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1. Introduction

Modern processor architectures have embraced parallelism as an important pathway to increased
performance. Facing technical challenges with higher clock speeds in a fixed power envelope,
Central Processing Units (CPUs) now improve performance by adding multiple cores. Graphics
Processing Units (GPUs) have also evolved from fixed function rendering devices into
programmable parallel processors. As today’s computer systems often include highly parallel
CPUs, GPUs and other types of processors, it is important to enable software developers to take
full advantage of these heterogeneous processing platforms.

Creating applications for heterogeneous parallel processing platforms is challenging as
traditional programming approaches for multi-core CPUs and GPUs are very different. CPU-
based parallel programming models are typically based on standards but usually assume a shared
address space and do not encompass vector operations. General purpose GPU programming
models address complex memory hierarchies and vector operations but are traditionally
platform-, vendor- or hardware-specific. These limitations make it difficult for a developer to
access the compute power of heterogeneous CPUs, GPUs and other types of processors from a
single, multi-platform source code base. More than ever, there is a need to enable software
developers to effectively take full advantage of heterogeneous processing platforms — from high
performance compute servers, through desktop computer systems to handheld devices - that
include a diverse mix of parallel CPUs, GPUs and other processors such as DSPs and the
Cell/B.E. processor.

OpenCL (Open Computing Language) is an open royalty-free standard for general purpose
parallel programming across CPUs, GPUs and other processors, giving software developers
portable and efficient access to the power of these heterogeneous processing platforms.

OpenCL supports a wide range of applications, ranging from embedded and consumer software
to HPC solutions, through a low-level, high-performance, portable abstraction. By creating an
efficient, close-to-the-metal programming interface, OpenCL will form the foundation layer of a
parallel computing ecosystem of platform-independent tools, middleware and applications.
OpenCL is particularly suited to play an increasingly significant role in emerging interactive
graphics applications that combine general parallel compute algorithms with graphics rendering
pipelines.

OpenCL consists of an API for coordinating parallel computation across
heterogeneous processors; and a cross-platform programming language with a well-
specified computation environment. The OpenCL standard:

+ Supports both data- and task-based parallel programming models

+ Ultilizes a subset of ISO C99 with extensions for parallelism

+ Defines consistent numerical requirements based on IEEE 754

+ Defines a configuration profile for handheld and embedded devices

+ Efficiently interoperates with OpenGL, OpenGL ES and other graphics APIs
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This document begins with an overview of basic concepts and the architecture of OpenCL,
followed by a detailed description of its execution model, memory model and synchronization
support. It then discusses the OpenCL platform and runtime API and is followed by a detailed
description of the OpenCL C programming language. Some examples are given that describe
sample compute use-cases and how they would be written in OpenCL. The specification is
divided into a core specification that any OpenCL compliant implementation must support; a
handheld/embedded profile which relaxes the OpenCL compliance requirements for handheld
and embedded devices; and a set of optional extensions that are likely to move into the core
specification in later revisions of the OpenCL specification.
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2. Glossary

Application: The combination of the program running on the Aost and OpenCL devices.

Blocking and NonBlocking Enqueue API calls A non-blocking enqueue API call places a
command on a command-queue and returns immediately to the host. The blocking-mode
enqueue API calls do not return to the host until the command has completed.

Barrier : There are two types of barriers — a command-queue barrier and a work-group barrier.

+ The OpenCL API provides a function to enqueue a command-queue barrier command.
This barrier command ensures that all previously enqueued commands to a command-
queue have finished execution before any following commands enqueued in the
command-queue can begin execution.

+ The OpenCL C programming language provides a built-in work-group barrier function.
This barrier built-in function can be used by a kernel executing on a device to perform
synchronization between work-items in a work-group executing the kernel. All the work-
items of a work-group must execute the barrier construct before any are allowed to
continue execution beyond the barrier.

Buffer Object: A memory object that stores a linear collection of bytes. Buffer objects are
accessible using a pointer in a kernel executing on a device. Buffer objects can be manipulated
by the host using OpenCL API calls. A buffer object encapsulates the following information:

+ Size in bytes.
+ Properties that describe usage information and which region to allocate from.
+ Buffer data.

Command: The OpenCL operations that are submitted to a command-queue for execution. For
example, OpenCL commands issue kernels for execution on a compute device, manipulate
memory objects, etc.

Command-queue An object that holds commands that will be executed on a specific device.
The command-queue is created on a specific device in a context. Commands to a command-
queue are queued in-order but may be executed in-order or out-of-order. Refer to In-order
Execution and Out-of-order Execution.

Command-queue Barrier. See Barrier.

Compute Unit: An OpenCL device has one or more compute units. A work-group executes on a
single compute unit. A compute unit is composed of one or more processing elements. A
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compute unit may also include dedicated texture filtering units that can be accessed by its
processing elements.

Concurrency: A property of a system in which a set of tasks in a system can remain active and
make progress at the same time. To utilize concurrent execution when running a program, a
programmer must identify the concurrency in their problem, expose it within the source code,
and then exploit it using a notation that supports concurrency.

Constant Memory: A region of global memory that remains constant during the execution of a
kernel. The host allocates and initializes memory objects placed into constant memory.

Context: The environment within which the kernels execute and the domain in which
synchronization and memory management is defined. The context includes a set of devices, the
memory accessible to those devices, the corresponding memory properties and one or more
command-queues used to schedule execution of a kernel(s) or operations on memory objects.

Data Parallel Programming Model Traditionally, this term refers to a programming model
where concurrency is expressed as instructions from a single program applied to multiple
elements within a set of data structures. The term has been generalized in OpenCL to refer to a
model wherein a set of instructions from a single program are applied concurrently to each point
within an abstract domain of indices.

Device A device is a collection of compute units. A command-queue is used to queue
commands to a device. Examples of commands include executing kernels, or reading and writing
memory objects. OpenCL devices typically correspond to a GPU, a multi-core CPU, and other
processors such as DSPs and the Cell/B.E. processor.

Event Object: An event object encapsulates the status of an operation such as a command. It
can be used to synchronize operations in a context.

Event Wait List: An event wait list is a list of event objects that can be used to control when a
particular command begins execution.

Framework: A software system that contains the set of components to support software
development and execution. A framework typically includes libraries, APIs, runtime systems,
compilers, etc.

Global ID: A global ID is used to uniquely identify a work-item and is derived from the number
of global work-items specified when executing a kernel. The global ID is a N-dimensional value

that starts at (0, 0, ... 0). See also Local ID.

Global Memory: A memory region accessible to all work-items executing in a context. It is
accessible to the host using commands such as read, write and map.

GL share group: A GL share group object manages shared OpenGL or OpenGL ES resources
such as textures, buffers, framebuffers, and renderbuffers and is associated with one or more GL
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context objects. The GL share group is typically an opaque object and not directly accessible.

Handle: An opaque type that references an object allocated by OpenCL. Any operation on an
object occurs by reference to that object’s handle.

Host: The /host interacts with the context using the OpenCL API.
Host pointer: A pointer to memory that is in the virtual address space on the host.

lllegal: Behavior of a system that is explicitly not allowed and will be reported as an error when
encountered by OpenCL.

Image Object A memory object that stores a two- or three- dimensional structured array.
Image data can only be accessed with read and write functions. The read functions use a
sampler.

The image object encapsulates the following information:

+ Dimensions of the image.

+ Description of each element in the image.

+ Properties that describe usage information and which region to allocate from.
+ Image data.

The elements of an image are selected from a list of predefined image formats.

Implementation Defined Behavior that is explicitly allowed to vary between conforming
implementations of OpenCL. An OpenCL implementor is required to document the
implementation-defined behavior.

In-order Execution: A model of execution in OpenCL where the commands in a command-
queue are executed in order of submission with each command running to completion before the
next one begins. See Out-of-order Execution.

Kernel: A kernel is a function declared in a program and executed on an OpenCL device. A
kernel is identified by the  kernel qualifier applied to any function defined in a program.

Kernel Object: A kernel object encapsulates a specific kernel function declared in a
program and the argument values to be used when executing this  kernel function.

Local ID: A local ID specifies a unique work-item ID within a given work-group that is
executing a kernel. The local ID is a N-dimensional value that starts at (0, 0, ... 0). See also

Global ID.

Local Memory: A memory region associated with a work-group and accessible only by work-
items in that work-group.
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Marker : A command queued in a command-queue that can be used to tag all commands queued
before the marker in the command-queue. The marker command returns an event which can be
used by the application to queue a wait on the marker event i.e. wait for all commands queued
before the marker command to complete.

Memory Objects: A memory object is a handle to a reference counted region of global memory.
Also see Buffer Objects and Image Objects.

Memory Regions (or Pools) A distinct address space in OpenCL. Memory regions may
overlap in physical memory though OpenCL will treat them as logically distinct. The memory
regions are denoted as private, local, constant and global.

Object: Objects are abstract representation of the resources that can be manipulated by the
OpenCL API. Examples include program objects, kernel objects, and memory objects.

Out-of-Order Execution A model of execution in which commands placed in the work queue
may begin and complete execution in any order consistent with constraints imposed by event
wait lists and command-queue barrier. See In-order Execution.

Platform: The /ost plus a collection of devices managed by the OpenCL framework that allow
an application to share resources and execute kernels on devices in the platform.

Private Memory: A region of memory private to a work-item. Variables defined in one work-
item’s private memory are not visible to another work-item.

Processing Element A virtual scalar processor. A work-item may execute on one or more
processing elements.

Program: An OpenCL program consists of a set of kernels. Programs may also contain
auxiliary functions called by the  kernel functions and constant data.

Program Object: A program object encapsulates the following information:

+ A reference to an associated context.

+ A program source or binary.

+ The latest successfully built program executable, the list of devices for which the program
executable is built, the build options used and a build log.

# The number of kernel objects currently attached.

Reference Count The life span of an OpenCL object is determined by its reference count—an
internal count of the number of references to the object. When you create an object in OpenCL,
its reference count is set to one. Subsequent calls to the appropriate retain API (such as
clRetainContext, clRetainCommandQueue) increment the reference count. Calls to
the appropriate release API (such as c1ReleaseContext, clReleaseCommandQueue)

decrement the reference count. After the reference count reaches zero, the object’s resources are
deallocated by OpenCL.
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Relaxed ConsistencyA memory consistency model in which the contents of memory visible to
different work-items or commands may be different except at a barrier or other explicit
synchronization points.

Resource A class of objects defined by OpenCL. An instance of a resource is an object. The
most common resources are the context, command-queue, program objects, kernel objects, and
memory objects. Computational resources are hardware elements that participate in the action
of advancing a program counter. Examples include the host, devices, compute units and
processing elements.

Retain, Release The action of incrementing (retain) and decrementing (release) the reference
count using an OpenCL object. This is a book keeping functionality to make sure the system
doesn’t remove an object before all instances that use this object have finished. Refer to
Reference Count.

Sampler: An object that describes how to sample an image when the image is read in the kernel.
The image read functions take a sampler as an argument. The sampler specifies the image
addressing-mode i.e. how out-of-range image coordinates are handled, the filtering mode, and
whether the input image coordinate is a normalized or unnormalized value.

SIMD : Single Instruction Multiple Data. A programming model where a kernel is executed
concurrently on multiple processing elements each with its own data and a shared program
counter. All processing elements execute a strictly identical set of instructions.

SPMD: Single Program Multiple Data. A programming model where a kernel is executed
concurrently on multiple processing elements each with its own data and its own program
counter. Hence, while all computational resources run the same kernel they maintain their own
instruction counter and due to branches in a kernel, the actual sequence of instructions can be
quite different across the set of processing elements.

Task Parallel Programming Model A programming model in which computations are
expressed in terms of multiple concurrent tasks where a task is a kernel executing in a single
work-group of size one. The concurrent tasks can be running different kernels.

Thread-safe An OpenCL API call is considered to be thread-safe if the internal state as
managed by OpenCL remains consistent when called simultaneously by multiple 4ost threads.
OpenCL API calls that are thread-safe allow an application to call these functions in multiple
host threads without having to implement mutual exclusion across these host threads.

Undefined: The behavior of an OpenCL API call, built-in function used inside a kernel or
execution of a kernel that is explicitly not defined by OpenCL. A conforming implementation is
not required to specify what occurs when an undefined construct is encountered in OpenCL.

Work -group: A collection of related work-items that execute on a single compute unit. The

work-items in the group execute the same kernel and share local memory and work-group
barriers.
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Work -group Barrier. See Barrier.

Work -item: One of a collection of parallel executions of a kernel invoked on a device by a
command. A work-item is executed by one or more processing elements as part of a work-group
executing on a compute unit. A work-item is distinguished from other executions within the
collection by its global ID and local ID.
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3. The OpenCL Architecture

OpenCL is an open industry standard for programming a heterogeneous collection of CPUs,
GPUs and other discrete computing devices organized into a single platform. It is more than a
language. OpenCL is a framework for parallel programming and includes a language, API,
libraries and a runtime system to support software development. Using OpenCL, for example, a
programmer can write general purpose programs that execute on GPUs without the need to map
their algorithms onto a 3D graphics API such as OpenGL or DirectX.

The target of OpenCL is expert programmers wanting to write portable yet efficient code. This
includes library writers, middleware vendors, and performance oriented application
programmers. Therefore OpenCL provides a low-level hardware abstraction plus a framework to
support programming and many details of the underlying hardware are exposed.

To describe the core ideas behind OpenCL, we will use a hierarchy of models:

+ Platform Model

+ Memory Model

+ Execution Model

+ Programming Model

3.1 Platform Model

The Platform model for OpenCL is defined in figure 3.1. The model consists of a host
connected to one or more OpenCL devices An OpenCL device is divided into one or more
compute units(CUs) which are further divided into one or more processing elementgPEs).
Computations on a device occur within the processing elements.

An OpenCL application runs on a host according to the models native to the host platform. The
OpenCL application submits commandsfrom the host to execute computations on the
processing elements within a device. The processing elements within a compute unit execute a
single stream of instructions as SIMD units (execute in lockstep with a single stream of
instructions) or as SPMD units (each PE maintains its own program counter).
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Figure 3.1 Platform model ... one host plus one or more compute devices each
with one or more compute units each with one or more processing elements.

3.2 Execution Model

Execution of an OpenCL program occurs in two parts: kernels that execute on one or more
OpenCL devicesand a host program that executes on the host. The host program defines the
context for the kernels and manages their execution.

The core of the OpenCL execution model is defined by how the kernels execute. When a kernel
is submitted for execution by the host, an index space is defined. An instance of the kernel
executes for each point in this index space. This kernel instance is called a work -item and is
identified by its point in the index space, which provides a global ID for the work-item. Each
work-item executes the same code but the specific execution pathway through the code and the
data operated upon can vary per work-item.

Work-items are organized into work-groups. The work-groups provide a more coarse-grained
decomposition of the index space. Work-groups are assigned a unique work-group ID with the
same dimensionality as the index space used for the work-items. Work-items are assigned a
unique local ID within a work-group so that a single work-item can be uniquely identified by its
global ID or by a combination of its local ID and work-group ID. The work-items in a given
work-group execute concurrently on the processing elements of a single compute unit.

The index space supported in OpenCL 1.0 is called an NDRange. An NDRange is an N-
dimensional index space, where N is one, two or three. An NDRange is defined by an integer
array of length N specifying the extent of the index space in each dimension. Each work-item’s
global ID and local ID are N-dimensional tuples. The global ID components are values in the
range from zero to the number of elements in that dimension minus one.
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Work-groups are assigned IDs using a similar approach to that used for work-item global IDs.
An array of length N defines the number of work-groups in each dimension. Work-items are
assigned to a work-group and given a local ID with components in the range from zero to the
size of the work-group in that dimension minus one. Hence, the combination of a work-group ID
and the local-ID within a work-group uniquely defines a work-item. Each work-item is
identifiable in two ways; in terms of a global index, and in terms of a work-group index plus a
local index within a work group.

