment, the front-end unit 1010 is coupled to a scheduler unit 1012 that
configures the various GPCs 1018 to process tasks defined by the one or more streams. In an
embodiment, the scheduler unit 1012 is configured to track state information related to the
various tasks managed by the scheduler unit 1012 where the state information may indicate
which GPC 1018 a task is assigned to, whether the task is active or inactive, a priority level
associated with the task, and so forth. In an embodiment, the scheduler unit 1012 manages the

execution of a plurality of tasks on the one or more GPCs 1018.

[0095] In an embodiment, the scheduler unit 1012 is coupled to a work distribution unit
1014 that is configured to dispatch tasks for execution on the GPCs 1018. In an embodiment,
the work distribution unit 1014 tracks a number of scheduled tasks received from the
scheduler unit 1012 and the work distribution unit 1014 manages a pending task pool and an
active task pool for each of the GPCs 1018. In an embodiment, the pending task pool
comprises a number of slots (e.g., 32 slots) that contain tasks assigned to be processed by a
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particular GPC 1018; the active task pool may comprise a number of slots (e.g., 4 slots) for
tasks that are actively being processed by the GPCs 1018 such that as a GPC 1018 completes
the execution of a task, that task is evicted from the active task pool for the GPC 1018 and
one of the other tasks from the pending task pool is selected and scheduled for execution on
the GPC 1018. In an embodiment, if an active task is idle on the GPC 1018, such as while
waiting for a data dependency to be resolved, then the active task is evicted from the GPC
1018 and returned to the pending task pool while another task in the pending task pool is
selected and scheduled for execution on the GPC 1018.

[0096] In an embodiment, the work distribution unit 1014 communicates with the one or
more GPCs 1018 via XBar 1020. In an embodiment, the XBar 1020 is an interconnect
network that couples many of the units of the PPU 1000 to other units of the PPU 1000 and
can be configured to couple the work distribution unit 1014 to a particular GPC 1018.
Although not shown explicitly, one or more other units of the PPU 1000 may also be
connected to the XBar 1020 via the hub 1016.

[0097] The tasks are managed by the scheduler unit 1012 and dispatched to a GPC 1018 by
the work distribution unit 1014. The GPC 1018 is configured to process the task and generate
results. The results may be consumed by other tasks within the GPC 1018, routed to a
different GPC 1018 via the XBar 1020, or stored in the memory 1004. The results can be
written to the memory 1004 via the partition units 1022, which implement a memory
interface for reading and writing data to/from the memory 1004. The results can be
transmitted to another PPU 1004 or CPU via the high-speed GPU interconnect 108. In an
embodiment, the PPU 1000 includes a number U of partition units 1022 that is equal to the
number of separate and distinct memory devices 1004 coupled to the PPU 1000. A partition

unit 1022 will be described in more detail below in conjunction with FIG. 12.

[0098] In an embodiment, a host processor executes a driver kernel that implements an
application programming interface (“API”) that enables one or more applications executing
on the host processor to schedule operations for execution on the PPU 1000. In an
embodiment, multiple compute applications are simultaneously executed by the PPU 1000
and the PPU 1000 provides isolation, quality of service (“QoS”), and independent address
spaces for the multiple compute applications. In an embodiment, an application generates
instructions (e.g., in the form of API calls) that cause the driver kernel to generate one or
more tasks for execution by the PPU 1000 and the driver kernel outputs tasks to one or more
streams being processed by the PPU 1000. In an embodiment, each task comprises one or
more groups of related threads, which may be referred to as a warp. In an embodiment, a
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warp comprises a plurality of related threads (e.g., 32 threads) that can be executed in
parallel. In an embodiment, cooperating threads can refer to a plurality of threads including
instructions to perform the task and that exchange data through shared memory. Threads and
cooperating threads are described in more detail, in accordance with one embodiment,

elsewhere in the application.

[0099] FIG. 11 illustrates a GPC 1100 such as the GPC illustrated of the PPU 1000 of FIG.
10, in accordance with one embodiment. In an embodiment, each GPC 1100 includes a
number of hardware units for processing tasks and each GPC 1100 includes a pipeline
manager 1102, a pre-raster operations unit (“PROP”) 1104, a raster engine 1108, a work
distribution crossbar (“WDX”) 1116, a memory management unit (“MMU”) 1118, one or
more Data Processing Clusters (“DPCs”) 1106, and any suitable combination of parts. It will
be appreciated that the GPC 1100 of FIG. 11 may include other hardware units in lieu of or in
addition to the units shown in FIG. 11.

[0100] In an embodiment, the operation of the GPC 1100 is controlled by the pipeline
manager 1102. The pipeline manager 1102 manages the configuration of the one or more
DPCs 1106 for processing tasks allocated to the GPC 1100. In an embodiment, the pipeline
manager 1102 configures at least one of the one or more DPCs 1106 to implement at least a
portion of a graphics rendering pipeline. In an embodiment, a DPC 1106 is configured to
execute a vertex shader program on the programmable streaming multiprocessor (“SM”)
1114. The pipeline manager 1102 is configured to route packets received from a work
distribution to the appropriate logical units within the GPC 1100, in an embodiment, and
some packets may be routed to fixed function hardware units in the PROP 1104 and/or raster
engine 1108 while other packets may be routed to the DPCs 1106 for processing by the
primitive engine 1112 or the SM 1114. In an embodiment, the pipeline manager 1102
configures at least one of the one or more DPCs 1106 to implement a neural network model

and/or a computing pipeline.

[0101] The PROP unit 1104 is configured, in an embodiment, to route data generated by
the raster engine 1108 and the DPCs 1106 to a Raster Operations (“ROP”) unit in the memory
partition unit, described in more detail above. In an embodiment, the PROP unit 1104 is
configured to perform optimizations for color blending, organize pixel data, perform address
translations, and more. The raster engine 1108 includes a number of fixed function hardware
units configured to perform various raster operations, in an embodiment, and the raster
engine 1108 includes a setup engine, a coarse raster engine, a culling engine, a clipping
engine, a fine raster engine, a tile coalescing engine, and any suitable combination thereof.
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The setup engine, in an embodiment, receives transformed vertices and generates plane
equations associated with the geometric primitive defined by the vertices; the plane equations
are transmitted to the coarse raster engine to generate coverage information (e.g., an x, y
coverage mask for a tile) for the primitive; the output of the coarse raster engine is
transmitted to the culling engine where fragments associated with the primitive that fail a z-
test are culled, and transmitted to a clipping engine where fragments lying outside a viewing
frustum are clipped. IN an embodiment, the fragments that survive clipping and culling are
passed to the fine raster engine to generate attributes for the pixel fragments based on the
plane equations generated by the setup engine. In an embodiment, the output of the raster
engine 1108 comprises fragments to be processed by any suitable entity such as by a

fragment shader implemented within a DPC 1106.

