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Kernel programming:
data types
and device memory

This chapter covers
■

Introducing a simple OpenCL kernel

■

Using OpenCL’s scalar and vector data types

■

Understanding the OpenCL device model

In this chapter, we’re going to put aside the scaffolding that creates and deploys
kernels, and start coding the kernels themselves. We’ll examine the data types available in OpenCL kernels, and that means we’ll finally get to discuss vectors. When
you process data with vectors, you put aside boring, decades-old data types like
char, float, and int, and use new, exciting data types like char16, int3, and
float4. Now we’re cooking!
I didn’t learn about vector programming until after I left college, but I’ve
always enjoyed it since. It doesn’t matter whether it’s Intel’s Streaming SIMD Extensions (SSE), Motorola’s AltiVec, or the odd language IBM devised to program the
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Synergistic Processor Units (SPUs) on a Cell processor. I just find it gratifying to
crunch several numbers with a single command, and my enjoyment increases when I
crunch numbers on several cores at once. What more could anyone ask?
After examining different types of data, we’ll look at how and where this data is
stored. OpenCL has a model for devices that includes four different address spaces.
The final sections of this chapter will discuss these spaces and how to configure data
storage in code.
But before getting into the details of data and memory storage, it’s important to
understand the basic structure of a kernel function. We’ll discuss this first.

4.1

Introducing kernel coding
Chapter 2 explained how host applications send kernels to devices, and chapter 3
explained how to set arguments for kernels. Now, at long last, we’re ready to look at
an actual kernel. The following listing presents an OpenCL equivalent for the venerable Hello World! function so common in C programming literature.
Listing 4.1

A basic kernel: hello_kernel.cl

__kernel void hello_kernel(__global char16 *msg) {
*msg = (char16)('H', 'e', 'l', 'l', 'o', ' ',
'k', 'e', 'r', 'n', 'e', 'l', '!', '!', '!', '\0');
}

If you look at the overall structure of this function, you’ll see that it resembles a regular C function: a function name, arguments in parentheses, and executable statements inside curly brackets. But there are three main differences between an OpenCL
kernel and a regular C function:
■
■
■

Every kernel declaration must start with __kernel.
Every kernel function must return void.
Some platforms won’t compile kernels without arguments.

Every example project in this book stores kernel functions in *.cl files, but this suffix
isn’t necessary. In fact, kernels don’t have to be stored in separate files at all. But every
kernel function must be preceded by the __kernel keyword. If __kernel is present, the
compiler will know that the function is intended to be run on a device, not the host.
The clSetKernelArg function sets arguments for kernels, but there are no functions that access a kernel’s return value. This is because kernels don’t have return values—every kernel function returns void. For this reason, every kernel in this book has
the same basic structure:
__kernel void func_name(args) {
...
}

The ... section is the hard part, and it will take many chapters to discuss this. For
now, let’s look at the arguments. A kernel function can only access and return data
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through its arguments, and if you attempt to compile a kernel without arguments,
some compilers will give you an error.
As with regular C functions, kernel functions accept arguments by value or by reference. When you pass data by value, you provide actual data such as a char, an int, or
a float. Kernel functions do not support composite structures. If you pass data by reference, you provide a pointer that references data in device memory (commonly a
memory object). In listing 4.1, the msg argument references a 16-byte buffer object
that the host application will read after the kernel is executed.
Now we come to an important point: all pointers passed to a kernel must be preceded by
an address space qualifier. This tells the device what address space the argument should
be stored in. Section 4.5 discusses this topic in depth, but for now, keep in mind that
there are four possible qualifiers: __global, __constant, __local, and __private. In
listing 4.1, the function declaration states that the msg argument should be stored in
the device’s global address space.
Before continuing, let’s review how the host application creates kernel arguments
from memory objects. In hello_kernel.c, this is accomplished with the following lines
of code:
char msg[16];
cl_mem msg_buffer;
msg_buffer = clCreateBuffer(context, CL_MEM_WRITE_ONLY,
sizeof(msg), NULL, &err);
clSetKernelArg(kernel, 0, sizeof(cl_mem), &msg_buffer);