For example, consider the 2-dimensional index space in figure 3.2.

We input the index space for the work-items (Gx, Gy) and the size of each work-group (Sx, Sy).
The global indices define an G4 by Gy index space where the total number of work-items is the
product of Gy and Gy. The local indices define a Sy by Sy index space where the number of
work-items in a single work-group is the product of S, and Sy. Given the size of each work-
group and the total number of work-items we can compute the number of work-groups. A 2-
dimensional index space is used to uniquely identify a work-group. Each work-item is identified
by its global ID (g, gy) or by the combination of the work-group ID (wy, wy), the size of each
work-group (S, Sy) and the local ID (sy, sy) inside the workgroup such that

(gx» &y) = (Wx * Sx +5¢, wy * Sy +5y)
The number of work-groups can be computed as:
(Wy, Wy) =(Gx/ Ss, Gy /' Sy)
Given a global ID and the work-group size, the work-group ID for a work-item is computed as:

(Wx, Wy) = ((gx —Sx) / Sx, (gy —sy) / Sy)
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Figure 3.2 An example of an NDRange index space showing work-items, their global IDs and
their mapping onto the pair of work-group and local IDs.

A wide range of programming models can be mapped onto this execution model. We explicitly

support two of these models within OpenCL; the data parallel programming model and the
task parallel programming model

3.2.1 Execution Model: Context and Command Queues

The host defines a context for the execution of the kernels. The context includes the following
resources:

1. Devices The collection of OpenCL devices to be used by the host.
2. Kernels: The OpenCL functions that run on OpenCL devices.
3. Program Objects: The program source and executable that implement the kernels.

4. Memory Objects: A set of memory objects visible to the host and the OpenCL devices.
Memory objects contain values that can be operated on by instances of a kernel.

The context is created and manipulated by the host using functions from the OpenCL API. The
host creates a data structure called a command-queueto coordinate execution of the kernels on
the devices. The host places commands into the command-queue which are then scheduled onto
the devices within the context. These include:
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+ Kernel execution commandsExecute a kernel on the processing elements of a device.

+ Memory commands Transfer data to, from, or between memory objects, or map and unmap
memory objects from the host address space.

+ Synchronization commands Constrain the order of execution of commands.

The command-queue schedules commands for execution on a device. These execute
asynchronously between the host and the device. Commands execute relative to each other in
one of two modes:

+ In-order Execution: Commands are launched in the order they appear in the command-
queue and complete in order. In other words, a prior command on the queue completes
before the following command begins. This serializes the execution order of commands in a

queue.

+ Out-of-order Execution: Commands are issued in order, but do not wait to complete before
following commands execute. Any order constraints are enforced by the programmer
through explicit synchronization commands.

Kernel execution and memory commands submitted to a queue generate event objects. These
are used to control execution between commands and to coordinate execution between the host

and devices.

It is possible to associate multiple queues with a single context. These queues run concurrently
and independently with no explicit mechanisms within OpenCL to synchronize between them.

3.2.2 Execution Model: Categories of Kerne Is

The OpenCL execution model supports two categories of kernels:

+ OpenCL kernelsare written with the OpenCL C programming language and compiled
with the OpenCL compiler. All OpenCL implementations support OpenCL kernels.
Implementations may provide other mechanisms for creating OpenCL kernels.

+ Native kernelsare accessed through a host function pointer. Native kernels are queued
for execution along with OpenCL kernels on a device and share memory objects with
OpenCL kernels. For example, these native kernels could be functions defined in
application code or exported from a library. Note that the ability to execute native kernels
is an optional functionality within OpenCL and the semantics of native kernels are
implementation-defined. The OpenCL API includes functions to query capabilities of a
device(s) and determine if this capability is supported.

Last Revision Date: 5/16/09 Page 23



3.3 Memory Model

Work-item(s) executing a kernel have access to four distinct memory regions:

+ Global Memory. This memory region permits read/write access to all work-items in all
work-groups. Work-items can read from or write to any element of a memory object.
Reads and writes to global memory may be cached depending on the capabilities of the
device.

+ Constant Memory: A region of global memory that remains constant during the
execution of a kernel. The host allocates and initializes memory objects placed into
constant memory.

+ Local Memory: A memory region local to a work-group. This memory region can be
used to allocate variables that are shared by all work-items in that work-group. It may be
implemented as dedicated regions of memory on the OpenCL device. Alternatively, the
local memory region may be mapped onto sections of the global memory.

+ Private Memory: A region of memory private to a work-item. Variables defined in one
work-item’s private memory are not visible to another work-item.

Table 3.1 describes whether the kernel or the host can allocate from a memory region, the type of
allocation (static i.e. compile time vs dynamic i.e. runtime) and the type of access allowed i.e.
whether the kernel or the host can read and/or write to a memory region.

Global Constant Local Private

Host Dynamic Dynamic Dynamic No allocation
allocation allocation allocation
Read / Write Read / Write No access No access
access access

Kernel No allocation Static allocation | Static allocation | Static allocation
Read / Write Read-only Read / Write Read / Write
access access access access

Table 3.1 Memory Region - Allocation and Memory Access Capabilities
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The memory regions and how they relate to the platform model are described in figure 3.3.

Compute Device
Compute unit 7 Compute unit N
Private Private Private Private
memory 1 memory memory 1 memory
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N

‘ Global Memory ‘

‘ Constant Memory ‘

Compute Device Memory

Figure 3.3 Conceptual OpenCL device architecture with processing elements (PE),
compute units and devices. The host is not shown.

The application running on the host uses the OpenCL API to create memory objects in global
memory, and to enqueue memory commands (described in section 3.2.1) that operate on these
memory objects.

The host and OpenCL device memory models are, for the most part, independent of each other.
This is by a necessity given that the host is defined outside of OpenCL. They do, however, at
times need to interact. This interaction occurs in one of two ways: by explicitly copying data or
by mapping and unmapping regions of a memory object.

To copy data explicitly, the host enqueues commands to transfer data between the memory
object and host memory. These memory transfer commands may be blocking or non-blocking.
The OpenCL function call for a blocking memory transfer returns once the associated memory
resources on the host can be safely reused. For a non-blocking memory transfer, the OpenCL
function call returns as soon as the command is enqueued regardless of whether host memory is
safe to use.

The mapping/unmapping method of interaction between the host and OpenCL memory objects
allows the host to map a region from the memory object into its address space. The memory
map command may be blocking or non-blocking. Once a region from the memory object has
been mapped, the host can read or write to this region. The host unmaps the region when
accesses (reads and/or writes) to this mapped region by the host are complete.
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3.3.1 Memory Consistency

OpenCL uses a relaxed consistency memory model; i.e. the state of memory visible to a work-
item is not guaranteed to be consistent across the collection of work-items at all times.

Within a work-item memory has load / store consistency. Local memory is consistent across
work-items in a single work-group at a work-group barrier. Global memory is consistent across
work-items in a single work-group at a work-group barrier, but there are no guarantees of
memory consistency between different work-groups executing a kernel.

Memory consistency for memory objects shared between enqueued commands is enforced at a
synchronization point.

3.4 Programming Model

The OpenCL execution model supports data parallel and task parallel programming models, as
well as supporting hybrids of these two models. The primary model driving the design of
OpenCL is data parallel.

3.4.1 Data Parallel Programming Model

A data parallel programming model defines a computation in terms of a sequence of instructions
applied to multiple elements of a memory object. The index space associated with the OpenCL
execution model defines the work-items and how the data maps onto the work-items. In a
strictly data parallel model, there is a one-to-one mapping between the work-item and the
element in a memory object over which a kernel can be executed in parallel. OpenCL
implements a relaxed version of the data parallel programming model where a strict one-to-one
mapping is not a requirement.

OpenCL provides a hierarchical data parallel programming model. There are two ways to
specify the hierarchical subdivision. In the explicit model a programmer defines the total
number of work-items to execute in parallel and also how the work-items are divided among
work-groups. In the implicit model, a programmer specifies only the total number of work-items
to execute in parallel, and the division into work-groups is managed by the OpenCL
implementation.

3.4.2 Task Parallel Programming Model

The OpenCL task parallel programming model defines a model in which a single instance of a
kernel is executed independent of any index space. It is logically equivalent to executing a
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kernel on a compute unit with a work-group containing a single work-item. Under this model,
users express parallelism by:

- using vector data types implemented by the device,
- enqueuing multiple tasks, and/or
- enqueing native kernels developed using a programming model orthogonal to OpenCL.

3.4.3 Synchronization
There are two domains of synchronization in OpenCL:

- Work-items in a single work-group
- Commands enqueued to command-queue(s) in a single context

Synchronization between work-items in a single work-group is done using a work-group barrier.
All the work-items of a work-group must execute the barrier before any are allowed to continue
execution beyond the barrier. Note that the work-group barrier must be encountered by all work-
items of a work-group executing the kernel or by none at all. There is no mechanism for
synchronization between work-groups.

The synchronization points between commands in command-queues are:

- Command-queue barrier. The command-queue barrier ensures that all previously queued
commands have finished execution and any resulting updates to memory objects are
visible to subsequently enqueued commands before they begin execution. This barrier
can only be used to synchronize between commands in a single command-queue.

- Waiting on an event. All OpenCL API functions that enqueue commands return an event
that identifies the command and memory objects it updates. A subsequent command
waiting on that event is guaranteed that updates to those memory objects are visible
before the command begins execution.

3.5 The OpenCL Framework

The OpenCL framework allows applications to use a host and one or more OpenCL devices as a
single heterogeneous parallel computer system. The framework contains the following
components:

+ OpenCL Platform layer: The platform layer allows the host program to discover OpenCL
devices and their capabilities and to create contexts.
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+ OpenCL Runtime: The runtime allows the host program to manipulate contexts once they
have been created.

+ OpenCL Compiler: The OpenCL compiler creates program executables that contain

OpenCL kernels. The OpenCL C programming language implemented by the compiler
supports a subset of the ISO C99 language with extensions for parallelism.
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4. The OpenCL Platform Layer

This section describes the OpenCL platform layer which implements platform-specific features
that allow applications to query OpenCL devices, device configuration information, and to create
OpenCL contexts using one or more devices.

4.1 Querying Platform Info

The list of platforms available can be obtained using the following function.

cl_int clGetPlatformIDs (cl _uint num_entries,
cl platform id *platforms,
cl uint *num_platforms)

num_entries is the number of cl_platform_id entries that can be added to platforms. If platforms
is not NULL, the num_entries must be greater than zero.

platforms returns a list of OpenCL platforms found. The cl platform id values returned in
platforms can be used to identify a specific OpenCL platform. If platforms argument is NULL,
this argument is ignored. The number of OpenCL platforms returned is the mininum of the value
specified by num_entries or the number of OpenCL platforms available.

num_platforms returns the number of OpenCL platforms available. If num_platforms is NULL,
this argument is ignored.

clGetPlatformsIDs returns CL_INVALID VALUE if num_entries is equal to zero and platforms
is not NULL or if both num_platforms and platforms are NULL, and returns CL_SUCCESS if the
function is executed successfully.

The function

cl_int clGetPlatforminfo (cl platform id platform,
cl platform_info param name,
size t param_value size,
void *param_value,
size t *param_value size ret)

gets specific information about the OpenCL platform. The information that can be queried
using clGetPlatforminfo is specified in table 4.1.

platform refers to the platform ID returned by clGetPlatformsIDs or can be NULL. If platform
is NULL, the behavior is implementation-defined.
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param_name is an enumeration constant that identifies the platform information being queried.

It can be one of the following values as specified in table 4.1.

param_value is a pointer to memory location where appropriate values for a given param _name
as specified in table 4.1 will be returned. If param_value is NULL, it is ignored.

param_value_size specifies the size in bytes of memory pointed to by param value. This size in

bytes must be >= size of return type specified in table 4.1.

param_value size ret returns the actual size in bytes of data being queried by param_value. If

param_value size ret is NULL, it is ignored.

cl_platform_info Return Type

Description

CL_PLATFORM_PROFILE char]'

OpenCL profile string. Returns the
profile name supported by the
implementation. The profile name
returned can be one of the following
strings:

FULL PROFILE — if the
implementation supports the OpenCL
specification (functionality defined as
part of the core specification and does
not require any extensions to be
supported).

EMBEDDED PROFILE - if the
implementation supports the OpenCL
embedded profile. The embedded
profile is defined to be a subset for
each version of OpenCL. The
embedded profile for OpenCL 1.0 is
described in section 10.

CL_PLATFORM_VERSION charf[]

OpenCL version string. Returns the
OpenCL version supported by the
implementation. This version string
has the following format:

OpenCL<space><major_version.min
or_version><space><platform-
specific information>

" A null terminated string is returned by OpenCL query function calls if the return type of the information being

queried is a char[].
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The major_version.minor_version
value returned will be 1.0.

CL_PLATFORM_ NAME char(] Platform name string.
CL_PLATFORM_ VENDOR char(] Platform vendor string.
CL_PLATFORM_EXTENSIONS charf] Returns a space separated list of

extension names (the extension names
themselves do not contain any spaces)
supported by the platform. Extensions
defined here must be supported by all
devices associated with this platform.

Table 4.1 OpenCL Platform Queries

clGetPlatforminfo returns CL_SUCCESS if the function is executed successfully. It returns®
CL_INVALID_PLATFORM if platform is not a valid platform, returns CL_INVALID VALUE if
param_name is not one of the supported values or if size in bytes specified by param value size
is < size of return type as specified in table 4.1 and param_value is not a NULL value.

4.2 Querying Devices
The list of devices available on a platform can be obtained using the following function.

cl int clGetDevicelDS (cl_platform_id platform,
cl device type device_type,
cl uint num_entries,
cl device id *devices,
cl uint *num_devices)

platform refers to the platform ID returned by clGetPlatformsIDs or can be NULL. If platform
is NULL, the behavior is implementation-defined.

device_type is a bitfield that identifies the type of OpenCL device. The device type can be used
to query specific OpenCL devices or all OpenCL devices available. The valid values for
device_type are specified in table 4.2.

cl_device_type Description

CL_DEVICE_TYPE_CPU An OpenCL device that is the host processor. The host
processor runs the OpenCL implementations and is a
single or multi-core CPU.

* The OpenCL specification does not describe the order of precedence for error codes returned by API calls.
’ clGetDevicelDsmay return all or a subset of the actual physical devices present in the platform and that match
device_type.
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CL_DEVICE_TYPE_GPU An OpenCL device that is a GPU. By this we mean that
the device can also be used to accelerate a 3D API such
as OpenGL or DirectX.

CL_DEVICE_TYPE_ACCELERATOR | Dedicated OpenCL accelerators (for example the IBM
CELL Blade). These devices communicate with the host
processor using a peripheral interconnect such as PCle.

CL_DEVICE_TYPE_DEFAULT The default OpenCL device in the system.

CL_DEVICE_TYPE_ALL All OpenCL devices available in the system.

Table 4.2.  List of OpenCL Device Categories

num_entries is the number of cl _device entries that can be added to devices. If devices is not
NULL, the num_entries must be greater than zero.

devices returns a list of OpenCL devices found. The cl device id values returned in devices can
be used to identify a specific OpenCL device. If devices argument is NULL, this argument is
ignored. The number of OpenCL devices returned is the mininum of the value specified by
num_entries or the number of OpenCL devices whose type matches device type.

num_devices returns the number of OpenCL devices available that match device type. If
num_devices is NULL, this argument is ignored.

clGetDevicelDsreturns CL_INVALID PLATFORM _if platform is not a valid platform, returns
CL INVALID DEVICE TYPE if device type is not a valid value, returns CL_ INVALID VALUE
if num_entries is equal to zero and devices is not NULL or if both num_devices and devices are
NULL, returns CL_ DEVICE NOT _FOUND if no OpenCL devices that matched device type were
found, and returns CL_SUCCESS if the function is executed successfully.