[0102] In an embodiment, each DPC 1106 included in the GPC 1100 comprises an M-Pipe
Controller (“MPC”) 1110; a primitive engine 1112; one or more SMs 1114; and any suitable
combination thereof. In an embodiment, the MPC 1110 controls the operation of the DPC
1106, routing packets received from the pipeline manager 1102 to the appropriate units in the
DPC 1106. In an embodiment, packets associated with a vertex are routed to the primitive
engine 1112, which is configured to fetch vertex attributes associated with the vertex from

memory; in contrast, packets associated with a shader program may be transmitted to the

SM 1114.

{01031 In an embodiment, the SM 1114 comprises a programmable streaming processor
that is configured to process tasks represented by a number of threads. In an embodiment, the
SM 1114 is multi-threaded and configured to execute a plurality of threads (e.g., 32 threads)
from a particular group of threads concurrently and implements a SIMD (Single-Instruction,
Multiple-Data) architecture where each thread in a group of threads (e.g., a warp) is
configured to process a different set of data based on the same set of instructions. In an
embodiment, all threads in the group of threads execute the same instructions. In an
embodiment, the SM 1114 implements a SIMT (Single-Instruction, Multiple Thread)
architecture wherein each thread in a group of threads is configured to process a different set
of data based on the same set of instructions, but where individual threads in the group of
threads are allowed to diverge during execution. In an embodiment, a program counter, call
stack, and execution state is maintained for each warp, enabling concurrency between warps
and serial execution within warps when threads within the warp diverge. In another
embodiment, a program counter, call stack, and execution state is maintained for each

individual thread, enabling equal concurrency between all threads, within and between warps.
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In an embodiment, execution state is maintained for each individual thread and threads
executing the same instructions may be converged and executed in parallel for better

efficiency. In an embodiment, the SM 1114 is described in more detail below.

[0104] In an embodiment, the MMU 1118 provides an interface between the GPC 1100 and
the memory partition unit and the MMU 1118 provides translation of virtual addresses into
physical addresses, memory protection, and arbitration of memory requests. In an
embodiment, the MMU 1118 provides one or more translation lookaside buffers (“TLBs”) for

performing translation of virtual addresses into physical addresses in memory.

[0105] FIG. 12 illustrates a memory partition unit of a PPU, in accordance with one
embodiment. In an embodiment, the memory partition unit 1200 includes a Raster Operations
(“ROP”) unit 1202; a level two (“L2”) cache 1204; a memory interface 1206; and any
suitable combination thereof. The memory interface 1206 is coupled to the memory. Memory
interface 1206 may implement 32, 64, 128, 1024-bit data buses, or the like, for high-speed
data transfer. In an embodiment, the PPU incorporates U memory interfaces 1206, one
memory interface 1206 per pair of partition units 1200, where each pair of partition units
1200 is connected to a corresponding memory device. For example, PPU may be connected
to up to Y memory devices, such as high bandwidth memory stacks or graphics double-data-

rate, version 5, synchronous dynamic random access memory (“GDDRS5 SDRAM”).

[0106] In an embodiment, the memory interface 1206 implements an HBM2 memory
interface and Y equals half U. In an embodiment, the HBM2 memory stacks are located on
the same physical package as the PPU, providing substantial power and area savings
compared with conventional GDDRS5 SDRAM systems. In an embodiment, each HBM2
stack includes four memory dies and Y equals 4, with HBM2 stack including two 128-bit
channels per die for a total of 8 channels and a data bus width of 1024 bits.

[0107] In an embodiment, the memory supports Single-Error Correcting Double-Error
Detecting (“SECDED”) Error Correction Code (“ECC”) to protect data. ECC provides higher
reliability for compute applications that are sensitive to data corruption. Reliability is
especially important in large-scale cluster computing environments where PPUs process very

large datasets and/or run applications for extended periods.

[0108] In an embodiment, the PPU implements a multi-level memory hierarchy. In an
embodiment, the memory partition unit 1200 supports a unified memory to provide a single
unified virtual address space for CPU and PPU memory, enabling data sharing between

virtual memory systems. In an embodiment the frequency of accesses by a PPU to memory
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located on other processors is trace to ensure that memory pages are moved to the physical
memory of the PPU that is accessing the pages more frequently. In an embodiment, the high-
speed GPU interconnect 108 supports address translation services allowing the PPU to

directly access a CPU’s page tables and providing full access to CPU memory by the PPU.

[0109] In an embodiment, copy engines transfer data between multiple PPUs or between
PPUs and CPUs. In an embodiment, the copy engines can generate page faults for addresses
that are not mapped into the page tables and the memory partition unit 1200 then services the
page faults, mapping the addresses into the page table, after which the copy engine performs
the transfer. In an embodiment, memory is pinned (i.e., non-pageable) for multiple copy
engine operations between multiple processors, substantially reducing the available memory.
In an embodiment, with hardware page faulting, addresses can be passed to the copy engines
without regard as to whether the memory pages are resident, and the copy process is

transparent.

[0110] Data from the memory of FIG. 10 or other system memory is fetched by the
memory partition unit 1200 and stored in the L2 cache 1204, which is located on-chip and is
shared between the various GPCs, in accordance with one embodiment. Each memory
partition unit 1200, in an embodiment, includes at least a portion of the L2 cache 1160
associated with a corresponding memory device. In an embodiment, lower level caches are
implemented in various units within the GPCs . In an embodiment, each of the SMs 1240
may implement a level one (“L17) cache wherein the L1 cache is private memory that is
dedicated to a particular SM 1240 and data from the L2 cache 1204 is fetched and stored in
each of the L1 caches for processing in the functional units of the SMs 1240. In an

embodiment, the L2 cache 1204 is coupled to the memory interface 1206 and the XBar 1020.

[0111] The ROP unit 1202 performs graphics raster operations related to pixel color, such
as color compression, pixel blending, and more, in an embodiment. The ROP unit 1250, in an
embodiment, implements depth testing in conjunction with the raster engine 1225, receiving a
depth for a sample location associated with a pixel fragment from the culling engine of the
raster engine 1225. In an embodiment, the depth is tested against a corresponding depth in a
depth buffer for a sample location associated with the fragment. In an embodiment, if the
fragment passes the depth test for the sample location, then the ROP unit 1202 updates the
depth buffer and transmits a result of the depth test to the raster engine 1225, It will be
appreciated that the number of partition units 1200 may be different than the number of GPCs
and, therefore, each ROP unit 1202 can, in an embodiment, be coupled to each of the GPCs.
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In an embodiment, the ROP unit 1202 tracks packets received from the different GPCs and

determines which that a result generated by the ROP unit 1202 is routed to through the Xbar.

[0112] FIG. 13 illustrates a streaming multi-processor such as the streaming multi-
processor of FIG. 11, in accordance with one embodiment. In an embodiment, the SM 1300
includes: an instruction cache 1302; one or more scheduler units 1304; a register file 1308;
one or more processing cores 1310; one or more special function units (“SFUs”) 1312; one or
more load/store units (“LSUs™) 1314; an interconnect network 1316; a shared memory/L1
cache 1318; and any suitable combination thereof. In an embodiment, the work distribution
unit dispatches tasks for execution on the GPCs of the PPU and the each task is allocated to a
particular DPC within a GPC and, if the task is associated with a shader program, the task is
allocated to an SM 1300. In an embodiment, the scheduler unit 1304 receives the tasks from
the work distribution unit and manages instruction scheduling for one or more thread blocks
assigned to the SM 1300. In an embodiment, the scheduler unit 1304 schedules thread blocks
for execution as warps of parallel threads, wherein each thread block is allocated at least one
warp. In an embodiment, each warp executes threads. In an embodiment, the scheduler unit
1304 manages a plurality of different thread blocks, allocating the warps to the different
thread blocks and then dispatching instructions from the plurality of different cooperative
groups to the various functional units (e.g., cores 1310, SFUs 1312, and LSUs 1314) during

each clock cycle.