After the kernel is enqueued and the device executes the function, the host application accesses the buffer data using clEnqueueReadBuffer. This is shown here:
clEnqueueReadBuffer(queue, msg_buffer, CL_TRUE, 0,
sizeof(msg), &msg, 0, NULL, NULL);

Note that the host declares msg as a char[16] and the kernel declares msg as char16.
These are different data types, but because the data is passed to the kernel by reference, it doesn’t make any difference to the compiler.
The char16 data type is one of OpenCL’s vector data types, and section 4.3 will discuss these types in detail. The kernel code in this book will rely on vectors whenever
possible, but before we look at vectors, we need to examine OpenCL’s support for traditional data types such as ints and floats. In contrast to vector types, these are called
scalar data types, and they’ll be discussed in the next section.

4.2

Scalar data types
The terms scalar and vector have different meanings depending on whether you talk to
a mathematician, scientist, or programmer. In vector computing, a scalar is a data type
in which each data representation contains a single value. In OpenCL, a scalar is any
of the data types listed in table 4.1.
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Table 4.1

OpenCL scalar data types (required minimum)

Scalar data type

Purpose

bool

A Boolean condition: true (1) or false (0)

char

Signed two’s complement 8-bit integer

unsigned char/uchar

Unsigned two’s complement 8-bit integer

short

Signed two’s complement 16-bit integer

unsigned short/ushort

Unsigned two’s complement 16-bit integer

int

Signed two’s complement 32-bit integer

unsigned int/uint

Unsigned two’s complement 32-bit integer

long

Signed two’s complement 64-bit integer

unsigned long/ulong

Unsigned two’s complement 64-bit integer

half

16-bit floating-point value, IEEE-754-2008 conformant

float

32-bit floating-point value, IEEE-754 conformant

intptr_t

Signed integer to which a void pointer can be converted

uintptr_t

Unsigned integer to which a void pointer can be converted

ptrdiff_t

Signed integer produced by pointer subtraction

size_t

Unsigned integer produced by the size of operator

void

Untyped data

These data types are straightforward and function like their C/C++ counterparts. But
when I first read this list, one prominent question came to mind: where’s double? I
prefer to use 64-bit floating-point values for nongraphic applications. Are doubles
available in OpenCL? The answer is maybe.

4.2.1

Accessing the double data type
The double data type can be accessed if the target device supports the cl_khr_fp64
extension. From the host, you can determine whether this extension is available by calling clGetDeviceInfo, a function explained in chapter 2. If the extension is supported,
you can enable its capability in the kernel with the following pragma statement:
#pragma OPENCL EXTENSION cl_khr_fp64 : enable

When this is present, you can declare double variables and operate on them normally.
If you want to enable every supported extension, replace cl_khr_fp64 with all. To
disable an extension, replace enable with disable.
In the Ch4/double_test project, the kernel uses the double type if it’s supported
and uses the float type if it’s not. This is shown in the following listing.
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Listing 4.2 Checking for the double data type: double_test.cl
#ifdef FP_64
#pragma OPENCL EXTENSION cl_khr_fp64: enable
#endif

Enable extension
if available

__kernel void double_test(__global float* a,
__global float* b,
__global float* out) {
#ifdef FP_64
double c = (double)(*a / *b);
*out = (float)c;

Compute with
doubles if available

#else
*out = *a * *b;
#endif
}

The host application calls clGetDeviceInfo to obtain the extensions supported by the
device. If cl_khr_fp64 is one of them, the host adds the option -DFP_64 to clBuildProgram. As shown in listing 4.2, this option tells the kernel to enable the cl_khr_fp64
extension. Once this extension is enabled, the kernel can declare double values and
operate on them.
The host code also checks the address width of the target device. This becomes
important if you deal with the size_t and ptrdiff_t types at a bit level. The size_t and
ptrdiff_t types will be 64 bits wide on a 64-bit system and 32 bits wide on a 32-bit system.