The application can query specific capabilities of the OpenCL device(s) returned by
clGetDevicelDs This can be used by the application to determine which device(s) to use.
The function
cl int clGetDevicelnfo(cl device id device,
cl device info param_name,
size_t param_value size,
void *param_value,

size t *param_value size ret)

gets specific information about an OpenCL device. The information that can be queried using
clGetDevicdnfo is specified in table 4.3.

device is a device returned by clGetDevicelDs

Last Revision Date: 5/16/09 Page 32



param_name is an enumeration constant that identifies the device information being queried. It
can be one of the following values as specified in table 4.3.

param_value is a pointer to memory location where appropriate values for a given param _name
as specified in table 4.3 will be returned. If param_value is NULL, it is ignored.

param_value_size specifies the size in bytes of memory pointed to by param value. This size in
bytes must be >= size of return type specified in table 4.3.

param_value size ret returns the actual size in bytes of data being queried by param_value. If
param_value size ret is NULL, it is ignored.

cl_device info

Return Type

Description

CL_DEVICE_TYPE

cl device type

The OpenCL device type. Currently
supported values are:

CL_DEVICE_TYPE_CPU,
CL_DEVICE_TYPE_GPU,
CL_DEVICE_TYPE_ACCELERATOR,

CL_DEVICE TYPE DEFAULT or a
combination of the above.

CL_DEVICE_VENDOR_ID

cl uint

A unique device vendor identifier. An
example of a unique device identifier
could be the PCle ID.

CL_DEVICE_MAX_COMPUTE_UNITS

cl uint

The number of parallel compute cores
on the OpenCL device. The minimum
value is 1.

CL_DEVICE_MAX_WORK_ITEM_DIMENSIONS

cl uint

Maximum dimensions that specify the
global and local work-item IDs used
by the data parallel execution model.
(Refer to clEnqueueNDRangeKerne).
The minimum value is 3.

CL_DEVICE_MAX_WORK_ITEM_SIZES

size t[]

Maximum number of work-items that
can be specified in each dimension of
the work-group to
clEnqueueNDRangeKernel

Returns 7 size t entries, where 7 is the
value returned by the query for
CL_DEVICE_ MAX_WORK_ITEM DI
MENSIONS.

The minimum value is (1, 1, 1).

CL_DEVICE_MAX_WORK_GROUP_SIZE

size t

Maximum number of work-items in a
work-group executing a kernel using
the data parallel execution model.
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(Refer to clEnqueueNDRangeKerne).
The minimum value is 1.

CL_DEVICE_PREFERRED_ cl_uint Preferred native vector width size for

VECTOR_WIDTH_CHAR built-in scalar types that can be put

CL_DEVICE_PREFERRED _ into vectors. The vector width is

VECTOR_WIDTH_SHORT defined as the number of scalar

CL_DEVICE_PREFERRED._ elements that can be stored in the

VECTOR_WIDTH_INT vector.

\C/:II;E:?%\IQCVI%/TDPTRIE FE;\ITGE = If the cl_khr_fp64 extension is not

- - supported,

CL_DEVICE_PREFERRED_ CL_DEVICE PREFERRED VECTOR WID

VECTOR_WIDTH_FLOAT TH_DOUBLE must return 0.

CL_DEVICE_PREFERRED_

VECTOR_WIDTH_DOUBLE

CL_DEVICE_MAX_CLOCK_FREQUENCY cl_uint Maximum configured clock frequency
of the device in MHz.

CL_DEVICE_ADDRESS_BITS cl_uint The default compute device address
space size specified as an unsigned
integer value in bits. Currently
supported values are 32 or 64 bits.

CL_DEVICE_MAX_MEM_ALLOC_SIZE cl_ulong Max size of memory object allocation
in bytes. The minimum value is max
(1/4™ of
CL_DEVICE_GLOBAL_MEM_SIZE
128*1024*1024)

CL_DEVICE_IMAGE_SUPPORT cl_bool Is CL_TRUE if images are supported
by the OpenCL device and CL_FALSE
otherwise.

CL_DEVICE_MAX_READ_IMAGE_ARGS cl_uint Max number of simultaneous image
objects that can be read by a kernel.
The minimum value is 128 if
CL _DEVICE IMAGE_SUPPORT is
CL_TRUE.

CL_DEVICE_MAX_WRITE_IMAGE_ARGS cl_uint Max number of simultaneous image
objects that can be written to by a
kernel. The minimum value is 8 if
CL _DEVICE IMAGE_SUPPORT is
CL TRUE.

CL_DEVICE_IMAGE2D_MAX_WIDTH size t Max width of 2D image in pixels. The
minimum value is 8192 if
CL_DEVICE IMAGE_SUPPORT is
CL TRUE.

CL_DEVICE_IMAGE2D_MAX_HEIGHT size t Max height of 2D image in pixels. The
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minimum value is 8192 if
CL DEVICE IMAGE _SUPPORT is
CL TRUE.

CL_DEVICE_IMAGE3D_MAX_WIDTH

size t

Max width of 3D image in pixels. The
minimum value is 2048 if

CL _DEVICE IMAGE_SUPPORT is

CL TRUE.

CL_DEVICE_IMAGE3D_MAX_HEIGHT

size t

Max height of 3D image in pixels. The
minimum value is 2048 if

CL _DEVICE IMAGE_SUPPORT is

CL TRUE.

CL_DEVICE_IMAGE3D_MAX_DEPTH

size t

Max depth of 3D image in pixels. The
minimum value is 2048 if

CL _DEVICE IMAGE_SUPPORT is
CL TRUE.

CL_DEVICE_MAX_SAMPLER S

cl uint

Maximum number of samplers that
can be used in a kernel. Refer to
section 6.11.8 for a detailed
description on samplers. The
minimum value is 16 if

CL _DEVICE IMAGE_SUPPORT is
CL_TRUE.

CL_DEVICE_MAX_PARAMETER_SIZE

size t

Max size in bytes of the arguments
that can be passed to a kernel. The
minimum value is 256.

CL_DEVICE_MEM_BASE_ADDR_ALIGN

cl uint

Describes the alignment in bits of the
base address of any allocated memory
object.

CL_DEVICE_MIN_DATA_TYPE_ALIGN_SIZE

cl uint

The smallest alignment in bytes which
can be used for any data type.

CL_DEVICE_SINGLE_FP_CONFIG

cl device
fp_config

Describes single precision floating-
point capability of the device. This is
a bit-field that describes one or more
of the following values:

CL_FP DENORM - denorms are supported

CL_FP_INF _NAN — INF and quiet NaNs are
supported.

CL_FP_ROUND_TO NEAREST- round to
nearest even rounding mode supported

CL_FP_ROUND_TO_ZERO - round to zero
rounding mode supported

Last Revision Date: 5/16/09

Page 35




CL_FP ROUND TO_INF —round to +ve and
—ve infinity rounding modes supported

CL _FP FMA — IEEE754-2008 fused
multiply-add is supported.

The mandated minimum floating-point
capability is:
CL_FP_ROUND_TO_NEAREST |
CL_FP_INF_NAN.

CL_DEVICE_GLOBAL_MEM_CACHE_TYPE

cl device mem
cache type

Type of global memory cache

supported. Valid values are:
CL NONE,
CL_READ ONLY_CACHE and

CL_READ WRITE CACHE.

CL_DEVICE_GLOBAL_MEM_CACHELINE_SIZE

cl uint

Size of global memory cache line in
bytes.

CL_DEVICE_GLOBAL_MEM_CACHE_SIZE

cl ulong

Size of global memory cache in bytes.

CL_DEVICE_GLOBAL_MEM_SIZE

cl ulong

Size of global device memory in
bytes.

CL_DEVICE_MAX_CONSTANT_BUFFER_SIZE

cl ulong

Max size in bytes of a constant buffer
allocation. The minimum value is 64
KB.

CL_DEVICE_MAX_CONSTANT_ARGS

cl uint

Max number of arguments declared
with the  constant qualifier in a
kernel. The minimum value is 8.

CL_DEVICE_LOCAL_MEM_TYPE

cl device
local mem_type

Type of local memory supported.

This can be set to CL_LOCAL implying
dedicated local memory storage such
as SRAM, or CL_GLOBAL.

CL_DEVICE_LOCAL_MEM_SIZE

cl ulong

Size of local memory arena in bytes.
The minimum value is 16 KB.

CL_DEVICE_ERROR_CORRECTION_SUPPORT

cl bool

Is CL_TRUE if the device implements
error correction for the memories,
caches, registers etc. in the device. Is
CL FALSE if the device does not
implement error correction. This can
be a requirement for certain clients of
OpenCL.

CL_DEVICE_PROFILING_TIMER_RESOLUTION

size t

Describes the resolution of device
timer. This is measured in
nanoseconds. Refer to section 5.9 for
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details.

CL_DEVICE_ENDIAN_LITTLE

cl bool

Is CL_TRUE if the OpenCL device is a
little endian device and CL_FALSE
otherwise.

CL_DEVICE_AVAILABLE

cl bool

Is CL_TRUE if the device is available
and CL_FALSE if the device is not
available.

CL_DEVICE_COMPILER_AVAILABLE

cl bool

Is CL_FALSE if the implementation
does not have a compiler available to
compile the program source.

Is CL_TRUE if the compiler is
available.

This can be CL_FALSE for the
embededed platform profile only.

CL_DEVICE_EXECUTION_CAPABILITIES

cl device exec
capabilities

Describes the execution capabilities of
the device. This is a bit-field that
describes one or more of the following
values:

CL_EXEC_KERNEL — The OpenCL
device can execute OpenCL kernels.

CL_EXEC_NATIVE_KERNEL — The
OpenCL device can execute native
kernels.

The mandated minimum capability is:
CL_EXEC_KERNEL.

CL_DEVICE_QUEUE_PROPERTIES

cl command
queue_properties

Describes the command-queue
properties supported by the device.
This is a bit-field that describes one or
more of the following values:

CL_QUEUE_OUT_OF ORDER_EXEC_
MODE_ENABLE

CL_QUEUE_PROFILING ENABLE

These properties are described in fable
5.1.
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The mandated minimum capability is:
CL_QUEUE PROFILING ENABLE.

CL_DEVICE_PLATFORM

cl platform id

The platform associated with this
device.

CL_DEVICE_NAME

charf[]

Device name string.

CL_DEVICE_VENDOR

charf]

Vendor name string.

CL_DRIVER_VERSION

charf[]

OpenCL software driver version string
in the form
major number.minor number.

CL_DEVICE_PROFILE *

charf[]

OpenCL profile string. Returns the
profile name supported by the device.
The profile name returned can be one
of the following strings:

FULL PROFILE — if the device
supports the OpenCL specification
(functionality defined as part of the
core specification and does not require
any extensions to be supported).

EMBEDDED PROFILE - if the device
supports the OpenCL embedded
profile.

CL_DEVICE_VERSION

charf[]

OpenCL version string. Returns the
OpenCL version supported by the
device. This version string has the
following format:

OpenCL<space><major_version.min
or_version><space><vendor-specific
information>

The major_version.minor version
value returned will be 1.0.

CL_DEVICE_EXTENSIONS

charf[]

Returns a space separated list of
extension names (the extension names
themselves do not contain any spaces).
The list of extension names returned
currently can include one or more of

* The platform profile returns the profile that is implemented by the OpenCL framework. If the platform profile
returned is FULL PROFILE, the OpenCL framework will support devices that are FULL PROFILE and may also
support devices that are EMBEDDED PROFILE. The compiler must be available for all devices i.e.

CL DEVICE COMPILER AVAILABLE is CL_TRUE. If the platform profile returned is

EMBEDDED PROFILE, then devices that are only EMBEDDED PROFILE are supported.
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the following approved extension
names:

cl_khr_fp64
cl_khr_select_fprounding_mode
cl_khr_global_int32_base_atomics
cl_khr_global_int32_extended_atomics
cl_khr_local_int32_base_atomics
cl_khr_local_int32_extended_atomics
cl_khr_int64 base_atomics
cl_khr_int64 extended_atomics
cl_khr_3d_image_writes

cl_khr_byte addressble_store

cl_khr _fpl6

Please refer to section 9 for a detailed
description of these extensions.

Table 4.3 OpenCL Device Queries

clGetDevicelnforeturns CL_SUCCESS if the function is executed successfully. It returns

CL _INVALID DEVICE if device is not valid, returns CL_ INVALID VALUE if param_name is not
one of the supported values or if size in bytes specified by param_value_size is < size of return
type as specified in table 4.3 and param_value is not a NULL value.
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4.3 Contexts

The function

cl_context clCreateContext(cl_context properties *properties,

cl uint num_devices,

const cl _device id *devices,

void (*pfn_notify)(const char *errinfo,
const void *private_info, size t cb,
void *user_data),

void *user_data,

cl_int *errcode ret)

creates an OpenCL context. An OpenCL context is created with one or more devices. Contexts
are used by the OpenCL runtime for managing objects such as command-queues, memory,
program and kernel objects and for executing kernels on one or more devices specified in the
context.

properties specifies a list of context property names and their corresponding values. Each
property name is immediately followed by the corresponding desired value. The list is terminated
with 0. The list of supported properties is described in fable 4.4. properties can be NULL in
which case the platform that is selected is implementation-defined.

cl_context_properties Property value | Description
enum
CL_CONTEXT_PLATFORM cl platform id Specifies the platform to use.

Table 4.4  List of supported properties by clCreateContext
num_devices is the number of devices specified in the devices argument.
devices is a pointer to a list of unique devices returned by clGetDevicelDsfor a platform.

pfn_notify is a callback function that can be registered by the application. This callback function
will be used by the OpenCL implementation to report information on errors that occur in this
context. This callback function may be called asynchronously by the OpenCL implementation.
It is the application’s responsibility to ensure that the callback function is thread-safe. The
parameters to this callback function are:

+ errinfo is a pointer to an error string.

+ private_info and cb represent a pointer to binary data that is returned by the OpenCL
implementation that can be used to log additional information helpful in debugging
the error.
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+ user_data is a pointer to user supplied data.

If pfn_notify is NULL, no callback function is registered.

user_data will be passed as the user data argument when pfn_notify is called. user data can be

NULL.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clCreateContextreturns a valid non-zero context and errcode ret is set to CL_SUCCESS if the
context is created successfully. Otherwise, it returns a NULL value with the following error
values returned in errcode_ret:

*

- + & ¥

CL_INVALID_PLATFORM if properties is NULL and no platform could be selected or if
platform value specified in properties is not a valid platform.

CL INVALID VALUE if context property name in properties is not a supported property
name.

CL_INVALID VALUE if devices is NULL.
CL INVALID VALUE if num_devices is equal to zero.
CL_INVALID_VALUE if pfn_notify is NULL but user data is not NULL.

CL INVALID DEVICE if devices contains an invalid device or are not associated with the
specified platform.

CL DEVICE NOT AVAILABLE if a device in devices is currently not available even
though the device was returned by clGetDevicelDs

CL OUT OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.
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The function

cl_context
clCreateContextFromType’ (cl_context properties *properties,

cl device type device type,

void (*pfn_notify)(const char *errinfo,
const void *private_info, size t cb,
void *user_data),

void *user_data,

cl_int *errcode_ret)

creates an OpenCL context from a device type that identifies the specific device(s) to use.
properties specifies a list of context property names and their corresponding values. Each
property name is immediately followed by the corresponding desired value. The list is terminated
with 0. The list of supported properties is described in fable 4.4. properties can also be NULL in

which case the platform that is selected is implementation-defined.

device_type is a bit-field that identifies the type of device and is described in table 4.2 in section
4.2.

pfn_notify and user_data are described in clCreateContext

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clCreateContextFromTypereturns a valid non-zero context and errcode_ret is set to
CL SUCCESS if the context is created successfully. Otherwise, it returns a NULL value with the

following error values returned in errcode_ret:

+ CL INVALID PLATFORM if properties is NULL and no platform could be selected or if
platform value specified in properties is not a valid platform.

+ CL INVALID VALUE if context property name in properties is not a supported property
name.