{01131 Cooperative Groups may refer to a programming model for organizing groups of
communicating threads that allows developers to express the granularity at which threads are
communicating, enabling the expression of richer, more efficient parallel decompositions. In
an embodiment, cooperative launch APIs support synchronization amongst thread blocks for
the execution of parallel algorithms. In an embodiment, applications of conventional
programming models provide a single, simple construct for synchronizing cooperating
threads: a barrier across all threads of a thread block (e.g., the syncthreads( ) function).
However, programmers would often like to define groups of threads at smaller than thread
block granularities and synchronize within the defined groups to enable greater performance,
design flexibility, and software reuse in the form of collective group-wide function interfaces.
Cooperative Groups enables programmers to define groups of threads explicitly at sub-block
(i.e., as small as a single thread) and multi-block granularities, and to perform collective
operations such as synchronization on the threads in a cooperative group. The programming
model supports clean composition across software boundaries, so that libraries and utility

functions can synchronize safely within their local context without having to make
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assumptions about convergence. Cooperative Groups primitives enable new patterns of
cooperative parallelism, including producer-consumer parallelism, opportunistic parallelism,

and global synchronization across an entire grid of thread blocks.

[0114] In an embodiment, a dispatch unit 1306 is configured to transmit instructions to one
or more of the functional units and the scheduler unit 1304 includes two dispatch units 1306
that enable two different instructions from the same warp to be dispatched during each clock
cycle. In an embodiment, each scheduler unit 1304 includes a single dispatch unit 1306 or

additional dispatch units 1306.

[0115] Each SM 1300, in an embodiment, includes a register file 1308 that provides a set of
registers for the functional units of the SM 1300. In an embodiment, the register file 1308 is
divided between each of the functional units such that each functional unit is allocated a
dedicated portion of the register file 1308. In an embodiment, the register file 1308 is divided
between the different warps being executed by the SM 1300 and the register file 1308
provides temporary storage for operands connected to the data paths of the functional units.
In an embodiment, each SM 1300 comprises a plurality of L processing cores 1310. In an
embodiment, the SM 1300 includes a large number (e.g., 128 or more) of distinct processing
cores 1310. Each core 1310, in an embodiment, includes a fully-pipelined, single-precision,
double-precision, and/or mixed precision processing unit that includes a floating point
arithmetic logic unit and an integer arithmetic logic unit. In an embodiment, the floating point
arithmetic logic units implement the IEEE 754-2008 standard for floating point arithmetic. In
an embodiment, the cores 1310 include 64 single-precision (32-bit) floating point cores, 64

integer cores, 32 double-precision (64-bit) floating point cores, and 8 tensor cores.

[0116] Tensor cores are configured to perform matrix operations in accordance with an
embodiment. In an embodiment, one or more tensor cores are included in the cores 1310. In
an embodiment, the tensor cores are configured to perform deep learning matrix arithmetic,
such as convolution operations for neural network training and inferencing. In an
embodiment, each tensor core operates on a 4x4 matrix and performs a matrix multiply and

accumulate operation D = A X B + C, where A, B, C, and D are 4x4 matrices.

[0117] In an embodiment, the matrix multiply inputs A and B are 16-bit floating point
matrices and the accumulation matrices C and D arel6-bit floating point or 32-bit floating
point matrices. In an embodiment, the tensor cores operate on 16-bit floating point input data
with 32-bit floating point accumulation. In an embodiment, the 16-bit floating point multiply

requires 64 operations and results in a full precision product that is then accumulated using
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32-bit floating point addition with the other intermediate products for a 4x4x4 matrix
multiply. Tensor cores are used to perform much larger two-dimensional or higher
dimensional matrix operations, built up from these smaller elements, in an embodiment. In an
embodiment, an API, such as CUDA 9 C++ API, exposes specialized matrix load, matrix
multiply and accumulate, and matrix store operations to efficiently use tensor cores from a
CUDA-C++ program. In an embodiment, at the CUDA level, the warp-level interface

assumes 16x16 size matrices spanning all 32 threads of the warp.

[0118] In an embodiment, each SM 1300 comprises M SFUs 1312 that perform special
functions (e.g., attribute evaluation, reciprocal square root, and the like). In an embodiment,
the SFUs 1312 include a tree traversal unit configured to traverse a hierarchical tree data
structure. In an embodiment, the SFUs 1312 include texture unit configured to perform
texture map filtering operations. In an embodiment, the texture units are configured to load
texture maps (e.g., a 2D array of texels) from the memory and sample the texture maps to
produce sampled texture values for use in shader programs executed by the SM 1300. In an
embodiment, the texture maps are stored in the shared memory/L1 cache. The texture units
implement texture operations such as filtering operations using mip-maps (e.g., texture maps
of varying levels of detail), in accordance with one embodiment. In an embodiment, each SM

1300 includes two texture units.

[0119] Each SM 1300 comprises N LSUs 1254 that implement load and store operations
between the shared memory/L1 cache 1206 and the register file 1308, in an embodiment.
Each SM 1300 includes an interconnect network 1316 that connects each of the functional
units to the register file 1308 and the LSU 1314 to the register file 1308, shared memory/ L1
cache 1318 in an embodiment. In an embodiment, the interconnect network 1316 is a
crossbar that can be configured to connect any of the functional units to any of the registers in
the register file 1308 and connect the LSUs 1314 to the register file and memory locations in
shared memory/L1 cache 1318.

[0120] The shared memory/L1 cache 1318 is an array of on-chip memory that allows for
data storage and communication between the SM 1300 and the primitive engine and between
threads in the SM 1300 in an embodiment. In an embodiment, the shared memory/L1 cache
1318 comprises 128KB of storage capacity and is in the path from the SM 1300 to the
partition unit. The shared memory/L1 cache 1318, in an embodiment, is used to cache reads
and writes. One or more of the shared memory/L1 cache 1318, L2 cache, and memory are

backing stores.
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(01211 Combining data cache and shared memory functionality into a single memory block
provides improved performance for both types of memory accesses, in an embodiment. The
capacity, in an embodiment, is used or is usable as a cache by programs that do not use shared
memory, such as if shared memory is configured to use half of the capacity, texture and
load/store operations can use the remaining capacity. Integration within the shared
memory/L1 cache 1318 enables the shared memory/L1 cache 1318 to function as a high-
throughput conduit for streaming data while simultaneously providing high-bandwidth and
low-latency access to frequently reused data, in accordance with an embodiment. When
configured for general purpose parallel computation, a simpler configuration can be used
compared with graphics processing. In an embodiment, fixed function graphics processing
units are bypassed, creating a much simpler programming model. In the general purpose
parallel computation configuration, the work distribution unit assigns and distributes blocks
of threads directly to the DPCs, in an embodiment. The threads in a block execute the same
program, using a unique thread ID in the calculation to ensure each thread generates unique
results, using the SM 1300 to execute the program and perform calculations, shared
memory/L1 cache 1318 to communicate between threads, and the LSU 1314 to read and
write global memory through the shared memory/L1 cache 1318 and the memory partition
unit, in accordance with one embodiment. In an embodiment, when configured for general
purpose parallel computation, the SM 1300 writes commands that the scheduler unit that can

be used to launch new work on the DPCs.