4.2.2

Byte order
Table 4.1 tells you how many bytes are in a data type, but it doesn’t say anything about
how the bytes are ordered. Neither does the OpenCL standard. The reason for this is
that different devices and operating systems order bytes differently.
Therefore, if you’re going to perform an operation that involves byte order, such
as accessing data with pointers, you need to determine the endianness of the target
device. This tells you whether bytes become more or less significant as memory
addresses run from low to high. Figure 4.1 depicts this graphically.

unsigned int x = 0x01020304
Storage on a little-endian device:

04

03
0xFF01

0xFF00

02

01
0xFF03

0xFF02

Storage on a big-endian device:

01
0xFF00

02
0xFF01

03
0xFF02

04
0xFF03

Figure 4.1 Byte order in little-endian
and big-endian devices
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I find it easy to distinguish between the two by remembering that big-endianness is
more intuitive to me (I’d rather have $43.21 in my pocket than $12.34). But littleendianness is more prevalent because x86 devices are little-endian. The most common big-endian processors are IBM’s POWER and PowerPC architectures.
There are two ways to determine whether a device is little-endian or big-endian.
From the host, you can call clGetDeviceInfo with CL_DEVICE_ENDIAN_LITTLE as the
parameter. If this returns CL_TRUE, the device is little-endian. If it returns CL_FALSE,
the device is big-endian.
Within the kernel, you can use #ifdef to determine whether the
__ENDIAN_LITTLE__ macro is defined. If this macro is defined, the device is littleendian. If not, the device is big-endian.
We’ll discuss endianness further when we look at vectors. But before we leave the
subject of scalars, we need to examine how OpenCL processes floating-point values.

4.3

Floating-point computing
Computers don’t process numbers—they manipulate electrical signals whose values we
interpret numerically. No matter how large the processor, these digital signals can
never represent more than a tiny portion of the set of real numbers. There is an infinite number of numbers that are too small to be processed by a computer and an
infinite number of numbers that are too large.
But we do our best. The IEEE-754 standard, formed by the Institute of Electrical
and Electronics Engineers, defines three methods of representing real numbers in
computer memory. They’re embodied in the float, double, and half data types.
OpenCL only requires the float type, but the other two types may be available if the
target device supports them. OpenCL requires compliant devices to follow many of
the provisions in the IEEE-754 standard, but not all of them. If you intend to use OpenCL
for mission-critical floating-point computing, you should be aware of the differences
between OpenCL’s requirements and those of IEEE-754.

4.3.1

The float data type
At the time of this writing, most graphics cards process graphics using only 32 bits.
Therefore, it makes sense that the only floating-point data type required by OpenCL is
the 32-bit float. Figure 4.2 shows how the bits in a float are organized.
Sign bit

Exponent
(8 bits)
31

Fraction
(23 bits)
22

Smallest positive value (normal): 2

0
-126

-23 )
Largest positive value: 2127 x (2 - 2

≈ 1.18 x 10

-38

≈ 3.4 x 10 38

Figure 4.2 IEEE-754 format for
single-precision floating-point values
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According to the IEEE standard, the value contained within a float can fall into one
of four categories:
■

■

■

■

Normal numbers—Numbers that can be fully represented by the dynamic range
supported by the float format
Denormalized numbers—Numbers smaller in magnitude than the smallest possible normal number
Infinite numbers—Numbers whose magnitude is larger than the largest possible
normal number
Not a number—Values produced by impossible operations such as 0/0 or taking
the square root or logarithm of a negative number

OpenCL requires that devices support numbers in the third (INF) and fourth (NaN)
categories, but not denormalized numbers. Denormalized numbers commonly take
more cycles to process than normal numbers, and you can improve performance by
setting the -cl-denorms-are-zero flag in clBuildProgram. But denormalized numbers serve a useful purpose; if they’re supported, an operation that subtracts two close
numbers will produce a denormalized number instead of 0. Then, if the denormalized difference is used in division, the result will be valid. If the difference is 0, the
result will be NaN.
When it comes to rounding floats, the IEEE-754 standard defines four modes:
■

■
■
■

Round to nearest even—Rounds a float to the nearest representable value. If the
float lies exactly between two numbers, it rounds to the one whose lowestorder digit is even (0).
Round toward +infinity—Always rounds toward the value that’s closer to +infinity
Round toward –infinity—Always rounds toward the value that’s closer to –infinity
Round toward zero—Always rounds toward the value that’s closer to zero
(truncation)