+ CL INVALID VALUE if pfi_notify is NULL but user_data is not NULL.
4 CL_INVALID DEVICE TYPE if device_type is not a valid value.

+ CL DEVICE NOT AVAILABLE if no devices that match device type are currently
available.

: clCreateContextfromType may return all or a subset of the actual physical devices present in the platform and
that match device_type.
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+ CL_DEVICE NOT_FOUND if no devices that match device type were found.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

The function

cl int clRetainContext(cl_context context)
increments the context reference count. clRetainContextreturns CL_SUCCESS if the function is
executed successfully. It returns CL_ INVALID CONTEXT if context is not a valid OpenCL
context.
clCreateContextand clCreateContextFromTypeperform an implicit retain. This is very
helpful for 3" party libraries, which typically get a context passed to them by the application.
However, it is possible that the application may delete the context without informing the library.
Allowing functions to attach to (i.e. retain) and release a context solves the problem of a context
being used by a library no longer being valid.
The function

cl int clReleaseContextcl context context)
decrements the context reference count. cIReleaseContexteturns CL_SUCCESS if the function
is executed successfully. It returns CL_ INVALID CONTEXT if context is not a valid OpenCL

context.

After the context reference count becomes zero and all the objects attached to context (such as
memory objects, command-queues) are released, the context is deleted.
The function
cl_int clGetContextinfo (cl_context context,
cl_context info param_name,
size t param_value size,
void *param_value,
size t *param_value size ret)
can be used to query information about a context.

context specifies the OpenCL context being queried.

param_name is an enumeration constant that specifies the information to query.
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param_value is a pointer to memory where the appropriate result being queried is returned. If
param_value is NULL, it is ignored.

param_value_size specifies the size in bytes of memory pointed to by param_value. This size
must be greater than or equal to the size of return type as described in table 4.5.

param_value size ret returns the actual size in bytes of data being queried by param_value. If
param_value size ret is NULL, it is ignored.

The list of supported param_name values and the information returned in param_value by
clGetContextinfo is described in table 4.5.

cl_context_info Return Type Information returned in
param_value

CL_CONTEXT_REFERENCE_ | cl uint Return the context reference count.

COUNT® B

CL_CONTEXT_DEVICES cl_device id[] Return the list of devices in context.

CL_CONTEXT_PROPERTIES | cl context properties[] | Return the properties argument
specified in clCreateContext

Table 45 List of supported param_names by clGetContextinfo

clGetContextinfo returns CL_SUCCESS if the function is executed successfully. It returns

CL INVALID CONTEXT if context is not a valid context, returns CL_ INVALID VALUE if
param_name is not one of the supported values or if size in bytes specified by param value size
is < size of return type as specified in fable 4.5 and param_value is not a NULL value.

® The reference count returned should be considered immediately stale. It is unsuitable for general use in
applications. This feature is provided for identifying memory leaks.
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5. The OpenCL Runtime

In this section we describe the API calls that manage OpenCL objects such as command-queues,
memory objects, program objects, kernel objects for  kernel functions in a program and
calls that allow you to enqueue commands to a command-queue such as executing a kernel,

reading, or writing a memory object.

5.1 Command Queues

OpenCL objects such as memory, program and kernel objects are created using a context.
Operations on these objects are performed using a command-queue. The command-queue can be
used to queue a set of operations (referred to as commands) in order. Having multiple
command-queues allows applications to queue multiple independent commands without
requiring synchronization. Note that this should work as long as these objects are not being
shared. Sharing of objects across multiple command-queues will require the application to
perform appropriate synchronization. This is described in Appendix A.

The function

cl command queue clCreateCommandQueugcl context context,

creates a command-queue on a specific device.

context must be a valid OpenCL context.

cl device id device,
cl command _queue properties properties,
cl_int *errcode_ret)

Command-Queue Properties

Description

CL_QUEUE_OUT_OF_ORDER_EXEC_MODE_
ENABLE

Determines whether the commands queued in the
command-queue are executed in-order or out-of-
order. If set, the commands in the command-queue
are executed out-of-order. Otherwise, commands
are executed in-order.

For a detailed description about
CL_QUEUE_OUT_OF ORDER _EXEC _
MODE ENABLE, refer to section 5.8.

CL_QUEUE_PROFILING_ENABL E

Enable or disable profiling of commands in the
command-queue. If set, the profiling of commands

is enabled. Otherwise profiling of commands is
disabled.

Last Revision Date: 5/16/09

Page 45




For a detailed description, refer to section 5.9.

Table 5.1 List of supported cl_command_queue_property values and description.

device must be a device associated with confext. It can either be in the list of devices specified
when context is created using clCreateContextor have the same device type as the device type
specified when the context is created using clCreateContextFromType

properties specifies a list of properties for the command-queue. This is a bit-field and is
described in table 5.1. Only command-queue properties specified in table 5.1 can be set in

properties; otherwise the value specified in properties is considered to be not valid.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clCreateCommandQueuereturns a valid non-zero command-queue and errcode ret is set to
CL_SUCCESS if the command-queue is created successfully. Otherwise, it returns a NULL value
with one of the following error values returned in errcode_ret:
+ CL_INVALID CONTEXT if context is not a valid context.
CL _INVALID DEVICE if device is not a valid device or is not associated with context.

+
+ CL_INVALID VALUE if values specified in properties are not valid.
+

CL INVALID QUEUE PROPERTIES if values specified in properties are valid but are
not supported by the device.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

The function
cl int clRetainCommandQueueg(cl command queue command_queue)

increments the command_queue reference count. clRetainCommandQueuereturns
CL_SUCCESS if the function is executed successfully. It returns
CL INVALID COMMAND QUEUE if command_queue is not a valid command-queue.

clCreateCommandQueueperforms an implicit retain. This is very helpful for 3" party
libraries, which typically get a command-queue passed to them by the application. However, it
is possible that the application may delete the command-queue without informing the library.
Allowing functions to attach to (i.e. retain) and release a command-queue solves the problem of
a command-queue being used by a library no longer being valid.
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The function
cl int clReleaseCommandQueué&l command queue command_queue)

decrements the command _queue reference count. clReleaseCommandQueueeturns
CL_SUCCESS if the function is executed successfully. It returns
CL INVALID COMMAND QUEUE if command_queue is not a valid command-queue.

After the command _queue reference count becomes zero and all commands queued to
command_queue have finished (e.g., kernel executions, memory object updates, etc.), the
command-queue is deleted.

The function

cl int clGetCommandQueuelnfo(cl command queue command queue,
cl command queue_info param_name,
size_t param_value size,
void *param_value,
size t *param_value size ret)

can be used to query information about a command-queue.
command_queue specifies the command-queue being queried.
param_name specifies the information to query.

param_value is a pointer to memory where the appropriate result being queried is returned. If
param_value is NULL, it is ignored.

param_value size is used to specify the size in bytes of memory pointed to by param_value.
This size must be >= size of return type as described in table 5.2. If param value is NULL, it is
ignored.

param_value size ret returns the actual size in bytes of data being queried by param_value. If
param_value size ret is NULL, it is ignored.

The list of supported param_name values and the information returned in param_value by
clGetCommandQueuelnfois described in table 5.2.

cl_command_queue _info Return Type | Information returned in
param_value

CL_QUEUE_CONTEXT cl_context Return the context specified when the
command-queue is created.

CL_QUEUE_DEVICE cl_device id Return the device specified when the
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command-queue is created.

CL_QUEUE_REFERENCE_COUNT’ cl_uint Return the command-queue reference
count.
CL_QUEUE_PROPERTIES cl_command Return the currently specified properties

queue_properties | for the command-queue. These
properties are specified by the properties
argument in clCreateCommandQueue
and can be changed by
clSetCommandQueueProperty

Table 5.2 List of supported param_names by clGetCommandQueuelnfo

clGetCommandQueuelnforeturns CL_SUCCESS if the function is executed successfully. It
returns CL_INVALID COMMAND QUEUE if command_queue is not a valid command-queue,
returns CL_INVALID VALUE if param_name is not one of the supported values or if size in
bytes specified by param_value size is < size of return type as specified in table 5.2 and
param_value is not a NULL value.

The function

cl_int clSetCommandQueueProperty(cl command queue command queue,
cl command _queue properties properties,
cl bool enable,
cl command _queue properties *old properties)

can be used to enable or disable the properties of a command-queue.
command_queue specifies the command-queue being queried.

properties specifies the new command-queue properties to be applied to command_queue. Only
command-queue properties specified in fable 5.1 can be set in properties; otherwise the value
specified in properties is considered to be not valid.

enable determines whether the values specified by properties are enabled (if enable is CL_TRUE)
or disabled (if enable is CL_FALSE) for the command-queue. The property values are described
in table 5.1.

old_properties returns the command-queue properties before they were changed by
clSetCommandQueueProperty If old properties is NULL, it is ignored.

As specified in table 5.1, the CL_QUEUE_OUT_OF_ORDER_EXEC_MODE_ENABLE
command-queue property determines whether the commands in a command-queue are executed
in-order or out-of-order. Changing this command-queue property will cause the OpenCL

7 The reference count returned should be considered immediately stale. It is unsuitable for general use in
applications. This feature is provided for identifying memory leaks.
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implementation to block until all previously queued commands in command_queue have
completed. This can be an expensive operation and therefore changes to the
CL_QUEUE_OUT_OF_ORDER_EXEC_MODE_ENABLE property should be only done when
absolutely necessary.

clSetCommandQueuePropertyreturns CL_SUCCESS if the command-queue properties are
successfully updated. It returns CL INVALID COMMAND_ QUEUE if command _queue is not a
valid command-queue, returns CL_ INVALID VALUE if the values specified in properties are not
valid and returns CL_INVALID QUEUE_PROPERTIES if values specified in properties are not
supported by the device.

NOTE

It is possible that a device(s) becomes unavailable after a context and command-queues that use
this device(s) have been created and commands have been queued to command-queues. In this
case the behavior of OpenCL API calls that use this context (and command-queues) are
considered to be implementation-defined. The user callback function, if specified when the
context is created, can be used to record appropriate information in the errinfo, private_info
arguments passed to the callback function when the device becomes unavailable.
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5.2 Memory Objects

Memory objects are categorized into two types: buffer objects, and image objects. A buffer
object stores a one-dimensional collection of elements whereas an image object is used to store a
two- or three- dimensional texture, frame-buffer or image.

Elements of a buffer object can be a scalar data type (such as an int, float), vector data type, or a
user-defined structure. An image object is used to represent a buffer that can be used as a texture
or a frame-buffer. The elements of an image object are selected from a list of predefined image
formats. The minimum number of elements in a memory object is one.

The fundamental differences between a buffer and an image object are:

+ Elements in a buffer are stored in sequential fashion and can be accessed using a pointer
by a kernel executing on a device. Elements of an image are stored in a format that is
opaque to the user and cannot be directly accessed using a pointer. Built-in functions are
provided by the OpenCL C programming language to allow a kernel to read from or write
to an image.

+ For a buffer object, the data is stored in the same format as it is accessed by the kernel,
but in the case of an image object the data format used to store the image elements may
not be the same as the data format used inside the kernel. Image elements are always a 4-
component vector (each component can be a float or signed/unsigned integer) in a kernel.
The built-in function to read from an image converts image element from the format it is
stored into a 4-component vector. Similarly, the built-in function to write to an image
converts the image element from a 4-component vector to the appropriate image format
specified such as 4 8-bit elements, for example.

Memory objects are described by a cl_memobject. Kernels take memory objects as input, and
output to one or more memory objects.
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5.2.1 Creating B uffer Objects

A buffer object is created using the following function

cl mem clCreateBuffer (cl_context context,
cl mem_flags flags,
size t size,
void *host ptr,
cl_int *errcode ret)

context is a valid OpenCL context used to create the buffer object.

flags is a bit-field that is used to specify allocation and usage information such as the memory
arena that should be used to allocate the buffer object and how it will be used. Table 5.3

describes the possible values for flags:

cl_mem_flags

Description

CL_MEM_READ_WRITE

This flag specifies that the memory object will be read and
written by a kernel. This is the default.

CL_MEM_WRITE_ONLY

This flags specifies that the memory object will be written
but not read by a kernel.

Reading from a buffer or image object created with
CL MEM_WRITE _ONLY inside a kernel is undefined.

CL_MEM_READ_ONLY

This flag specifies that the memory object is a read-only
memory object when used inside a kernel.

Writing to a buffer or image object created with
CL MEM READ ONLY inside a kernel is undefined.

CL_MEM_USE_HOST_PTR

This flag is valid only if host ptr is not NULL. If
specified, it indicates that the application wants the
OpenCL implementation to use memory referenced by
host_ptr as the storage bits for the memory object.

OpenCL implementations are allowed to cache the buffer
contents pointed to by host_ptr in device memory. This
cached copy can be used when kernels are executed on a
device.

The result of OpenCL commands that operate on multiple
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buffer objects created with the same host_ptr or
overlapping host regions is considered to be undefined.

CL_MEM_ALLOC_HOST_PTR

This flag specifies that the application wants the OpenCL
implementation to allocate memory from host accessible
memory.

CL_MEM_ALLOC_HOST PTR and
CL MEM USE HOST PTR are mutually exclusive.

CL_MEM_COPY_HOST_PTR

This flag is valid only if host ptr is not NULL. If
specified, it indicates that the application wants the
OpenCL implementation to allocate memory for the
memory object and copy the data from memory referenced
by host ptr.

CL_MEM_COPY_HOST PTR and
CL MEM USE HOST PTR are mutually exclusive.

CL MEM_COPY_HOST PTR can be used with

CL MEM_ALLOC _HOST PTR to initialize the contents of
the cl _mem object allocated using host-accessible (e.g.
PCle) memory.

Table 5.3  List of supported cl_mem_flags values

size 1s the size in bytes of the buffer memory object to be allocated.

host_ptr is a pointer to the buffer data that may already be allocated by the application. The size
of the buffer that host_ptr points to must be >= size bytes.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is

returned.

clCreateBuffer returns a valid non-zero buffer object and errcode_ret is set to CL_SUCCESS if
the buffer object is created successfully. Otherwise, it returns a NULL value with one of the
following error values returned in errcode_ret:

+ CL_INVALID CONTEXT if context is not a valid context.

+ CL_INVALID VALUE if values specified in flags are not valid.

+ CL_INVALID BUFFER_SIZE if size is 0 or is greater than
CL DEVICE MAX MEM ALLOC SIZE value specified in table 4.3 for all devices in

context.

Last Revision Date: 5/16/09

Page 52




4+ CL_INVALID HOST PTR if host ptris NULL and CL_ MEM_USE_HOST PTR or
CL MEM _COPY_HOST PTR are set in flags or if host_ptr is not NULL but
CL MEM_COPY_HOST PTR or CL_ MEM USE HOST PTR are not set in flags.

+ CL_MEM OBJECT ALLOCATION_FAILURE if there is a failure to allocate memory for
buffer object.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

5.2.2 Reading, Writing and Copying Buffer Objects

The following functions enqueue commands to read from a buffer object to host memory or
write to a buffer object from host memory.

cl_int clEnqueueReadBuffer(cl command queue command queue,
cl_mem buffer,
cl bool blocking read,
size t offset,
size tcbh,
void *ptr,
cl uint num_events _in_wait list,
const cl_event *event wait_list,
cl_event *event)

cl_int clEnqueueWriteBuffer (¢l command queue command queue,
cl_mem buffer,
cl bool blocking write,
size t offset,
size tcbh,
const void *ptr,
cl uint num_events _in_wait list,
const cl_event *event wait list,
cl_event *event)

command_queue refers to the command-queue in which the read / write command will be
queued. command_queue and buffer must be created with the same OpenCL context.

buffer refers to a valid buffer object.

blocking read and blocking write indicate if the read and write operations are blocking or non-
blocking.
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If blocking read is CL_TRUE i.e. the read command is blocking, CIEnqueueReadBufferdoes
not return until the buffer data has been read and copied into memory pointed to by ptr.