{0122} In an embodiment, the PPU is included in or coupled to a desktop computer, a
laptop computer, a tablet computer, servers, supercomputers, a smart-phone (e.g., a wireless,
hand-held device), personal digital assistant (“PDA”), a digital camera, a vehicle, a head
mounted display, a hand-held electronic device, and more. In an embodiment, the PPU is
embodied on a single semiconductor substrate. In an embodiment, the PPU is included in a
system-on-a-chip (“SoC”) along with one or more other devices such as additional PPUs, the
memory, a reduced instruction set computer (“RISC”) CPU, a memory management unit

(“MMU”), a digital-to-analog converter (“DAC”), and the like.

{0123} In an embodiment, the PPU may be included on a graphics card that includes one or
more memory devices. The graphics card may be configured to interface with a PCle slot on
a motherboard of a desktop computer. In yet another embodiment, the PPU may be an

integrate graphics processing unit (“iGPU”) included in the chipset of the motherboard.

[0124] FIG. 14 illustrates a computer system 1400 in which the various architecture and/or
functionality can be implemented, in accordance with one embodiment. The computer
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system 1400, in an embodiment, is configured to implement various processes and methods

described throughout this disclosure.

[0125] In an embodiment, the computer system 1400 comprises at least one central
processing unit 1402 that is connected to a communication bus 1410 implemented using any
suitable protocol, such as PCI (Peripheral Component Interconnect), PCI-Express, AGP
(Accelerated Graphics Port), HyperTransport, or any other bus or point-to-point
communication protocol(s). In an embodiment, the computer system 1400 includes a main
memory 1404 and control logic (e.g., implemented as hardware, software, or a combination
thereof) and data are stored in the main memory 1404 which may take the form of random
access memory (“RAM?”). In an embodiment, a network interface subsystem 1422 provides
an interface to other computing devices and networks for receiving data from and

transmitting data to other systems from the computer system 1400.

[0126] The computer system 1400, in an embodiment, includes input devices 1408, the
parallel processing unit 1412, and display devices 1406 which can be implemented using a
conventional CRT (cathode ray tube), LCD (liquid crystal display), LED (light emitting
diode), plasma display, or other suitable display technologies. In an embodiment, user input is
received from input devices 1408 such as keyboard, mouse, touchpad, microphone, and more.
In an embodiment, each of the foregoing modules can be situated on a single semiconductor

platform to form a processing system.

{01271 In the present description, a single semiconductor platform may refer to a sole
unitary semiconductor-based integrated circuit or chip. It should be noted that the term single
semiconductor platform may also refer to multi-chip modules with increased connectivity
which simulate on-chip operation, and make substantial improvements over utilizing a
conventional central processing unit (“CPU”) and bus implementation. Of course, the various
modules may also be situated separately or in various combinations of semiconductor

platforms per the desires of the user.

[0128] In an embodiment, computer programs in the form of machine-readable executable
code or computer control logic algorithms are stored in the main memory 1404 and/or
secondary storage. Computer programs, if executed by one or more processors, enable the
system 1400 to perform various functions in accordance with one embodiment. The memory
1404, the storage, and/or any other storage are possible examples of computer-readable
media. Secondary storage may refer to any suitable storage device or system such as a hard

disk drive and/or a removable storage drive, representing a floppy disk drive, a magnetic tape
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drive, a compact disk drive, digital versatile disk (“DVD”) drive, recording device, universal

serial bus (“USB”) flash memory.

[0129] In an embodiment, the architecture and/or functionality of the various previous
figures are implemented in the context of the central processor 1402; parallel processing unit
1412; an integrated circuit capable of at least a portion of the capabilities of both the central
processor 1402 the parallel processing unit 1412; a chipset (e.g., a group of integrated circuits
designed to work and sold as a unit for performing related functions, etc.); and any suitable

combination of integrated circuit.

[0130] In an embodiment, the architecture and/or functionality of the various previous
figures is be implemented in the context of a general computer system, a circuit board
system, a game console system dedicated for entertainment purposes, an application-specific
system, and more. In an embodiment, the computer system 1400 may take the form of a
desktop computer, a laptop computer, a tablet computer, servers, supercomputers, a smart-
phone (e.g., a wireless, hand-held device), personal digital assistant (“PDA”), a digital
camera, a vehicle, a head mounted display, a hand-held electronic device, a mobile phone
device, a television, workstation, game consoles, embedded system, and/or any other type of

logic.

[0131] In an embodiment, a parallel processing unit 1412 includes a plurality of PPUs 1414
and associated memories 1416. In an embodiment, the PPUs are connected to a host
processor or other peripheral devices via an interconnect 1418 and a switch 1420 or
multiplexer. In an embodiment, the parallel processing unit 1412 distributes computational
tasks across the PPUs 1414 which can be parallelizable — for example, as part of the
distribution of computational tasks across multiple GPU thread blocks. In an embodiment,
memory is shared and accessible (e.g., for read and/or write access) across some or all of the
PPUs 1414, although such shared memory may incur performance penalties relative to the
use of local memory and registers resident to a PPU. In an embodiment, the operation of the
PPUs 1414 is synchronized through the use of a command such as syncthreads() which
requires all threads in a block (e.g., executed across multiple PPUs 1414) to reach a certain

point of execution of code before proceeding.

[0132] The specification and drawings are, accordingly, to be regarded in an illustrative
rather than a restrictive sense. It will, however, be evident that various modifications and
changes may be made thereunto without departing from the broader spirit and scope of the

invention as set forth in the claims.
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[0133] Other variations are within the spirit of the present disclosure. Thus, while the
disclosed techniques are susceptible to various modifications and alternative constructions,
certain illustrated embodiments thereof are shown in the drawings and have been described
above in detail. It should be understood, however, that there is no intention to limit the
invention to the specific form or forms disclosed, but on the contrary, the intention is to cover
all modifications, alternative constructions, and equivalents falling within the spirit and scope

of the invention, as defined in the appended claims.