A device may support all of these modes, but OpenCL only requires the first. In addition, OpenCL doesn’t require devices to enable mode-switching at runtime. Therefore, it’s safe to assume that the target device will always round floats according to
the first mode.
IEEE-754 defines a series of runtime exceptions that raise status flags. These arise
when an operation divides by zero, takes the square root of a negative number, or produces a result that’s too high (overflow) or too low (underflow) to be represented by a
float. OpenCL doesn’t require any exception-checking, so if you want to check for
these conditions, you’ll have to write code specifically for the purpose.

4.3.2

The double data type
The double data type uses 64 bits to represent floating-point values. Figure 4.3 depicts
the structure of a double at the bit level.
As explained in section 4.2, OpenCL-compliant devices aren’t required to support
the double data type. But you can determine whether a device supports this type by
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Sign bit

Exponent
(11 bits)

Fraction
(52 bits)
51

63

0

Smallest positive value (normal): 2

-1022

Largest positive value: 21023 x (2 - 2 -52 )

≈ 1 x 10 -323.3
≈ 1 x 10308.3

Figure 4.3 IEEE-754 format for
double-precision floating-point values

calling clGetDeviceInfo with the CL_DEVICE_EXTENSIONS parameter and checking
whether cl_khr_fp64 is one of the supported extensions.
It may seem odd, but if a device supports doubles, OpenCL places more requirements on double processing than it places on float processing. First, a device that
supports doubles must support denormalized numbers—they can’t simply be set
equal to 0. Second, the device must support all of the rounding modes described earlier, not just rounding to the nearest even value.
Finally, a device that supports doubles must support an operation called floatingpoint multiply-and-add, or FMA. This computes the product and sum of three doubles
(a*b + c) as a single operation. This operation must execute as fast as or faster than
the multiplication and addition operations performed separately.

4.3.3

The half data type
The half type uses 16 bits to represent a floating-point value. This is smaller than the
more-common float type and it’s much newer. It was first defined by Nvidia as part of
its Cg language, but it has since been adopted by OpenGL and Direct3D. Figure 4.4
shows how these 16 bits are used to represent a floating-point number.
OpenCL doesn’t require compliant devices to support the half data type, but you
can test whether a device does by calling clGetDeviceInfo with the CL_DEVICE_
EXTENSIONS parameter. If cl_khr_fp16 is one of the supported extensions, then the
device supports the half data type.
For devices that support halfs, OpenCL makes few requirements. Devices have to
support INF and NaN values, but they don’t have to support denormalized numbers or
FMA operations. For rounding, devices have to support rounding toward +/– infinity
or rounding toward the nearest even value, but they don’t have to support both.
Sign bit

Exponent
(5 bits)
15

Fraction
(10 bits)
9

0

Smallest positive value (normal): 2
Largest positive value: 2

15

x (2 - 2

-14

-10

≈ 6.10 x 10 -5

) = 65504

Figure 4.4 IEEE-754 format for
half-precision floating-point values

CHAPTER 4

76

4.3.4

Kernel programming: data types and device memory

Checking IEEE-754 compliance
This section has described many of the floating-point processing features required by
IEEE-754, such as rounding modes and denormalized numbers. OpenCL doesn’t
require all of these for each of the floating-point data types, but it does provide a way
to find out what capabilities are available for the target device.
clGetDeviceInfo is the function to call, but you have to understand what data parameters to set and how to interpret the result. Three parameters tell clGetDeviceInfo
to provide information about supported IEEE-754 features:
■
■
■

CL_DEVICE_SINGLE_FP_CONFIG—Identifies features for processing floats
CL_DEVICE_DOUBLE_FP_CONFIG—Identifies features for processing doubles
CL_DEVICE_HALF_FP_CONFIG—Identifies features for processing halfs