If blocking read is CL_FALSE i.e. the read command is non-blocking, clEnqueueReadBuffer
queues a non-blocking read command and returns. The contents of the buffer that p#r points to
cannot be used until the read command has completed. The event argument returns an event
object which can be used to query the execution status of the read command. When the read
command has completed, the contents of the buffer that ptr points to can be used by the
application.

If blocking write is CL_TRUE, the OpenCL implementation copies the data referred to by ptr
and enqueues the write operation in the command-queue. The memory pointed to by ptr can be
reused by the application after the clEnqueu@NriteBuffer call returns.

If blocking write is CL_FALSE, the OpenCL implementation will use p#r to perform a non-
blocking write. As the write is non-blocking the implementation can return immediately. The
memory pointed to by p#r cannot be reused by the application after the call returns. The event
argument returns an event object which can be used to query the execution status of the write
command. When the write command has completed, the memory pointed to by ptr can then be
reused by the application.

offset is the offset in bytes in the buffer object to read from or write to.
cb is the size in bytes of data being read or written.
ptr is the pointer to buffer in host memory where data is to be read into or to be written from.

event_wait_list and num_events in_wait list specify events that need to complete before this
particular command can be executed. If event wait list is NULL, then this particular command
does not wait on any event to complete. If event wait list is NULL, num_events_in_wait_list
must be 0. If event wait list is not NULL, the list of events pointed to by event wait list must
be valid and num_events _in _wait list must be greater than 0. The events specified in
event_wait_list act as synchronization points. The context associated with events in

event_wait _list and command_queue must be the same.

event returns an event object that identifies this particular read / write command and can be used
to query or queue a wait for this particular command to complete. event can be NULL in which
case it will not be possible for the application to query the status of this command or queue a
wait for this command to complete.

clEnqueueReadBuffer and clEnqueuéNriteBuffer return CL_SUCCESS if the function is
executed successfully. Otherwise, it returns one of the following errors:

#+ CL_INVALID COMMAND_QUEUE if command _queue is not a valid command-queue.
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4+ CL_INVALID CONTEXT if the context associated with command queue and buffer are
not the same or if the context associated with command _queue and events in
event_wait_list are not the same.

4+ CL _INVALID MEM OBIJECT if buffer is not a valid buffer object.

+ CL_INVALID VALUE if the region being read or written specified by (offset, cb) is out of
bounds or if ptr is a NULL value.

+ CL _INVALID EVENT WAIT LIST if event wait list is NULL and
num_events_in_wait_list > 0, or event_wait list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL_MEM OBJECT ALLOCATION_ FAILURE if there is a failure to allocate memory for
data store associated with buffer.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

NOTE:

Calling clEnqueueReadBufferto read a region of the buffer object with the p#r argument value
set to host_ptr + offset, where host_ptr is a pointer to the memory region specified when the
buffer object being read is created with CL MEM_USE _HOST_ PTR, must meet the following

requirements in order to avoid undefined behavior:

* All commands that use this buffer object have finished execution before the read
command begins execution.

* The buffer object is not mapped.

* The buffer object is not used by any command-queue until the read command has
finished execution.

Calling clEnqueueWriteBuffer to update the latest bits in a region of the buffer object with the
ptr argument value set to host_ptr + offset, where host_ptr is a pointer to the memory region
specified when the buffer object being written is created with CL MEM_USE HOST PTR, must

meet the following requirements in order to avoid undefined behavior:

* The host memory region given by (host_ptr + offset, cb) contains the latest bits when the
enqueued write command begins execution.

* The buffer object is not mapped.

* The buffer object is not used by any command-queue until the write command has
finished execution.
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The function

cl_int clEnqueueCopyBuffer (cl command queue command_queue,
cl_mem src_buffer,
cl mem dst_buffer,
size tsrc_offset,
size tdst_offset,
size tcbh,
cl uint num_events _in _wait list,
const cl_event *event wait list,
cl_event *event)

enqueues a command to copy a buffer object identified by src_buffer to another buffer object
identified by dst_buffer.

command_queue refers to the command-queue in which the copy command will be queued. The
OpenCL context associated with command_queue, src_buffer and dst_buffer must be the same.

src_offset refers to the offset where to begin copying data from src_buffer.
dst_offset refers to the offset where to begin copying data into dst_buffer.
cb refers to the size in bytes to copy.

event_wait_list and num_events in_wait list specify events that need to complete before this
particular command can be executed. If event wait list is NULL, then this particular command
does not wait on any event to complete. If event wait list is NULL, num_events_in_wait_list
must be 0. If event wait list is not NULL, the list of events pointed to by event wait list must
be valid and num_events _in wait list must be greater than 0. The events specified in
event_wait_list act as synchronization points. The context associated with events in

event_wait _list and command_queue must be the same.

event returns an event object that identifies this particular copy command and can be used to
query or queue a wait for this particular command to complete. event can be NULL in which
case it will not be possible for the application to query the status of this command or queue a
wait for this command to complete. ClEnqueueBarrier can be used instead.

clEnqueueCopyBufferreturns CL_SUCCESS if the function is executed successfully.
Otherwise, it returns one of the following errors:

#+ CL_INVALID COMMAND_QUEUE if command _queue is not a valid command-queue.
+ CL_INVALID CONTEXT if the context associated with command _queue, src_buffer and
dst_buffer are not the same or if the context associated with command_queue and events

in event wait_list are not the same.

+ CL_INVALID MEM OBIJECT if src_buffer and dst buffer are not valid buffer objects.
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#+ CL_INVALID VALUE if src offset, dst offset, cb, src_offset + cb or dst_offset + cb
require accessing elements outside the buffer memory objects.

4 CL INVALID EVENT WAIT _LIST if event wait list is NULL and
num_events_in_wait_list > 0, or event_wait list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL MEM COPY OVERLAP if src_buffer and dst_buffer are the same buffer object and
the source and destination regions overlap.

+ CL_MEM OBJECT ALLOCATION_FAILURE if there is a failure to allocate memory for
data store associated with src_buffer or dst_buffer.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

5.2.3 Retaining and Releasing Memory Obijects

The function

cl int clRetainMemObiject (c_mem memobyj)
increments the memobj reference count. clRetainMemObject returns CL_SUCCESS if the
function is executed successfully. It returns CL INVALID MEM_OBIJECT if memobj is not a
valid memory object. clCreateBuffer and clCreatelmage{2D|3D}perform an implicit retain.
The function

cl int clReleaseMem®ject (cl_mem memoby)
decrements the memobj reference count. After the memobj reference count becomes zero and
commands queued for execution on a command-queue(s) that use memobj have finished, the
memory object is deleted. cIReleaseMemObjecteturns CL_SUCCESS if the function is

executed successfully. It returns CL INVALID MEM_OBIJECT if memobj is not a valid memory
object.
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5.2.4 Creating Image Objects

An image (1D, or 2D) object is created using the following function

cl mem clCreatelmage2D ¢l _context context,
cl mem_flags flags,
const cl image format *image format,
size timage width,
size timage height,
size timage row_pitch,
void *host ptr,
cl_int *errcode_ret)

context is a valid OpenCL context on which the image object is to be created.

flags is a bit-field that is used to specify allocation and usage information about the image
memory object being created and is described in fable 5.3.

image format is a pointer to a structure that describes format properties of the image to be
allocated. Refer to section 5.2.4.1 for a detailed description of the image format descriptor.

image width, and image height are the width and height of the image in pixels. These must be
values greater than or equal to 1.

image row_pitch is the scan-line pitch in bytes. This must be 0 if host_ptr is NULL and can be
either 0 or >= image width * size of element in bytes if host ptr is not NULL. If host ptr is not
NULL and image row_pitch =0, image row_pitch is calculated as image width * size of
element in bytes. If image row pitch is not 0, it must be a multiple of the image element size in
bytes.

host_ptr is a pointer to the image data that may already be allocated by the application. The size
of the buffer that host ptr points to must be >= image row pitch * image height. The size of
each element in bytes must be a power of 2. The image data specified by host_ptr is stored as a
linear sequence of adjacent scanlines. Each scanline is stored as a linear sequence of image
elements.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clCreatelmage2Dreturns a valid non-zero image object and errcode_ret is set to CL_ SUCCESS
if the image object is created successfully. Otherwise, it returns a NULL value with one of the
following error values returned in errcode_ret:

+ CL_INVALID CONTEXT if context is not a valid context.

+ CL_INVALID VALUE if values specified in flags are not valid.
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4+ CL_INVALID IMAGE FORMAT DESCRIPTOR if values specified in image format are
not valid or if image format is NULL.

#+ CL_INVALID IMAGE_SIZE if image width or image height are 0 or if they exceed
values specified in CL_DEVICE_IMAGE2D_MAX_WIDTH or
CL DEVICE IMAGE2D MAX HEIGHT respectively for all devices in context or if values
specified by image row_pitch do not follow rules described in the argument description
above.

4 CL INVALID HOST PTR if host ptr is NULL and CL MEM_USE_HOST PTR or
CL MEM _COPY_HOST PTR are set in flags or if host_ptr is not NULL but
CL MEM_COPY_HOST PTR or CL_ MEM USE HOST PTR are not set in flags.

+ CL IMAGE FORMAT NOT SUPPORTED if the image format is not supported.

+ CL_MEM OBJECT ALLOCATION_FAILURE if there is a failure to allocate memory for
image object.

+ CL_INVALID OPERATION if there are no devices in context that support images (i.e.
CL DEVICE IMAGE SUPPORT specified in fable 4.3 is CL_FALSE).

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

A 3D image objectis created using the following function

cl mem clCreatelmage3D ¢l _context context,
cl mem_flags flags,
const cl image format *image format,
size timage width,
size timage height,
size timage_depth,
size timage row pitch,
size timage slice pitch,
void *host ptr,
cl_int *errcode_ret)

context is a valid OpenCL context on which the image object is to be created.

flags is a bit-field that is used to specify allocation and usage information about the image
memory object being created and is described in fable 5.3.

image format is a pointer to a structure that describes format properties of the image to be
allocated. Refer to section 5.2.4.1 for a detailed description of the image format descriptor.
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image width, and image height are the width and height of the image in pixels. These must be
values greater than or equal to 1.

image depth is the depth of the image in pixels. This must be a value > 1.

image row_pitch is the scan-line pitch in bytes. This must be 0 if host_ptr is NULL and can be
either 0 or >= image width * size of element in bytes if host ptr is not NULL. If host ptr is not
NULL and image row_pitch =0, image row _pitch is calculated as image width * size of
element in bytes. If image row pitch is not 0, it must be a multiple of the image element size in
bytes.

image slice pitch is the size in bytes of each 2D slice in the 3D image. This must be 0 if
host _ptr is NULL and can be either 0 or >= image row_pitch * image height if host ptr is not
NULL. If host ptris not NULL and image slice pitch = 0, image_slice_pitch is calculated as
image row_pitch * image height. 1f image slice pitch is not 0, it must be a multiple of the
image row_pitch.

host_ptr is a pointer to the image data that may already be allocated by the application. The size
of the buffer that host_ptr points to must be >= image slice pitch * image depth. The size of
each element in bytes must be a power of 2. The image data specified by host_ptr is stored as a
linear sequence of adjacent 2D slices. Each 2D slice is a linear sequence of adjacent scanlines.
Each scanline is a linear sequence of image elements.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clCreatelmage3Dreturns a valid non-zero image object created and the errcode_ret is set to
CL_SUCCESS if the image object is created successfully. Otherwise, it returns a NULL value
with one of the following error values returned in errcode_ret:

+ CL_INVALID CONTEXT if context is not a valid context.
+ CL_INVALID VALUE if values specified in flags are not valid.

4+ CL_INVALID IMAGE FORMAT DESCRIPTOR if values specified in image format are
not valid or if image format is NULL.

+ CL_INVALID IMAGE_SIZE if image width, image height are 0 or if image depth <=1
or if they exceed values specified in CL_ DEVICE IMAGE3D MAX WIDTH,
CL DEVICE IMAGE3D MAX HEIGHT or CL_DEVICE IMAGE3D MAX DEPTH
respectively for all devices in context or if values specified by image row_pitch and
image_slice pitch do not follow rules described in the argument description above.

4 CL INVALID HOST PTR if host ptris NULL and CL MEM_USE_HOST PTR or
CL MEM_COPY_HOST PTR are set in flags or if host_ptr is not NULL but
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CL MEM_COPY_HOST PTR or CL_ MEM USE HOST PTR are not set in flags.
+ CL _IMAGE FORMAT NOT SUPPORTED if the image format is not supported.

+ CL_MEM OBJECT ALLOCATION_FAILURE if there is a failure to allocate memory for
image object.

+ CL_INVALID OPERATION if there are no devices in context that support images (i.e.
CL_DEVICE_IMAGE_SUPPORT specified in table 4.3 is CL_FALSE).

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

5.2.4.1Ilmage Format Descriptor

The image format descriptor structure is defined as

typedef struct cl image format ({

cl channel order image channel order;

cl channel type image channel data type;
} ¢l image format;

image channel order specifies the number of channels and the channel layout i.e. the

memory layout in which channels are stored in the image. Valid values are described in table
5.4.

Enum values that can be specified in channel_order

CL R,orCL A

CL_INTENSITY . This format can only be used if channel data type =

CL _UNORM_INTS, CL UNORM INT16, CL_SNORM INTS8, CL_ SNORM INTI16,
CL HALF FLOAT or CL FLOAT.

CL_LUMINANCE . This format can only be used if channel data type =

CL _UNORM_INTS, CL UNORM INT16, CL_SNORM INTS8, CL_ SNORM INTI16,
CL HALF FLOAT or CL FLOAT.

CL RG, or CL RA

CL RGB. This format can only be used if channel data type =

CL_UNORM SHORT 565, CL_ UNORM SHORT 555 or CL_UNORM INT101010.
CL RGBA

CL_ARGB, CL_BGRA. This format can only be used if channel data type =

CL UNORM INTS, CL SNORM INT8, CL SIGNED INTS8 or CL UNSIGNED INTS.

Table 5.4 List of supported Image Channel Order Values
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image channel data type describes the size of the channel data type. The list of
supported values is described in fable 5.5. The number of bits per element determined by the
image channel data type and image channel order mustbe a power of two.

Image Channel DataType

Description

CL_SNORM_INTS

Each channel component is a normalized signed 8-bit
integer value

CL_SNORM_INT16

Each channel component is a normalized signed 16-bit
integer value

CL_UNORM_INT8

Each channel component is a normalized unsigned 8-bit
integer value

CL_UNORM_INT16

Each channel component is a normalized unsigned 16-
bit integer value

CL_UNORM_SHORT_565

Represents a normalized 5-6-5 3-channel RGB image.
The channel order must be CL RGB.

CL_UNORM_SHORT_555

Represents a normalized x-5-5-5 4-channel xRGB
image. The channel order must be CL_RGB.

CL_UNORM_INT_101010

Represents a normalized x-10-10-10 4-channel xRGB
image. The channel order must be CL_RGB.

CL_SIGNED_INT8

Each channel component is an unnormalized signed 8-
bit integer value

CL_SIGNED_INT16

Each channel component is an unnormalized signed 16-
bit integer value

CL_SIGNED_INT32

Each channel component is an unnormalized signed 32-
bit integer value

CL_UNSIGNED_INTS8

Each channel component is an unnormalized unsigned
8-bit integer value

CL_UNSIGNED_INT16

Each channel component is an unnormalized unsigned
16-bit integer value

CL_UNSIGNED_INT32

Each channel component is an unnormalized unsigned
32-bit integer value

CL_HALF_FLOAT

Each channel component is a 16-bit half-float value

CL_FLOAT

Each channel component is a single precision floating-
point value

Table 5.5  List of supported Image Channel Data Types

For example, to specify a normalized unsigned 8-bit / channel RGBA image,
image channel order =CL_RGBA,and image channel data type =
CL _UNORM INT8. The memory layout of this image format is described below:
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Byte

Offset 0 1 2 3

Similar, if image channel order =CL_RGBA and image channel data type =
CL_SIGNED_INT16, the memory layout of this image format is described below:

R|G|B|A

Byte

Offset 0 2 4 6

image channel data type values of CL_UNORM_SHORT_565,

CL UNORM _SHORT 555 and CL_UNORM _INT 101010 are special cases of packed image
formats where the channels of each element are packed into a single unsigned short or unsigned
int. For these special packed image formats, the channels are normally packed with the first
channel in the most significant bits of the bitfield, and successive channels occupying
progressively less significant locations. For CL UNORM_SHORT 565, Risinbits 15:11, G is
inbits 10:5and Bisinbits 4:0. For CL_ UNORM_SHORT 555, bit 15 is undefined, R is in

bits 14:10, Ginbits 9:5 and B in bits 4 : 0. For CL_ UNORM_INT 101010, bits 31:30 are
undefined, Ris in bits 29:20, Gin bits 19: 10 and B in bits 9: 0.