[0134] The use of the terms “a” and “an” and “the” and similar referents in the context of
describing the disclosed embodiments (especially in the context of the following claims) are
to be construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e., meaning “including, but not
limited to,”) unless otherwise noted. The term “connected,” when unmodified and referring to
physical connections, is to be construed as partly or wholly contained within, attached to, or
joined together, even if there is something intervening. Recitation of ranges of values herein
are merely intended to serve as a shorthand method of referring individually to each separate
value falling within the range, unless otherwise indicated herein and each separate value is
incorporated into the specification as if it were individually recited herein. The use of the
term “set” (e.g., “a set of items”) or “subset” unless otherwise noted or contradicted by
context, is to be construed as a nonempty collection comprising one or more members.
Further, unless otherwise noted or contradicted by context, the term “subset” of a

corresponding set does not necessarily denote a proper subset of the corresponding set, but

the subset and the corresponding set may be equal.

[01351 Conjunctive language, such as phrases of the form “at least one of A, B, and C,” or
“at least one of A, B and C,” unless specifically stated otherwise or otherwise clearly
contradicted by context, is otherwise understood with the context as used in general to
present that an item, term, etc., may be either A or B or C, or any nonempty subset of the set
of A and B and C. For instance, in the illustrative example of a set having three members, the
conjunctive phrases “at least one of A, B, and C” and “at least one of A, B and C” refer to any
of the following sets: {A}, {B}, {C}, {A, B}, {A, C}, {B, C}, {A, B, C}. Thus, such
conjunctive language is not generally intended to imply that certain embodiments require at
least one of A, at least one of B and at least one of C each to be present. In addition, unless
otherwise noted or contradicted by context, the term “plurality” indicates a state of being

plural (e.g., “a plurality of items” indicates multiple items). The number of items in a
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plurality is at least two, but can be more when so indicated either explicitly or by context.
Further, unless stated otherwise or otherwise clear from context, the phrase “based on” means

“based at least in part on” and not “based solely on.”

[0136] Operations of processes described herein can be performed in any suitable order
unless otherwise indicated herein or otherwise clearly contradicted by context. In an
embodiment, a process such as those processes described herein (or variations and/or
combinations thereof) is performed under the control of one or more computer systems
configured with executable instructions and is implemented as code (e.g., executable
instructions, one or more computer programs or one or more applications) executing
collectively on one or more processors, by hardware or combinations thereof. In an
embodiment, the code is stored on a computer-readable storage medium, for example, in the
form of a computer program comprising a plurality of instructions executable by one or more
processors. In an embodiment, a computer-readable storage medium is a non-transitory
computer-readable storage medium that excludes transitory signals (e.g., a propagating
transient electric or electromagnetic transmission) but includes non-transitory data storage
circuitry (e.g., buffers, cache, and queues) within transceivers of transitory signals. In an
embodiment, code (e.g., executable code or source code) is stored on a set of one or more
non-transitory computer-readable storage media having stored thereon executable instructions
(or other memory to store executable instructions) that, when executed (i.e., as a result of
being executed) by one or more processors of a computer system, cause the computer system
to perform operations described herein. The set of non-transitory computer-readable storage
media, in an embodiment, comprises multiple non-transitory computer-readable storage
media and one or more of individual non-transitory storage media of the multiple non-
transitory computer-readable storage media lack all of the code while the multiple non-
transitory computer-readable storage media collectively store all of the code. In an
embodiment, the executable instructions are executed such that different instructions are
executed by different processors — for example, a non-transitory computer-readable storage
medium store instructions and a main CPU execute some of the instructions while a graphics
processor unit executes other instructions. In an embodiment, different components of a
computer system have separate processors and different processors execute different subsets

of the instructions.

[0137} Accordingly, in an embodiment, computer systems are configured to implement one
or more services that singly or collectively perform operations of processes described herein

and such computer systems are configured with applicable hardware and/or software that
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enable the performance of the operations. Further, a computer system that implement an
embodiment of the present disclosure is a single device and, in another embodiment, is a
distributed computer systems comprising multiple devices that operate differently such that
the distributed computer system performs the operations described herein and such that a

single device does not perform all operations.

[0138] The use of any and all examples, or exemplary language (e.g., “such as”) provided
herein, is intended merely to better illuminate embodiments of the invention and does not
pose a limitation on the scope of the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element as essential to the

practice of the invention.

[0139] Embodiments of this disclosure are described herein, including the best mode
known to the inventors for carrying out the invention. Variations of those embodiments may
become apparent to those of ordinary skill in the art upon reading the foregoing description.
The inventors expect skilled artisans to employ such variations as appropriate and the
inventors intend for embodiments of the present disclosure to be practiced otherwise than as
specifically described herein. Accordingly, the scope of the present disclosure includes all
modifications and equivalents of the subject matter recited in the claims appended hereto as
permitted by applicable law. Moreover, any combination of the above-described elements in
all possible variations thereof is encompassed by the scope of the present disclosure unless

otherwise indicated herein or otherwise clearly contradicted by context.

{01401 All references, including publications, patent applications, and patents, cited herein
are hereby incorporated by reference to the same extent as if each reference were individually
and specifically indicated to be incorporated by reference and were set forth in its entirety

herein.

[0141] In the description and claims, the terms “coupled” and “connected,” along with their
derivatives, may be used. It should be understood that these terms may be not intended as
synonyms for each other. Rather, in particular examples, “connected” or “coupled” may be
used to indicate that two or more elements are in direct or indirect physical or electrical
contact with each other. “Coupled” may also mean that two or more elements are not in direct

contact with each other, but yet still co-operate or interact with each other.

[01421 Unless specifically stated otherwise, it may be appreciated that throughout the

2% 29 CC

specification terms such as “processing,” “computing,” “calculating,” “determining,” or the

like, refer to the action and/or processes of a computer or computing system, or similar
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electronic computing device, that manipulate and/or transform data represented as physical,
such as electronic, quantities within the computing system’s registers and/or memories into
other data similarly represented as physical quantities within the computing system's

memories, registers or other such information storage, transmission or display devices.

[0143] In a similar manner, the term “processor” may refer to any device or portion of a
device that processes electronic data from registers and/or memory and transform that
electronic data into other electronic data that may be stored in registers and/or memory. As
non-limiting examples, “processor” may be a Central Processing Unit (CPU) or a Graphics
Processing Unit (GPU). A “computing platform” may comprise one or more processors. As
used herein, “software” processes may include, for example, software and/or hardware
entities that perform work over time, such as tasks, threads, and intelligent agents. Also, each
process may refer to multiple processes, for carrying out instructions in sequence or in
parallel, continuously or intermittently. The terms “system” and “method” are used herein
interchangeably insofar as the system may embody one or more methods and the methods

may be considered a system.

{01441 In the present document, references may be made to obtaining, acquiring, receiving,
or inputting analog or digital data into a subsystem, computer system, or computer-
implemented machine. The process of obtaining, acquiring, receiving, or inputting analog and
digital data can be accomplished in a variety of ways such as by receiving the data as a
parameter of a function call or a call to an application programming interface. In some
implementations, the process of obtaining, acquiring, receiving, or inputting analog or digital
data can be accomplished by transferring the data via a serial or parallel interface. In another
implementation, the process of obtaining, acquiring, receiving, or inputting analog or digital
data can be accomplished by transferring the data via a computer network from the providing
entity to the acquiring entity. References may also be made to providing, outputting,
transmitting, sending, or presenting analog or digital data. In various examples, the process of
providing, outputting, transmitting, sending, or presenting analog or digital data can be
accomplished by transferring the data as an input or output parameter of a function call, a
parameter of an application programming interface or interprocess communication

mechanism.