NOTE

At the time of this writing, both Nvidia and AMD comment out the

CL_DEVICE_DOUBLE_FP_CONFIG and CL_DEVICE_HALF_FP_CONFIG constants in

their cl.h header files. Therefore, you can only test a device’s support for
processing floats.
Using these parameters, the information returned by clGetDeviceInfo takes the
form of an enumerated type called a cl_device_fp_config. Table 4.2 lists the possible values for this type.
Table 4.2

Floating-point configuration parameters (cl_device_fp_config)
Parameter

Float

Double

Half

CL_FP_INF_NAN

Required

Required

Required

CL_FP_DENORM

Not required

Required

Not required

CL_FP_ROUND_TO_NEAREST

Required

Required

Not required

CL_FP_ROUND_TO_INF

Not required

Required

Alternate

CL_FP_ROUND_TO_ZERO

Not required

Required

Alternate

CL_FP_FMA

Not required

Required

Not required

CL_FP_SOFT_FLOAT

Not required

Not required

Not required

After the preceding discussion of floats, doubles, and halfs, most of these floatingpoint parameters should make sense. But the last one is new. CL_FP_SOFT_FLOAT identifies whether basic processing of the given data type occurs in software. In this case,
basic processing refers to addition, subtraction, and multiplication.
NOTE At the time of this writing, CL_FP_SOFT_FLOAT isn’t supported on Mac OS

systems. It isn’t defined in the OpenCL.framework/Headers/cl.h header file.
The host application in the float_config project accesses the first device it finds and
determines which features it supports for processing floats. The following listing
shows the relevant code needed to accomplish this.
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Testing a device’s floating-point features: float_config.c

...
cl_device_fp_config flag;
err = clGetDeviceInfo(device, CL_DEVICE_SINGLE_FP_CONFIG,
sizeof(flag), &flag, NULL);
if(err < 0) {
perror("Couldn't read device information");
exit(1);
}
printf("Float Processing Features:\n");
if(flag & CL_FP_INF_NAN)
printf("INF and NaN values supported.\n");
if(flag & CL_FP_DENORM)
printf("Denormalized numbers supported.\n");
if(flag & CL_FP_ROUND_TO_NEAREST)
printf("Round To Nearest Even mode supported.\n");
if(flag & CL_FP_ROUND_TO_INF)
printf("Round To Infinity mode supported.\n");
if(flag & CL_FP_ROUND_TO_ZERO)
printf("Round To Zero mode supported.\n");
if(flag & CL_FP_FMA)
printf("Floating-point multiply-and-add operation
supported.\n");

Obtain device
information

Check processing
features

#ifndef MAC
if(flag | CL_FP_SOFT_FLOAT)
printf("Basic floating-point processing performed in software.\n");
#endif
...

On my Mac OS system, the printed output is as follows:
Float Processing Features:
INF and NaN values supported.
Round To Nearest Even mode supported.

As shown in table 4.2, these are the minimum features required by OpenCL for processing floats. If your application depends on denormalized numbers, you’ll have to
specifically check for small values in code and process them accordingly.
This section has discussed floats, doubles, and halfs at length, but from this
point onward, we’ll use these data types sparingly in example code. For the most part,
we’ll rely on vectors that contain multiple floating-point values: floatn, doublen, and
halfn, where n identifies how many scalar elements are contained in the vector. The
next section explains these new data types in full.

4.4

Vector data types
Vectors resemble arrays in that they contain multiple elements of the same type. But
there are two important differences. First, a vector of a given type can only contain a
specific number of elements. Second, when a vector is operated upon, every element
is operated upon at the same time.
An example will make this distinction clear. Suppose you want to compute four
sums of floating-point values. That is, a and b are arrays of four floats each, and you
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want c to hold the sums of the corresponding elements in a and b. You could try using
code similar to the following:
float a[4], b[4], c[4];
for(int i=0; i<4; i++) {
c[i] = a[i] + b[i];
}

Now suppose a, b, and c are vectors, and each vector contains four floats. In this
case, you could perform the same addition with code that looks like this:
float4 a, b, c;
c = a + b;

Processing vectors isn’t just simpler than processing data with arrays, it’s faster. And
pay attention to the new data type: float4. As you might guess, any variable declared
with this type can hold four floats. Elements within a vector are commonly called components, and we’ll use this term throughout this book.
OpenCL provides vector types that contain most, but not all, of the scalar types in
table 4.1. Table 4.3 lists each vector type and the nature of its components.
Table 4.3