OpenCL implementations must maintain the minimum precision specified by the number of bits
in image channel data type. If the image format specified by

image channel order,and image channel data type cannot be supported by the
OpenCL implementation, then the call to clCreatelmage2D or clCreatelmage3Dwill return a
NULL memory object.

5.2.5 Querying List of Supported Image Formats

The function

cl int clGetSupportedimageFormats(cl context context,
cl mem_flags flags,
cl mem_object type image type,
cl uint num_entries,
cl image format *image formats,
cl uint *num_image formats)

can be used to get the list of image formats supported by an OpenCL implementation when the
following information about an image memory object is specified:
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+ Context
+ Image type — 2D or 3D image
+ Image object allocation information

context is a valid OpenCL context on which the image object(s) will be created.

flags is a bit-field that is used to specify allocation and usage information about the image
memory object being created and is described in fable 5.3.

image_type describes the image type and must be either CL MEM_OBJECT IMAGE2D or
CL_MEM_OBIJECT IMAGE3D.

num_entries specifies the number of entries that can be returned in the memory location given by
image formats.

image formats is a pointer to a memory location where the list of supported image formats are
returned. Each entry describes a ¢/ _image_ format structure supported by the OpenCL
implementation. If image formats is NULL, it is ignored.

num_image formats is the actual number of supported image formats for a specific context and
values specified by flags. If num_image formats is NULL, it is ignored.

clGetSupportedimageFormatsreturns CL_SUCCESS if the function is executed successfully,
returns CL_INVALID CONTEXT if context is not a valid context, returns CL_ INVALID VALUE
if flags or image type are not valid, or if num_entries is 0 and image_ formats is not NULL.

5.2.5.1Minimum List of Supported Image Formats

If CL DEVICE IMAGE SUPPORT specified in table 4.3 is CL_TRUE, the values assigned to
CL_DEVICE_ MAX_READ IMAGE_ARGS, CL DEVICE MAX_WRITE IMAGE_ARGS,
CL_DEVICE_IMAGE2D MAX_ WIDTH, CL_DEVICE IMAGE2D MAX_HEIGHT,

CL DEVICE IMAGE3D MAX WIDTH, CL DEVICE IMAGE3D MAX HEIGHT,
CL_DEVICE_IMAGE3D MAX DEPTH and CL_DEVICE MAX_SAMPLERS by the
implementation must be greater than or equal to the minimum values specified in table 4.3. In
addition, the following list of image formats must be supported by the OpenCL implementation.
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For read-only 2D and 3D images, the minimum list of supported image formats is described in

table 5.6 below:

image_num_channels

image_channel_order

image_channel_data_typ

4

CL RGBA

CL _UNORM INTS
CL _UNORM INT16

CL_SIGNED INT8
CL_SIGNED INT16
CL_SIGNED INT32
CL_UNSIGNED INT8
CL_UNSIGNED INT16
CL_UNSIGNED INT32

CL_HALF FLOAT
CL FLOAT

4

CL BGRA

CL _UNORM INTS

Table 5.6 Min. list of supported image formats for read-only images

For read-write or write-only 2D images, the minimum list of supported image formats is

described in table 5.7 below:

image_num_channels

image_channel_order

image_channel_data_type

4

CL _RGBA

CL _UNORM INTS
CL _UNORM INT16

CL_SIGNED INT8
CL_SIGNED INT16
CL_SIGNED INT32
CL_UNSIGNED INT8
CL_UNSIGNED INT16
CL_UNSIGNED INT32

CL_HALF FLOAT
CL_FLOAT

CL BGRA

CL _UNORM INTS

Table 5.7 Min. list of supported image formats for read-write images
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5.2.6 Reading, Writing and Copying Image Objects

The following functions enqueue commands to read from a 2D or 3D image object to host
memory or write to a 2D or 3D image object from host memory.

cl_int clEnqueueReadlmagédcl command queue command queue,
cl_mem image,
cl bool blocking read,
const size_t origin[3],
const size_t region[3],
size t row_pitch,
size t slice pitch,
void *ptr,
cl uint num_events_in wait list,
const cl_event *event wait list,
cl_event *event)

cl_int clEnqueueWritelmage(cl command queue command_queue,
cl_mem image,
cl bool blocking write,
const size_t origin[3],
const size_t region[3],
size t input_row_pitch,
size tinput slice pitch,
const void * ptr,
cl uint num_events_in_wait list,
const cl_event *event wait list,
cl_event *event)

command_queue refers to the command-queue in which the read / write command will be
queued. command_queue and image must be created with the same OpenCL context.

image refers to a valid 2D or 3D image object.

blocking read and blocking write indicate if the read and write operations are blocking or non-
blocking.

If blocking read is CL_TRUE i.e. the read command is blocking, CIEnqueueReadimageloes
not return until the buffer data has been read and copied into memory pointed to by ptr.

If blocking read is CL_FALSE i.e. the read command is non-blocking, clIEnqueueReadimage
queues a non-blocking read command and returns. The contents of the buffer that p#r points to
cannot be used until the read command has completed. The event argument returns an event
object which can be used to query the execution status of the read command. When the read
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command has completed, the contents of the buffer that ptr points to can be used by the
application.

If blocking write is CL_TRUE, the OpenCL implementation copies the data referred to by ptr
and enqueues the write command in the command-queue. The memory pointed to by ptr can be
reused by the application after the clIEnqueuéNritelmage call returns.

If blocking write is CL_FALSE, the OpenCL implementation will use p#r to perform a non-
blocking write. As the write is non-blocking the implementation can return immediately. The
memory pointed to by p#r cannot be reused by the application after the call returns. The event
argument returns an event object which can be used to query the execution status of the write
command. When the write command has completed, the memory pointed to by ptr can then be
reused by the application.

origin defines the (x, y, z) offset in pixels in the image from where to read or write. If image is a
2D image object, the z value given by origin[2] must be 0.

region defines the (width, height, depth) in pixels of the 2D or 3D rectangle being read or
written. If image is a 2D image object, the depth value given by region[2] must be 1.

row_pitch in clEnqueueReadlmageand input_row_pitch in clEnqueuéhNritelmage is the
length of each row in bytes. This value must be greater than or equal to the element size in bytes
* width. If row_pitch (or input_row_pitch) is set to 0, the appropriate row pitch is calculated
based on the size of each element in bytes multiplied by width.

slice_pitch in clEnqueueReadlmageand input slice pitch in clEnqueudNritelmage is the size
in bytes of the 2D slice of the 3D region of a 3D image being read or written respectively. This
must be 0 if image is a 2D image. This value must be greater than or equal to row_pitch *
height. 1f slice_pitch (or input _slice_pitch) is set to 0, the appropriate slice pitch is calculated
based on the row_pitch * height.

ptr is the pointer to a buffer in host memory where image data is to be read from or to be written
to.

event_wait_list and num_events in_wait list specify events that need to complete before this
particular command can be executed. If event wait list is NULL, then this particular command
does not wait on any event to complete. If event wait list is NULL, num_events_in_wait_list
must be 0. If event wait list is not NULL, the list of events pointed to by event wait list must
be valid and num_events_in_wait list must be greater than 0. The events specified in
event_wait_list act as synchronization points. The context associated with events in

event_wait _list and command_queue must be the same.

event returns an event object that identifies this particular read / write command and can be used
to query or queue a wait for this particular command to complete. event can be NULL in which
case it will not be possible for the application to query the status of this command or queue a
wait for this command to complete.
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clEnqueueReadimageand clEnqueuéNritelmage return CL_SUCCESS if the function is
executed successfully. Otherwise, it returns one of the following errors:

#+ CL_INVALID COMMAND_QUEUE if command_queue is not a valid command-queue.

+ CL_INVALID CONTEXT if the context associated with command queue and image are
not the same or if the context associated with command _queue and events in
event_wait_list are not the same.

+ CL INVALID MEM OBIJECT if image is not a valid image object.

+ CL_INVALID VALUE if the region being read or written specified by origin and region
is out of bounds or if ptr is a NULL value.

+ CL_INVALID VALUE if image is a 2D image object and origin[2] is not equal to 0 or
region[2] is not equal to 1 or slice pitch is not equal to 0.

4 CL_INVALID EVENT WAIT LIST if event wait list is NULL and
num_events_in_wait_list > 0, or event_wait list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL_MEM OBJECT ALLOCATION_FAILURE if there is a failure to allocate memory for
data store associated with image.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

NOTE:

Calling clEnqueueReadlmageo read a region of the image object with the p#r argument value
set to host_ptr + (origin[2] * image slice pitch + origin[1] * image row pitch + origin[0] *
bytes per pixel), where host _ptr is a pointer to the memory region specified when the image
object being read is created with CL_ MEM_USE _HOST PTR, must meet the following
requirements in order to avoid undefined behavior:

* All commands that use this image object have finished execution before the read
command begins execution.

* The row pitch and slice pitch argument values in CIEnqueueReadlmagemust be set to
the image row pitch and slice pitch.

* The image object is not mapped.

* The image object is not used by any command-queue until the read command has
finished execution.
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Calling clEnqueueWritelmageto update the latest bits in a region of the image object with the
ptr argument value set to host ptr + (origin[2] * image slice pitch + origin[1] * image row pitch
+ origin[0] * bytes per pixel), where host ptr is a pointer to the memory region specified when
the image object being written is created with CL_ MEM_USE _HOST PTR, must meet the
following requirements in order to avoid undefined behavior:

* The host memory region being written contains the latest bits when the enqueued write
command begins execution.

* The input row pitch and input_slice pitch argument values in CIEnqueueWritelmage
must be set to the image row pitch and slice pitch.

* The image object is not mapped.

* The image object is not used by any command-queue until the write command has
finished execution.

The function

cl_int clEnqueueCopylmage (cl command queue command queue,
cl_mem src_image,
cl mem dst_image,
const size_t src_origin[3],
const size t dst origin[3],
const size t region[3],
cl uint num_events_in wait list,
const cl_event *event wait list,
cl_event *event)

enqueues a command to copy image objects. src_image and dst_image can be 2D or 3D image
objects allowing us to perform the following actions:

+ Copy a 2D image object to a 2D image object.
+ Copy a 2D image object to a 2D slice of a 3D image object.
+ Copy a 2D slice of a 3D image object to a 2D image object.
+ Copy a 3D image object to a 3D image object.

command_queue refers to the command-queue in which the copy command will be queued. The
OpenCL context associated with command _queue, src_image and dst_image must be the same.

src_origin defines the starting (x, y, z) location in pixels in src_image from where to start the
data copy. If src_image is a 2D image object, the z value given by src_origin[2] must be 0.

dst_origin defines the starting (x, y, z) location in pixels in dst_image from where to start the data
copy. Ifdst image is a 2D image object, the z value given by dst_origin[2] must be 0.
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region defines the (width, height, depth) in pixels of the 2D or 3D rectangle to copy. If
src_image or dst_image is a 2D image object, the depth value given by region[2] must be 1.

event_wait_list and num_events in_wait list specify events that need to complete before this
particular command can be executed. If event wait list is NULL, then this particular command
does not wait on any event to complete. If event wait list is NULL, num_events_in_wait_list
must be 0. If event wait list is not NULL, the list of events pointed to by event wait list must
be valid and num_events_in_wait list must be greater than 0. The events specified in
event_wait_list act as synchronization points. The context associated with events in

event_wait _list and command_queue must be the same.

event returns an event object that identifies this particular copy command and can be used to
query or queue a wait for this particular command to complete. event can be NULL in which
case it will not be possible for the application to query the status of this command or queue a
wait for this command to complete. ClEnqueueBarrier can be used instead.

It is currently a requirement that the src_image and dst_image image memory objects for
clEnqueueCopylmagemust have the exact same image format (i.e. the c1 image format
descriptor specified when src_image and dst_image are created must match).

clEnqueueCopylmagereturns CL_SUCCESS if the function is executed successfully.
Otherwise, it returns one of the following errors:

#+ CL_INVALID COMMAND_QUEUE if command_queue is not a valid command-queue.

#+ CL_INVALID CONTEXT if the context associated with command _queue, src_image and
dst_image are not the same or if the context associated with command _queue and events
in event wait_list are not the same.

+ CL_INVALID MEM OBIJECT if src_image and dst_image are not valid image objects.

+ CL_IMAGE FORMAT MISMATCH if src_image and dst_image do not use the same
image format.

4+ CL_INVALID VALUE if the 2D or 3D rectangular region specified by src_origin and
src_origin + region refers to a region outside src_image, or if the 2D or 3D rectangular
region specified by dst_origin and dst_origin + region refers to a region outside
dst_image.

+ CL_INVALID VALUE if src_image is a 2D image object and origin[2] is not equal to 0
or region[2] is not equal to 1.

+ CL_INVALID VALUE if dst image is a 2D image object and ds¢_origin[2] is not equal to
0 or region[2] is not equal to 1.
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4 CL INVALID EVENT WAIT _LIST if event wait list is NULL and
num_events_in_wait_list > 0, or event_wait list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL_MEM OBJECT ALLOCATION_FAILURE if there is a failure to allocate memory for
data store associated with src_image or dst_image.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

+ CL_MEM _COPY_OVERLAP if src_image and dst_image are the same image object and
the source and destination regions overlap.

5.2.7 Copyin g between Image and Buffer Objects

The function

cl_int clEnqueueCopylmageToBuffer (cl command queue command_ queue,
cl_mem src_image,
cl_mem dst_buffer,
const size_t src_origin[3],
const size t region[3],
size t dst offset,
cl uint num_events_in wait list,
const cl_event *event wait list,
cl_event *event)

enqueues a command to copy an image object to a buffer object.

command_queue must be a valid command-queue. The OpenCL context associated with
command_queue, src_image and dst_buffer must be the same.

src_image is a valid image object.
dst_buffer is a valid buffer object.

src_origin defines the (x, y, z) offset in pixels in the image from where to copy. If src_image is a
2D image object, the z value given by src_origin[2] must be 0.

region defines the (width, height, depth) in pixels of the 2D or 3D rectangle to copy. If
src_image is a 2D image object, the depth value given by region[2] must be 1.

dst_offset refers to the offset where to begin copying data into dst_buffer. The size in bytes of
the region to be copied referred to as dst_cb is computed as width * height * depth * bytes/image
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element if src_image is a 3D image object and is computed as width * height * bytes/image
element if src_image is a 2D image object.

event_wait_list and num_events in_wait list specify events that need to complete before this
particular command can be executed. If event wait list is NULL, then this particular command
does not wait on any event to complete. If event wait list is NULL, num_events_in_wait_list
must be 0. If event wait list is not NULL, the list of events pointed to by event wait list must
be valid and num_events_in_wait list must be greater than 0. The events specified in
event_wait_list act as synchronization points. The context associated with events in

event_wait _list and command_queue must be the same.

event returns an event object that identifies this particular copy command and can be used to
query or queue a wait for this particular command to complete. event can be NULL in which
case it will not be possible for the application to query the status of this command or queue a
wait for this command to complete. ClEnqueueBarrier can be used instead.

clEnqueueCopylmageToBuffer returns CL_SUCCESS if the function is executed successfully.
Otherwise, it returns one of the following errors:

#+ CL_INVALID COMMAND_QUEUE if command _queue is not a valid command-queue.