[0145] Although the discussion above sets forth example implementations of the described
techniques, other architectures may be used to implement the described functionality, and are
intended to be within the scope of this disclosure. Furthermore, although specific
distributions of responsibilities are defined above for purposes of discussion, the various
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functions and responsibilities might be distributed and divided in different ways, depending

on circumstances.

[0146] Additionally, embodiments of the present disclosure can be described in view of the

following clauses:

1. A method, comprising:

allocating memory to be used by one or more processors based, at least in part,
on dependencies among data to be used by a computer program, wherein persistent data is to
be stored in memory allocated contiguously; and

storing the persistent data only in the contiguously allocated memory.

2. The method of clause 1, wherein:
the persistent data includes a set of inputs of the computer program; and

the persistent data includes an output of the computer program.

3. The method of clause 1 or 2, wherein:
the memory is a contiguous block of memory on a graphics processing unit;
and

the computer program runs on a processor of the graphics processing unit.

4. The method of clause 3, wherein:

the graphics processing unit is part of a computer system having a main
memory separate from memory on the graphics processing unit; and

the portion of memory on the graphics processing unit is mapped into a

memory space shared with the main memory.

5. A system, comprising:
one or more processors; and
memory to store computer-executable instructions that, if executed, cause the
one or more processors to:
allocate memory to be used by a computer program, at least in part, on
dependencies among data to be used by the computer program, wherein persistent
data is to be stored in a memory allocated contiguously; and

store the persistent data only in the contiguously allocated memory.
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6. The system of clause 5, wherein:

the computer program describes a calculation; and

the computer-executable instructions further include instructions that, if
executed, cause the one or more processors to:

analyze the calculation to generate a tree representing data manipulated by the
calculation, the tree containing a set of leaf nodes corresponding to input data of the
calculation, a set of internal nodes corresponding to intermediate data determined as part of
performing the calculation, and a root node that represents a result of the calculation; and

identify the persistent data based at least in part on the tree.

7. The system of clause 5 or 6, wherein the computer-executable instructions further
include instructions that, if executed, cause the one or more processors to:

allocate a block of memory within a graphics processing unit to act as a
memory heap for the computer program; and

allocate memory space on the memory heap to store the intermediate data.

8. The system of clause 7, wherein the computer-executable instructions further include
instructions that, if executed, cause the one or more processors to store, for a variable used by
the computer program, information that identifies an amount of memory and a memory

location relative to the start of the memory heap.

0. The system of clause 8, wherein the computer-executable instructions further include
instructions that, if executed, cause the one or more processors to relocate the memory heap

to a different memory location in the graphics processing unit.

10. The system of clause 9, wherein relocation of the memory heap occurs as a result of a

memory defragmentation operation.

11. The system of any of clauses 5-10, wherein memory space is allocated to the
computer program by recording, in an allocation table stored on a graphics processing unit,

information that reserves the memory space for use by the computer program.

12.  The system of any of clauses 5-11, wherein all of the GPU memory used by the

computer program is allocated in a single allocation operation.

13. One or more non-transitory computer-readable storage media having stored thereon
executable instructions that, as a result of being executed by one or more processors of a
computer system, cause the computer system to at least:
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allocate memory to be used by the one or more processors based, at least in
part, on dependencies among data of a computer program, wherein persistent data is to be
stored in a memory allocated contiguously; and

store the persistent data in the contiguously allocated memory.

14. The one or more non-transitory computer-readable storage media of clause 13,
wherein:

the computer system includes a main memory and a GPU memory;

the allocated memory is in the GPU memory; and

the allocated memory is mapped into a shared memory space with the main

memory.

15. The one or more non-transitory computer-readable storage media of clause 13 or 14,
wherein the executable instructions further cause the computer system to identify the
persistent data by:

identifying a set of inputs of the computer program; and

identifying a set of outputs of the computer program.

16. The one or more non-transitory computer-readable storage media of clause 15,
wherein the executable instructions further cause the computer system to identify the
persistent data by:
identifying a set of intermediate data used by the computer program; and
allocating memory for the set of intermediate data that is not contiguous with

the persistent data.

17. The one or more non-transitory computer-readable storage media of any of

clauses 13-16, wherein the executable instructions further cause the computer system to:
generate a graph representing dependencies of data used by the computer

program, the graph usable to identify program inputs and program outputs; and

identify the persistent data to include the program inputs and program outputs.

18. The non-transitory computer-readable storage medium of clause 17, wherein:
the graph is represented as a tree structure;
the program inputs are represented by leaf nodes of the tree structure; and

the program outputs are represented by a root node of the tree structure.
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19. The non-transitory computer-readable storage medium of any of clauses 13-18,
wherein:

the memory is used as a memory heap by the computer program; and
the computer program includes a runtime component that manages the

assignment of variables to memory locations within the memory heap.

20. The non-transitory computer-readable storage medium of clause19, wherein:

the computer program is provided with a base address of the memory heap;
and

the variables are addressed using an offset relative to the base address.
{01471 Furthermore, although the subject matter has been described in language specific to
structural features and/or methodological acts, it is to be understood that the subject matter
defined in the appended claims is not necessarily limited to the specific features or acts
described. Rather, the specific features and acts are disclosed as exemplary forms of

implementing the claims.
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CLAIMS
WHAT IS CLAIMED IS:

1. A method, comprising:

allocating memory to be used by one or more processors based, at least in part,
on dependencies among data to be used by a computer program, wherein persistent data is to
be stored in memory allocated contiguously; and

storing the persistent data only in the contiguously allocated memory.

2. The method of claim 1, wherein:
the persistent data includes a set of inputs of the computer program; and

the persistent data includes an output of the computer program.

3. The method of claim 1, wherein:
the memory is a contiguous block of memory on a graphics processing unit;
and

the computer program runs on a processor of the graphics processing unit.

4. The method of claim 3, wherein:

the graphics processing unit is part of a computer system having a main
memory separate from memory on the graphics processing unit; and

the portion of memory on the graphics processing unit is mapped into a

memory space shared with the main memory.

5. A system, comprising:
one or more processors; and
memory to store computer-executable instructions that, if executed, cause the
one or more processors to:
allocate memory to be used by a computer program, at least in part, on
dependencies among data to be used by the computer program, wherein persistent
data is to be stored in a memory allocated contiguously; and

store the persistent data only in the contiguously allocated memory.
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6. The system of claim 5, wherein:

the computer program describes a calculation; and

the computer-executable instructions further include instructions that, if
executed, cause the one or more processors to:

analyze the calculation to generate a tree representing data manipulated by the
calculation, the tree containing a set of leaf nodes corresponding to input data of the
calculation, a set of internal nodes corresponding to intermediate data determined as part of
performing the calculation, and a root node that represents a result of the calculation; and

identify the persistent data based at least in part on the tree.

7. The system of claim 5, wherein the computer-executable instructions
further include instructions that, if executed, cause the one or more processors to:

allocate a block of memory within a graphics processing unit to act as a
memory heap for the computer program; and

allocate memory space on the memory heap to store the intermediate data.

8. The system of claim 7, wherein the computer-executable instructions
further include instructions that, if executed, cause the one or more processors to store, for a
variable used by the computer program, information that identifies an amount of memory and

a memory location relative to the start of the memory heap.

0. The system of claim 8, wherein the computer-executable instructions
further include instructions that, if executed, cause the one or more processors to relocate the

memory heap to a different memory location in the graphics processing unit.

10. The system of claim 9, wherein relocation of the memory heap occurs

as a result of a memory defragmentation operation.

11. The system of claim 5, wherein memory space is allocated to the
computer program by recording, in an allocation table stored on a graphics processing unit,

information that reserves the memory space for use by the computer program.

12. The system of claim 5, wherein all of the GPU memory used by the

computer program is allocated in a single allocation operation.

13. One or more non-transitory computer-readable storage media having
stored thereon executable instructions that, as a result of being executed by one or more
processors of a computer system, cause the computer system to at least:
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allocate memory to be used by the one or more processors based, at least in
part, on dependencies among data of a computer program, wherein persistent data is to be
stored in a memory allocated contiguously; and

store the persistent data in the contiguously allocated memory.

14. The one or more non-transitory computer-readable storage media of
claim 13, wherein:

the computer system includes a main memory and a GPU memory;

the allocated memory is in the GPU memory; and

the allocated memory is mapped into a shared memory space with the main

memory.

15. The one or more non-transitory computer-readable storage media of
claim 13, wherein the executable instructions further cause the computer system to identify
the persistent data by:

identifying a set of inputs of the computer program; and

identifying a set of outputs of the computer program.

16. The one or more non-transitory computer-readable storage media of
claim 15, wherein the executable instructions further cause the computer system to identify
the persistent data by:

identifying a set of intermediate data used by the computer program; and

allocating memory for the set of intermediate data that is not contiguous with

the persistent data.

17. The one or more non-transitory computer-readable storage media of
claim 13, wherein the executable instructions further cause the computer system to:

generate a graph representing dependencies of data used by the computer
program, the graph usable to identify program inputs and program outputs; and

identify the persistent data to include the program inputs and program outputs.

18. The non-transitory computer-readable storage medium of claim 17,
wherein:

the graph is represented as a tree structure;

the program inputs are represented by leaf nodes of the tree structure; and

the program outputs are represented by a root node of the tree structure.
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19. The non-transitory computer-readable storage medium of claim 13,
wherein:
the memory is used as a memory heap by the computer program; and
the computer program includes a runtime component that manages the

assignment of variables to memory locations within the memory heap.

20. The non-transitory computer-readable storage medium of claim 19,

wherein:

the computer program is provided with a base address of the memory heap;

and

the variables are addressed using an offset relative to the base address.

48



PCT/US2020/018667

WO 2020/172181

1/14

012

495
108880014 somdein

P
Aowspy soiydels

wisisAsgng sodesn)

“““““““

go1
AICLUDIA LIIBIA)

vor
Mdd

WeISAS Jeinduwion




WO 2020/172181 PCT/US2020/018667
2/14

public static PrimeCheck(imt num) { 500

mnt temp;

boolean 1sPrime=true; J
for(int 1=2 1<=num/2;1++) { 204

e {0 = GPU_ Exec(num,i}; J

if{temp==0) { 1sPrime=false; break;

k]

f

if{isPrime)

System.out.println{num + " 13 a Prime Number");
else

System.out.printin(num + " 1s not a Prime Number");
1
h

CPU Context

GPU Context

: PO Exec(i o
p 1Nt public (ui/"L_nEm@(mt num, int i) { " 206
return(num%o1);

j
i\—m 202




WO 2020/172181 PCT/US2020/018667
3/14

300

Result = (A+B) x (C+D+E)~_,,

Result
e 304
intermediate | o .
Values \ & Y
. 315 I - 318

A 305

"\ 308 310 L1z

314

Input Values




PCT/US2020/018667

WO 2020/172181

4/14

aoy

Si¥

Sa|gBURA SlBIPAULISIU] SURNCIONS

9i¥

sINAING sUNNCIgNS

¥y

sinduj suRNOIGNS

desi sunnoang

Aloussiy soydein

Bunddepy
AoWsiN

112
¥oels uoneoiddy

ocy
Aouisiy uoneonddy sunoigng

oLy
deai uoneonddy

Aoy LB




PCT/US2020/018667

WO 2020/172181

5/14

IS ~

000G

g Hnssy

L )

oy
-

0 Y

B0 BUBNBGEUBA L

azig desH w h SSOIPPY 93eg

3ige ) dmjoo

[§]X
SSiGRUBA QIRIDSULISIL] BURNOIONS

80g
siding sunnNQIGNg

08
sindu} sunnoIgns

desi sugnolgng

Aicwsiy sowdeio




WO 2020/172181 PCT/US2020/018667
6/14

&00

ldentify an Application Program {o be
Executed on a Graphical Processing Unit | 502

'

Analyze the Application to Produce a Tree
Structure that Represents the Computations ol
Performed by the Program

'

Identify the Total Memory Requirements of
the Application from the Tree . 506

;

Aliocate a Block of GPU Memaory that Fulfilis
the Memory Requirement of the Application - 508

I

Establish a Mapping of Application Data to
the Allocated Memory Block - 510

!

Store Application Input Data to the Allocated

604

GPU Memory - 612
Run the Application on the GPU "L 514

I

Retrieve Application Oulput Data from the
Allocated GPU Memory - 6168

¥

Release the Allocated Memary on the GPU 518




WO 2020/172181

7/14

{dentify an Application Program {o be
Executed on g Graphical Processing Unit

¥

Parse the Program Code to ldentify the
Program Inputs and Ouiputs

'

Generate a Tree with a Root Node that
Represents the Program Qutputs

I

Generate a Tree Leaf Node for Each Program
input

¥

Parse the Program Code {o identify
Intermediate Values Generated by
Subroutines, Functions, and Intermediate
Calculations.

!

Generate Intermediate Nodes for the
Intermediate Values Created by the Program

I

| Link the Leaf Nodes that Represent Program

inputs to the Root Node via the Intermediate
Nodes

PCT/US2020/018667

L 704

. 706

- 708

L 712

. 714

700



WO 2020/172181

8/14

tdentify the Base Address and Size of the
Allocated GPU Memory Block

¥

Set an Allocation Pointer to the Beginning of
the GPU Memaory Block

¥

For Each input Value of the Program

v

Assign Memory to the Input Value at the
Location indicated by the Allocation Pointer

!