+ CL_INVALID CONTEXT if the context associated with command _queue, src_image and
dst_buffer are not the same or if the context associated with command_queue and events
in event wait_list are not the same.

+ CL_INVALID MEM OBIJECT if src_image is not a valid image object or dst_buffer is not
a valid buffer object.

+ CL_INVALID VALUE if the 2D or 3D rectangular region specified by src_origin and
src_origin + region refers to a region outside src_image, or if the region specified by
dst_offset and dst_offset + dst_cb to a region outside dst_buffer.

+ CL_INVALID VALUE if src_image is a 2D image object and src_origin[2] is not equal to
0 or region[2] is not equal to 1.

4 CL INVALID EVENT WAIT _LIST if event wait list is NULL and
num_events_in_wait_list > 0, or event_wait list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL_MEM OBJECT ALLOCATION_ FAILURE if there is a failure to allocate memory for
data store associated with src_image or dst_buffer.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.
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The function

cl_int clEnqueueCopyBufferTolmage (cl command queue command_queue,
cl_mem src_buffer,
cl mem dst_image,
size t src_offset,
const size t dst origin[3],
const size_t region[3],
cl uint num_events_in wait list,
const cl_event *event wait list,
cl_event *event)

enqueues a command to copy a buffer object to an image object.

command_queue must be a valid command-queue. The OpenCL context associated with
command_queue, src_buffer and dst_image must be the same.

src_buffer is a valid buffer object.
dst_image is a valid image object.
src_offset refers to the offset where to begin copying data from src_buffer.

dst_origin refers to the (x, y, z) offset in pixels where to begin copying data to dst_image. If
dst_image is a 2D image object, the z value given by dst_origin[2] must be 0.

region defines the (width, height, depth) in pixels of the 2D or 3D rectangle to copy. If dst_image
is a 2D image object, the depth value given by region[2] must be 1.

The size in bytes of the region to be copied from src_buffer referred to as src_cb is computed as
width * height * depth * bytes/image element if dst_image is a 3D image object and is computed
as width * height * bytes/image element if dst_image is a 2D image object.

event_wait_list and num_events in_wait list specify events that need to complete before this
particular command can be executed. If event wait list is NULL, then this particular command
does not wait on any event to complete. If event wait list is NULL, num_events_in_wait_list
must be 0. If event wait list is not NULL, the list of events pointed to by event wait list must
be valid and num_events _in_wait list must be greater than 0. The events specified in
event_wait_list act as synchronization points. The context associated with events in

event_wait _list and command_queue must be the same.

event returns an event object that identifies this particular copy command and can be used to
query or queue a wait for this particular command to complete. event can be NULL in which
case it will not be possible for the application to query the status of this command or queue a
wait for this command to complete. ClEnqueueBarrier can be used instead.

Last Revision Date: 5/16/09 Page 73



clEnqueueCopyBufferTolmage returns CL_SUCCESS if the function is executed successfully.
Otherwise, it returns one of the following errors:

#+ CL_INVALID COMMAND_QUEUE if command _queue is not a valid command-queue.

+ CL_INVALID CONTEXT if the context associated with command_queue, src_buffer and
dst_image are not the same or if the context associated with command _queue and events
in event wait_list are not the same.

+ CL_INVALID MEM OBIJECT if src_buffer is not a valid buffer object or dst_image is not
a valid image object.

+ CL_INVALID VALUE if the 2D or 3D rectangular region specified by dst origin and
dst_origin + region refer to a region outside dst_image, or if the region specified by
src_offset and src_offset + src_cb refer to a region outside src_buffer.

+ CL_INVALID VALUE if dst image is a 2D image object and dst¢_origin[2] is not equal to
0 or region[2] is not equal to 1.

4 CL INVALID EVENT WAIT _LIST if event wait list is NULL and
num_events_in_wait_list > 0, or event_wait list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL_MEM OBJECT ALLOCATION_FAILURE if there is a failure to allocate memory for
data store associated with src_buffer or dst_image.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.
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5.2.8 Mapping and Unmapping Memory Objects

The function

void * clEnqueueMapBuffer (cl_command queue command queue,
cl_mem buffer,
cl bool blocking map,
cl map flags map flags,
size t offset,
size tcbh,
cl uint num_events _in_wait list,
const cl_event *event wait list,
cl_event *event,
cl_int *errcode_ret)

enqueues a command to map a region of the buffer object given by buffer into the host address
space and returns a pointer to this mapped region.

command_queue must be a valid command-queue.
blocking map indicates if the map operation is blocking or non-blocking.

If blocking map is CL_TRUE, clEnqueueMapBuffer does not return until the specified region
in buffer can be mapped.

If blocking map is CL_FALSE i.e. map operation is non-blocking, the pointer to the mapped
region returned by cClEnqueueMapBuffer cannot be used until the map command has
completed. The event argument returns an event object which can be used to query the execution
status of the map command. When the map command is completed, the application can access
the contents of the mapped region using the pointer returned by clEnqueueMapBuffer.

map_flags is a bit-field and can be set to CL_ MAP_READ to indicate that the region specified by
(offset, cb) in the buffer object is being mapped for reading, and/or CL_ MAP_WRITE to indicate
that the region specified by (offset, cb) in the buffer object is being mapped for writing.

buffer is a valid buffer object. The OpenCL context associated with command _queue and buffer
must be the same.

offset and cb are the offset in bytes and the size of the region in the buffer object that is being
mapped.

event_wait_list and num_events in_wait list specify events that need to complete before this

particular command can be executed. If event wait list is NULL, then this particular command
does not wait on any event to complete. If event wait list is NULL, num_events_in_wait_list
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must be 0. If event wait list is not NULL, the list of events pointed to by event wait list must
be valid and num_events _in wait list must be greater than 0. The events specified in
event_wait_list act as synchronization points. The context associated with events in
event_wait _list and command_queue must be the same.

event returns an event object that identifies this particular command and can be used to query or
queue a wait for this particular command to complete. event can be NULL in which case it will
not be possible for the application to query the status of this command or queue a wait for this
command to complete.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clEnqueueMapBuffer will return a pointer to the mapped region if the function is executed
successfully. The errcode ret is set to CL_SUCCESS.

A NULL pointer is returned otherwise with one of the following error values returned in
errcode_ret:

#+ CL_INVALID COMMAND_ QUEUE if command _queue is not a valid command-queue.

+ CL_INVALID CONTEXT if context associated with command queue and buffer are not
the same or if the context associated with command_queue and events in event _wait_list
are not the same.

4+ CL _INVALID MEM OBIJECT if buffer is not a valid buffer object.

+ CL_INVALID VALUE if region being mapped given by (offset, cb) is out of bounds or if
values specified in map_flags are not valid.

4 CL INVALID EVENT WAIT _LIST if event wait list is NULL and
num_events_in_wait_list > 0, or event_wait list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL_MAP_FAILURE if there is a failure to map the requested region into the host address
space. This error cannot occur for buffer objects created with CL MEM _USE _HOST PTR
or CL MEM_ALLOC_HOST PTR.

+ CL_MEM OBJECT ALLOCATION_FAILURE if there is a failure to allocate memory for
data store associated with buffer.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

The pointer returned maps a region starting at offset and is atleast cb bytes in size. The result of
a memory access outside this region is undefined.
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The function

void * clEnqueueMaplmage(cl command queue command_queue,
cl_mem image,
cl bool blocking map,
cl map flags map flags,
const size_t origin[3],
const size_t region[3],
size t *image row pitch,
size t *image slice pitch,
cl uint num_events _in_wait list,
const cl_event *event wait_list,
cl_event *event,
cl_int *errcode_ret)

enqueues a command to map a region in the image object given by image into the host address
space and returns a pointer to this mapped region.

command_queue must be a valid command-queue.

image is a valid image object. The OpenCL context associated with command_queue and image
must be the same.

blocking _map indicates if the map operation is blocking or non-blocking.

If blocking map is CL_TRUE, clEnqueueMaplmagedoes not return until the specified region in
image is mapped.

If blocking map is CL_FALSE i.e. map operation is non-blocking, the pointer to the mapped
region returned by ClIEnqueueMaplmagecannot be used until the map command has completed.
The event argument returns an event object which can be used to query the execution status of
the map command. When the map command is completed, the application can access the
contents of the mapped region using the pointer returned by clEnqueueMaplimage

map_flags is a bit-field and can be set to CL_ MAP_READ to indicate that the region specified by
(origin, region) in the image object is being mapped for reading, and/or CL_ MAP_WRITE to
indicate that the region specified by (origin, region) in the image object is being mapped for
writing.

origin and region define the (x, y, z) offset in pixels and (width, height, depth) in pixels of the 2D
or 3D rectangle region that is to be mapped. If image is a 2D image object, the z value given by

origin[2] must be 0 and the depth value given by region[2] must be 1.

image_row_pitch returns the scan-line pitch in bytes for the mapped region. This must be a non-
NULL value.
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image_slice pitch returns the size in bytes of each 2D slice for the mapped region. For a 2D
image, zero is returned if this argument is not NULL. For a 3D image, image_slice pitch must
be a non-NULL value.

event_wait _list and num_events in_wait list specify events that need to complete before
clEnqueueMaplmage can be executed. If event wait list is NULL, then clEnqueueMaplmage
does not wait on any event to complete. If event wait list is NULL, num_events_in_wait_list
must be 0. If event wait list is not NULL, the list of events pointed to by event wait list must
be valid and num_events_in_wait list must be greater than 0. The events specified in
event_wait_list act as synchronization points. The context associated with events in

event_wait _list and command_queue must be the same.

event returns an event object that identifies this particular command and can be used to query or
queue a wait for this particular command to complete. event can be NULL in which case it will
not be possible for the application to query the status of this command or queue a wait for this

command to complete.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clEnqueueMaplimagewill return a pointer to the mapped region if the function is executed
successfully. The errcode ret is set to CL_SUCCESS.

A NULL pointer is returned otherwise with one of the following error values returned in
errcode_ret:

#+ CL_INVALID COMMAND_QUEUE if command _queue is not a valid command-queue.

+ CL_INVALID CONTEXT if context associated with command queue and image are not
the same or if the context associated with command_queue and events in event _wait_list
are not the same.

+ CL INVALID MEM OBIJECT if image is not a valid image object.

+ CL_INVALID VALUE if region being mapped given by (origin, origin+region) is out of
bounds or if values specified in map_flags are not valid.

+ CL_INVALID VALUE if image is a 2D image object and origin[2] is not equal to 0 or
region[2] is not equal to 1.

+ CL INVALID VALUE if image row_pitch is NULL.

+ CL_INVALID VALUE if image is a 3D image object and image_slice pitch is NULL.
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4 CL INVALID EVENT WAIT _LIST if event wait list is NULL and
num_events_in_wait_list > 0, or event_wait list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL_MAP_FAILURE if there is a failure to map the requested region into the host address
space. This error cannot occur for image objects created with CL MEM _USE _HOST PTR
or CL_ MEM_ALLOC_HOST PTR.

+ CL_MEM OBJECT ALLOCATION_ FAILURE if there is a failure to allocate memory for
data store associated with image.

+ errcode ret returns CL_OUT _OF _HOST MEMORY if there is a failure to allocate
resources required by the OpenCL implementation on the host.

The pointer returned maps a 2D or 3D region starting at origin and is atleast (image row pitch *
region[1] + region[0]) pixels in size for a 2D image, and is atleast (image_slice pitch *
region[2] + image row pitch * region[1] + region[0]) pixels in size for a 3D image. The result
of a memory access outside this region is undefined.

If the buffer or image object is created with CL MEM_USE _HOST PTR set in mem_flags, the
following will be true:

+ The host_ptr specified in clCreateBuffer or clCreatelmage{2D|3D} is guaranteed to
contain the latest bits in the region being mapped when the clEnqueueMapBuffer or
clEnqueueMaplimagecommand has completed.

+ The pointer value returned by clEnqueueMapBuffer or clEnqueueMaplmagewill be
derived from the host ptr specified when the buffer or image object is created.

The function

cl_int clEnqueudJnmapMemObject (cl command queue command_gqueue,
cl_mem memobj,
void *mapped_ptr,
cl uint num_events_in_wait list,
const cl_event *event wait list,
cl_event *event)

enqueues a command to unmap a previously mapped region of a memory object. Reads or
writes from the host using the pointer returned by clEnqueueMapBuffer or
clEnqueueMaplmageare considered to be complete.

command_queue must be a valid command-queue.
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memobyj is a valid memory object. The OpenCL context associated with command queue and
memobj must be the same.

mapped_ptr is the host address returned by a previous call to clEnqueueMaypBuffer or
clEnqueueMaplmagefor memobj.

event_wait _list and num_events in_wait list specify events that need to complete before
clEnqueudnmapMemODbiject can be executed. If event wait list is NULL, then
clEnqueudJnmapMemObject does not wait on any event to complete. If event wait list is
NULL, num_events_in_wait_list must be 0. If event wait _list is not NULL, the list of events
pointed to by event wait list must be valid and num_events_in_wait list must be greater than 0.
The events specified in event_wait list act as synchronization points. The context associated
with events in event wait_list and command_queue must be the same.

event returns an event object that identifies this particular command and can be used to query or
queue a wait for this particular command to complete. event can be NULL in which case it will
not be possible for the application to query the status of this command or queue a wait for this
command to complete. cIEnqueueBarrier can be used instead.

clEnqueueUnmapMemObjectreturns CL_SUCCESS if the function is executed successfully.
Otherwise, it returns one of the following errors:

#+ CL_INVALID COMMAND_QUEUE if command _queue is not a valid command-queue.
+ CL_INVALID MEM OBIJECT if memobj is not a valid memory object.

+ CL_INVALID VALUE if mapped ptr is not a valid pointer returned by
clEnqueueMapBuffer or clEnqueueMaplimagefor memoby.

4 CL INVALID EVENT WAIT _LIST if event wait list is NULL and
num_events_in_wait_list > 0, or if event_wait_list is not NULL and
num_events_in_wait_list is 0, or if event objects in event_wait list are not valid events.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

+ CL_INVALID CONTEXT if context associated with command queue and memobj are not
the same or if the context associated with command_queue and events in event _wait_list
are not the same.

clEnqueueMapBuffer and clEnqueueMaplimageincrements the mapped count of the memory
object. The initial mapped count value of a memory object is zero. Multiple calls to
clEnqueueMapBuffer or clEnqueueMaplmageon the same memory object will increment this
mapped count by appropriate number of calls. clEnqueueUnmapMemObjectdecrements the
mapped count of the memory object.
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clEnqueueMapBuffer and clEnqueueMaplimageact as synchronization points for a region of
the memory object being mapped.

5.2.8.1Behavior of OpenCL commands that access mapped regions of a
memory object

The contents of the regions of a memory object mapped for writing (i.e. CL_ MAP_WRITE is set
in map_flags argument to ClIEnqueueMapBuffer or clEnqueueMaplmage are considered to be
undefined until this region is unmapped. Reads and writes by a kernel executing on a device to a
memory region(s) mapped for writing are undefined.

Multiple command-queues can map a region or overlapping regions of a memory object for
reading (i.e. map_flags = CL_MAP_READ). The contents of the regions of a memory object
mapped for reading can also be read by kernels executing on a device(s). The behavior of writes
by a kernel executing on a device to a mapped region of a memory object is undefined.

Mapping (and unmapping) overlapped regions of a buffer or image memory object for writing is
undefined.

The behavior of OpenCL function calls that enqueue commands that write or copy to regions of a
memory object that are mapped is undefined.

5.2.9 Memory Object Queries

To get information that is common to all memory objects (buffer and image objects), use the
following function

cl int clGetMemObijectinfo (cl_mem memobj,
cl mem_info param name,
size_t param_value_size,
void *param_value,
size t *param value size ret)

memobj specifies the memory object being queried.

param_name specifies the information to query. The list of supported param name types and the
information returned in param_value by clGetMemObjectinfo is described in table 5.8.

param_value is a pointer to memory where the appropriate result being queried is returned. If
param_value is NULL, it is ignored.

param_value size is used to specify the size in bytes of memory pointed to by param_value.
This size must be >= size of return type as described in table 5.8.
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param_value size ret returns the actual size in bytes of data being queried by param_value. If
param_value size ret is NULL, it is ignored.

clGetMemObijectinfo returns CL_SUCCESS if the function is executed successfully, returns
CL INVALID VALUE if param_name is not valid, or if size in bytes specified by
param_value size is < size of return type as described in table 5.8 and param_value is not
NULL, and returns CL_INVALID MEM_OBJECT if memobj is a not a valid memory object.

cl_mem_info Return type Info. returned in param_value

CL_MEM_TYPE cl_mem_object type | Returns CL_ MEM_OBJECT BUFFER if
memobj is created with clCreateBuffer,
CL_MEM_OBJECT_IMAGE2D if
memobyj is created with
clCreatelmage2Dor
CL_MEM_OBJECT_IMAGE3D if
memobyj is created with
clCreatelmage3D

CL_MEM_FLAGS cl mem_flags Return the flags argument value
specified when memobj is created with
clCreateBuffer or
clCreatelmage{2D|3D}

CL_MEM_SIZE size t Return actual size of memobj in bytes.

CL_MEM_HOST_PTR void * Return the host_ptr argument value
specified when memobj is created.

CL_MEM_MAP_COUNT ® cl uint Map count.

CL_MEM _REFERENCE_COUNT’ cl uint Return memobj reference count.

CL_MEM_CONTEXT cl_context Return context specified when memory

object is created

Table 5.8 List of supported param_names by clGetMemObjectInfo

To get information specific to an image object created with clCreatelmage{2D|3D} use the
following function

¥ The map count returned should be considered immediately stale. It is unsuitable for general use in applications.
This feature is provided for debugging.

? The reference count returned should be considered immediately stale. It is unsuitable for general use in
applications. This feature is provided for identifying memory leaks.
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cl int clGetimagelnfo (cl_mem image,
cl image info param name,
size_t param_value_size,
void *param_value,
size t *param value size ret)

image specifies the image object being queried.

param_name specifies the information to query. The list of supported param name types and the
information returned in param_value by clGetlmagelnfo is described in table 5.9.

param_value is a pointer to memory where the appropriate result being queried is returned. If
param_value is NULL, it is ignored.

param_value size is used to specify the size in bytes of memory pointed to by param_value.
This size must be >= size of return type as described in table 5.9.

param_value size ret returns the actual size in bytes of data being queried by param_value. If
param_value size ret is NULL, it is ignored.

clGetimagelnfo returns CL_SUCCESS if the function is executed successfully, returns

CL INVALID VALUE if param_name is not valid, or if size in bytes specified by
param_value size is < size of return type as described in table 5.9 and param_value is not
NULL, and returns CL_INVALID MEM _ OBJECT if image is a not a valid image object.

cl_image_info Return type | Info. returned in param_value

CL_IMAGE_FORMAT cl image format | Return image format descriptor specified when
image is created with clCreatelmage{2D|3D}

CL_IMAGE_ELEMENT_SIZE | size t Return size of each element of the image

memory object given by image. An element is
made up of n channels. The value of # is given
in ¢/ image format descriptor.

CL_IMAGE_ROW_PITCH size t Return size in bytes of a row of elements of the
image object given by image.
CL_IMAGE_SLICE_PITCH size t Return size in bytes of a 2D slice for the 3D

image object given by image. For a 2D image
object this value will be 0.

CL_IMAGE_WIDTH size t Return width of the image in pixels
CL_IMAGE_HEIGHT size t Return height of the image in pixels
CL_IMAGE_DEPTH size t Return depth of the image in pixels. For a 2D

image, depth = 0.

Table 5.9 List of supported param_names by clGetlmagelnfo
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5.3 Sampler Objects

A sampler object describes how to sample an image when the image is read in the kernel. The
built-in functions to read from an image in a kernel take a sampler as an argument. The sampler
arguments to the image read function can be sampler objects created using OpenCL functions
and passed as argument values to the kernel or can be samplers declared inside a kernel. In this
section we discuss how sampler objects are created using OpenCL functions.

The function

cl sampler clCreateSampler(cl _context context,
cl _bool normalized coords,
cl addressing mode addressing mode,
cl_filter mode filter mode,
cl_int *errcode_ret)

creates a sampler object. Refer to section 6.11.8.1 for a detailed description of how samplers
work.

context must be a valid OpenCL context.

normalized _coords determines if the image coordinates specified are normalized (if
normalized_coords is CL_TRUE) or not (if normalized _coords is CL_FALSE).

addressing _mode specifies how out-of-range image coordinates are handled when reading from
an image. This can be set to CL_ ADDRESS REPEAT, CL_ ADDRESS CLAMP TO EDGE,
CL_ADDRESS CLAMP and CL_ADDRESS_NONE.

filtering_mode specifies the type of filter that must be applied when reading an image. This can
be CL_FILTER_NEAREST or CL_FILTER LINEAR.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clCreateSamplerreturns a valid non-zero sampler object and errcode_ret is set to CL_SUCCESS
if the sampler object is created successfully. Otherwise, it returns a NULL value with one of the
following error values returned in errcode_ret:

+ CL_INVALID CONTEXT if context is not a valid context.

+ CL_INVALID VALUE if addressing mode, filter mode or normalized coords or
combination of these argument values are not valid.

+ CL INVALID OPERATION if images are not supported by any device associated with
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context (i.e. CL_DEVICE IMAGE SUPPORT specified in fable 4.3 is CL_FALSE).
+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.
The function
cl int clRetainSampler(cl_sampler sampler)
increments the sampler reference count. clCreateSamplerdoes an implicit retain.
clRetainSamplerreturns CL_SUCCESS if the function is executed successfully. It returns
CL INVALID SAMPLER if sampler is not a valid sampler object.
The function
cl int clRelease@mpler (cl_sampler sampler)
decrements the sampler reference count. The sampler object is deleted after the reference count
becomes zero and commands queued for execution on a command-queue(s) that use sampler
have finished. clReleaseSamplereturns CL_SUCCESS if the function is executed successfully.
It returns CL_ INVALID SAMPLER if sampler is not a valid sampler object.
The function
cl int clGetSamplerinfo (cl_sampler sampler,
cl _sampler_info param name,
size_t param_value_size,
void *param_value,
size t *param_value size ret)
returns information about the sampler object.

sampler specifies the sampler being queried.

param_name specifies the information to query. The list of supported param name types and the
information returned in param_value by clGetSamplerinfo is described in table 5.10.

param_value is a pointer to memory where the appropriate result being queried is returned. If
param_value is NULL, it is ignored.

param_value size is used to specify the size in bytes of memory pointed to by param_value.
This size must be >= size of return type as described in table 5.10.
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param_value size_ret returns the actual size in bytes of data copied to param value. If
param_value size ret is NULL, it is ignored.

cl_sampler _info

Return Type

Info. returned in param_value

CL_SAMPLER_REFERENCE_
COUNT?

cl uint

Return the sampler reference count.

CL_SAMPLER_CONTEXT

cl_context

Return the context specified when the
sampler is created.

MODE

CL_SAMPLER_ADDRESSING_

cl addressing
mode

Return the value specified by
addressing mode argument to
clCreateSampler

CL_SAMPLER_FILTER_MODE

cl_filter mode

Return the value specified by
filter mode argument to
clCreateSampler

COORDS

CL_SAMPLER_NORMALIZED_

cl bool

Return the value specified by
normalized coords argument to
clCreateSampler

Table 5.10 clGetSamplerinfo parameter queries.

clGetSamplerinfo returns CL_SUCCESS if the function is executed successfully, returns
CL INVALID VALUE if param_name is not valid, or if size in bytes specified by
param_value_size is < size of return type as described in table 5.10 and param_value is not
NULL, and returns CL_INVALID SAMPLER if sampler is a not a valid sampler object.

' The reference count returned should be considered immediately stale. It is unsuitable for general use in
applications. This feature is provided for identifying memory leaks.
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5.4 Program Objects

An OpenCL program consists of a set of kernels that are identified as functions declared with
the kernel qualifier in the program source. OpenCL programs may also contain auxiliary
functions and constant data that can be used by  kernel functions. The program executable
can be generated online or offline by the OpenCL compiler for the appropriate target device(s).

A program object encapsulates the following information:

+ An associated context.

+ A program source or binary.

+ The latest successfully built program executable, the list of devices for which the
program executable is built, the build options used and a build log.

+ The number of kernel objects currently attached.

5.4.1 Creating Program Objects

The function

cl program clCreateProgramWithSource(cl context context,
cl_uint count,
const char **strings,
const size t *lengths,
cl_int *errcode_ret)

creates a program object for a context, and loads the source code specified by the text strings in
the strings array into the program object. The devices associated with the program object are the
devices associated with context.

context must be a valid OpenCL context.

strings is an array of count pointers to optionally null-terminated character strings that make up
the source code.

The lengths argument is an array with the number of chars in each string (the string length). If
an element in lengths is zero, its accompanying string is null-terminated. If /engths is NULL, all
strings in the strings argument are considered null-terminated. Any length value passed in that is

greater than zero excludes the null terminator in its count.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clCreateProgramWithSourcereturns a valid non-zero program object and errcode_ret is set to
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CL_SUCCESS if the program object is created successfully. Otherwise, it returns a NULL value
with one of the following error values returned in errcode_ret:

+ CL_INVALID CONTEXT if context is not a valid context.
#+ CL_INVALID VALUE if count is zero or if strings or any entry in strings is NULL.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

The function

cl program clCreateProgramWithBinary (cl_context context,
cl uint num_devices,
const ¢l _device id *device list,
const size t *lengths,
const unsigned char **binaries,
cl _int *binary_status,
cl_int *errcode_ret)

creates a program object for a context, and loads the binary bits specified by binary into the
program object.

context must be a valid OpenCL context.

device_list is a pointer to a list of devices that are in context. device list must be a non-NULL
value. The binaries are loaded for devices specified in this list.

num_devices is the number of devices listed in device_list.

The devices associated with the program object will be the list of devices specified by
device_list. The list of devices specified by device list must be devices associated with context.

lengths is an array of the size in bytes of the program binaries to be loaded for devices specified
by device_list.

binaries is an array of pointers to program binaries to be loaded for devices specified by
device_list. For each device given by device list[i], the pointer to the program binary for that
device is given by binaries[i] and the length of this corresponding binary is given by lengths[i].
lengths[i] cannot be zero and binaries[i] cannot be a NULL pointer.

The program binaries specified by binaries contain the bits that describe the program executable

that will be run on the device(s) associated with context. The program binary can consist of
either or both:
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+ Device-specific executable(s), and/or,

+ Implementation-specific intermediate representation (IR) which will be converted to the
device-specific executable.

binary status returns whether the program binary for each device specified in device list was
loaded successfully or not. It is an array of num_devices entries and returns CL_SUCCESS in
binary status[i] if binary was successfully loaded for device specified by device list[i];
otherwise returns CL_INVALID VALUE if lengths[i] is zero or if binaries[i] is a NULL value or
CL_INVALID_BINARY in binary status/i] if program binary is not a valid binary for the
specified device. If binary status is NULL, it is ignored.

errcode_ret will return an appropriate error code. If errcode ret is NULL, no error code is
returned.

clCreateProgramWithBinary returns a valid non-zero program object and errcode_ret is set to
CL_SUCCESS if the program object is created successfully. Otherwise, it returns a NULL value
with one of the following error values returned in errcode_ret:

+ CL_INVALID CONTEXT if context is not a valid context.
+ CL INVALID VALUE if device_list is NULL or num_devices is zero.

+ CL_INVALID DEVICE if OpenCL devices listed in device list are not in the list of
devices associated with context.

#+ CL_INVALID VALUE if lengths or binaries are NULL or if any entry in lengths[i] is zero
or binaries[i] is NULL.

+ CL INVALID BINARY if an invalid program binary was encountered for any device.
binary_status will return specific status for each device.

+ CL_OUT _OF HOST MEMORY if there is a failure to allocate resources required by the
OpenCL implementation on the host.

OpenCL allows applications to create a program object using the program source or binary and
build appropriate program executables. This allows applications to determine whether they want
to use the pre-built offline binary or load and compile the program source and use the executable
compiled/linked online as the program executable. This can be very useful as it allows
applications to load and build program executables online on its first instance for appropriate
OpenCL devices in the system. These executables can now be queried and cached by the
application. Future instances of the application launching will no longer need to compile and
build the program executables. The cached executables can be read and loaded by the
application, which can help significantly reduce the application initialization time.
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The function
cl int clRetainProgram (cl_program program)

increments the program reference count. clCreateProgram does an implicit retain.
clRetainProgram returns CL_SUCCESS if the function is executed successfully. It returns
CL_INVALID_PROGRAM if program is not a valid program object.

The function
cl int clReleaseProgram(cl program program)

decrements the program reference count. The program object is deleted after all kernel objects
associated with program have been deleted and the program reference count becomes zero.
clReleaseProgranreturns CL__SUCCESS if the function is executed successfully. It returns
CL INVALID PROGRAM if program is not a valid program object.

5.4.2 Building Program Executables

The function

cl int clBuildProgram (cl_program program,
cl uint num_devices,
const cl_device id *device_list,
const char *options,
void (*pfn_notify)(cl_program, void *user data),
void *user data)

builds (compiles & links) a program executable from the program source or binary for all the
devices or a specific device(s) in the OpenCL context associated with program. OpenCL allows
program executables to be built using the source or the binary.

program is the program object.

device_list is a pointer to a list of devices associated with program. 1f device_list is a NULL
value, the program executable is built for all devices associated with program for which a source
or binary has been loaded. If device list is a non-NULL value, the program executable is built
for devices specified in this list for which a source or binary has been loaded.

num_devices is the number of devices listed in device_list.

options is a pointer to a string that describes the build options to be used for building the program
executable. The list of supported options is described in section 5.4.3.

pfn_notify is a function pointer to a notification routine. The notification routine is a callback
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function that an application can register and which will be called when the program executable
has been built (successfully or unsuccessfully). If pfin_notify is not NULL, clBuildProgram does
not need to wait for the build to complete and can return immediately. If pfin_notify is NULL,
clBuildProgram does not return until the build has completed. This callback function may be
called asynchronously by the OpenCL implementation. It is the application’s responsibility to
ensure that the callback function is thread-safe.

user_data will be passed as an argument when pfn_notify is called. user data can be NULL.

clBuildProgram returns CL._SUCCESS if the function is executed successfully. Otherwise, it
returns one of the following errors:

+ CL_INVALID PROGRAM if program is not a valid program object.

+ CL INVALID VALUE if device_list is NULL and num_devices is greater than zero, or if
device_list is not NULL and num_devices is zero.

+ CL INVALID VALUE if pfin_notify is NULL but user_data is not NULL.

+ CL_INVALID DEVICE if OpenCL devices listed in device list are not in the list of
devices associated with program.

+ CL INVALID BINARY if program is created with clCreateWithProgramBinary and
devices listed in device list do not have a valid program binary loaded.

+ CL_INVALID BUILD OPTIONS if the build options specified by options are invalid.
#+ CL_INVALID OPERATION if the build of a program executable for any of the devices

listed in device_list by a previous call to clBuildProgram for program has not
completed.

+ CL_COMPILER NOT_ AVAILABLE if program is created with
clCreateProgramWithSourceand a compiler is not available i.e.
CL DEVICE COMPILER AVAILABLE specified in table 4.3 is set to CL_FALSE.

4+ CL BUILD PROGRAM FAILURE if there is a failure to build the program executable.
This error will be returned if clBuildProgram does not retu