Advance the Allocation Pointer Based on the

Amount of Memory Assigned

~More Input™

. Values? _
~— % 812

No
¥

For Each Output Value of the Program

‘

Assign Memaory to the Cutput Value at the
Location Indicated by the Allocation Pointer

v

Advance the Allocation Pointer Based on the |

Amount of Memory Assigned

~Tore Out ~

Values? 7
~" - 820

PCT/US2020/018667

- 802

L 804

. 308

= 208

. 810

. 814

L 818

800



WO 2020/172181 PCT/US2020/018667
9/14

900

—-—-—-—-—-—-@I For Each Intermediate Value of the Program M ga,

i

Assign Memory to the Intermediate Value at

the Location Endaca:ted by the Allocation . 908
Fointer
Yes Advance the Allocation Pointer Based on the
Amount of Memory Assigned - 908

~ Intermediate

910

MNo

v

Confirm that Data Fits in the Allocated
Memory - 912




WO 2020/172181 PCT/US2020/018667
10/14

Paraliel Processing Unit (PPU) 1000
Interconnect «

/ !

1002 /O Unit Front End Unit
1006 1010
¥ Scheduler Unit
L 1012
[&] aﬂ
21
(@]
3 1016
1008/ 8 | Work Distribution Unit
= 1014
) ::
S i
r
H
i

7 711

GPC(X)
1018

[ g T — |
I ——

=)
]
o

r

t

iy

iy

¥

:e

1

PR
P,
& WE
t

gs

i

iy

ia

1

f

iy

iy

Lm

e -
L] g.,,i
Memory |41 ¥
] ]
(¥) L — Memory Partition Unit (U) X
R O o e 1022 '
T i
b e '
o L 1 g8
: wwwwwww § 8 B e o [
] ] b T T i §




WO 2020/172181 PCT/US2020/018667
11/14

TofFrom Xbar

!

General Processing
Cluster (GPC) 1100
Fipeline Manager PROP
) 1102 1104
&
[ vy b
MPC H
- 1110 ¥
§
) i
'R
Primitive "
Engine oy
P Egs
ie > EE ¥ Raster Engine
o M H faémﬁ 1108
AT H H
1l
o
DEC(V) i
1106 e I R
¥
i ettt 7 Sttt el
k 4
WDX
1116
T MM 1118
TofFrom Xbar TofFrom Xbar




WO 2020/172181 PCT/US2020/018667

12/14
TolFrom
Xbar
7\
Memory Partition Unit
1200
4

Raster Operations Unit
1202

ac oo 1 OfFTOM
1204 Xbar

Memory interface
1206

1

L

TofFrom
Memory




WO 2020/172181 PCT/US2020/018667
13/14

Streaming Multiprocessor 1300

instruction Cache
1302
' Scheduler Unit (K)1204 -
by
Dispaich E §
12306 ¥
;)
by
P
§
- "i'..:1";:";.11’:;".'.,";.,":'::.:1";:12311:11:1212:11:111112125..., ;
Register File g
1308
Core b SFU b Lsu |
(L-1) H (M-1) ¥ {N-1} !
1310 ¥ 1312 3 1314 ¥
1} 3% §§
i"’a.':.';";';".,;:ir_’f.::.';"::.,;':::.;'f.,..i LE:::E::::::::E ‘”::::i::::::fﬁ
Interconnect Network

1316 o

!

Shared Memory/L1 Cache
1318




WO 2020/172181

14/14

PCT/US2020/018667

Computer System
1400

Network
Interface
1422

Main
Memory
1404
i Display
CrU Devices
1402 1406

fnput
Devices
1408

T

T

5 ]

Communication

u Bus 1410

v

Interconnect

1418

Switch é
B 1420
PPU IR B ol o
1416 1416
1414 » q 1414
PPRU PP T— PPU
1416 1416
1414 » > 1414
? Parallel Processing ?
Unit
1412




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2020/018667

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO6F9/455 GO6F9/50 GO6F12/02
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

GO6F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data, INSPEC, COMPENDEX

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 6 831 652 B1 (ORR STEPHEN J [CA]) 1-20
14 December 2004 (2004-12-14)
abstract

column 1, line 10 - line 32
column 3, line 18 - line 29
column 6, line 4 - line 36
claim 1

X US 2018/088996 Al (ROSSI FRANCESCO [US] ET 1-20
AL) 29 March 2018 (2018-03-29)
abstract

paragraph [0045] - paragraph [0048]
claims 1,8

_/__

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

°ited.t°| establish the pul_r;_licdation date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

28 May 2020 09/06/2020

Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, = -
Fax: (+31-70) 340-3016 Beltran-Escavy, José

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2020/018667

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

WO 2017/001900 Al (YANDEX EUROPE AG [CH];
YANDEX LLC [RU]; YANDEX INC [US])

5 January 2017 (2017-01-05)

abstract

page 14, Tine 4 - line 20

claim 2

US 2018/137049 Al (DUFFY JOHN J [US] ET
AL) 17 May 2018 (2018-05-17)

the whole document

US 2016/285970 Al (CAI JUNJIE [US] ET AL)
29 September 2016 (2016-09-29)

the whole document

WO 2007/071607 Al (IBM [US]; IBM UK [GB]
ET AL.) 28 June 2007 (2007-06-28)

the whole document

US 6 453 403 B1 (CZAJKOWSKI GRZEGORZ [US])
17 September 2002 (2002-09-17)

the whole document

WO 01790899 A2 (SUN MICROSYSTEMS INC [US])
29 November 2001 (2001-11-29)

the whole document

BRAD PETERSON ET AL: "Reducing overhead
in the Uintah framework to support
short-Tived tasks on GPU-heterogeneous
architectures",

DOMAIN-SPECIFIC LANGUAGES AND HIGH-LEVEL
FRAMEWORKS FOR HIGH PERFORMANCE COMPUTING,
ACM, 2 PENN PLAZA, SUITE 701 NEW YORK NY
10121-0701 USA,

15 November 2015 (2015-11-15), pages 1-8,
XP058076109,

DOI: 10.1145/2830018.2830023

ISBN: 978-1-4503-4016-8

the whole document

1-20

1-20

1-20

1-20

1-20

1-20

1-20

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2020/018667
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 6831652 Bl 14-12-2004  NONE

US 2018088996 Al 29-03-2018  NONE

WO 2017001900 Al 05-01-2017 RU 2015125822 A 10-01-2017
WO 2017001900 Al 05-01-2017

US 2018137049 Al 17-05-2018 CN 109923527 A 21-06-2019
EP 3539001 Al 18-09-2019
US 2018137049 Al 17-05-2018
WO 2018089280 Al 17-05-2018

US 2016285970 Al 29-09-2016  NONE

WO 2007071607 Al 28-06-2007  BR P10620640 A2 05-04-2011
CA 2634360 Al 28-06-2007
CN 101346972 A 14-01-2009
EP 1974529 Al 01-10-2008
JP 5015951 B2 05-09-2012
JP 2009521741 A 04-06-2009
KR 20080085840 A 24-09-2008
US 2007150600 Al 28-06-2007
WO 2007071607 Al 28-06-2007

US 6453403 Bl 17-09-2002  NONE

WO 0190899 A2 29-11-2001 AU 6472701 A 03-12-2001
GB 2379778 A 19-03-2003
US 6594749 B1 15-07-2003
WO 0190899 A2 29-11-2001

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - claims
	Page 48 - claims
	Page 49 - claims
	Page 50 - claims
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - wo-search-report
	Page 66 - wo-search-report
	Page 67 - wo-search-report