OpenCL vector data types

Vector data type

Purpose

charn

Vector containing n 8-bit signed two’s complement integers

ucharn

Vector containing n 8-bit unsigned two’s complement integers

shortn

Vector containing n 16-bit signed two’s complement integers

ushortn

Vector containing n 16-bit unsigned two’s complement integers

intn

Vector containing n 32-bit signed two’s complement integers

uintn

Vector containing n 32-bit unsigned two’s complement integers

longn

Vector containing n 64-bit signed two’s complement integers

ulongn

Vector containing n 64-bit unsigned two’s complement integers

floatn

Vector containing n 32-bit single-precision floating-point values

In addition to those listed, OpenCL optionally supports vector types that contain
double-precision and half-precision floating-point values: doublen and halfn. These
are only available if the corresponding scalars are available, and the previous two sections explain the double and half types in full.
In table 4.3, n represents a number, and OpenCL accepts 2, 3, 4, 8, and 16 as valid
values of n. But not every compliant device can process large vectors without assistance. For example, the graphics card in my MacBook can’t possibly operate directly
on a float16, which is a 16 * 32 = 512 bit vector containing 16 floats.
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For this reason, the OpenCL standard requires that device compilers know the
limitations of the target device and divide large vectors into sizes the device can
operate on. Still, it can be helpful to know in advance what vector sizes a device can
process without assistance. This is called a device’s preferred vector width, and it will be
discussed next.

4.4.1

Preferred vector widths
Chapter 2 introduced clGetDeviceInfo and explained how it provides device-related
information. Section 4.2 showed how to use this function to determine a device’s support for floating-point processing. Now we’re going to see how clGetDeviceInfo can
tell us a device’s preferred vector width for a given data type.
clGetDeviceInfo accepts a parameter that identifies what information is being
sought. OpenCL provides a series of parameters that reference vector widths, and they
all have the same format: CL_DEVICE_PREFERRED_VECTOR_WIDTH_TYPE. The result is a
cl_uint that identifies how many scalars of the given type can be placed in a vector.
Here, TYPE can be set to CHAR, SHORT, INT, LONG, or FLOAT. It can also be set to HALF or
DOUBLE, but if those data types aren’t supported, the result will be 0.
Let’s look at an example. The following code determines the vector width of a
device in terms of chars:
cl_uint char_width;
clGetDeviceInfo(device, CL_DEVICE_PREFERRED_VECTOR_WIDTH_CHAR,
sizeof(char_width), &char_width, NULL);

The vector_width project uses code like this to print the vector widths of a device for
each scalar type. On my system, the output is as follows:
Preferred
Preferred
Preferred
Preferred
Preferred
Preferred
Preferred

vector
vector
vector
vector
vector
vector
vector

width
width
width
width
width
width
width

in
in
in
in
in
in
in

chars:
16
shorts:
8
ints:
4
longs:
2
floats:
4
doubles: 0
halfs:
0

This target device prefers 128-bit (16-byte) vectors, and each vector can hold 16
chars, 8 shorts, 4 ints, 2 longs, or 4 floats. At the time of this writing, 128 bits is a
common vector size, and you’ll see a great deal of example code that uses 128-bit
types like char16 and float4.
Suppose you want to tailor your kernel to support the preferred vector width of
your user’s device, but you don’t know what it is. How should you decide on the data
types in the kernel? You can’t change a float2 to a float4 at runtime, but there are
at least two options available. First, you can find the target device’s preferred
width using clGetDeviceInfo and use it to set options for clBuildProgram such as
-DVECTOR_SIZE_128 or -DVECTOR_SIZE_256. Then, inside the kernel code, you can
insert lines such as the following:
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#ifdef VECTOR_SIZE_128
#define FLOATS_PER_VECTOR 4
float4 data[N/FLOATS_PER_VECTOR];
...
#endif
#ifdef VECTOR_SIZE_256
#define FLOATS_PER_VECTOR 8
float8 data[N/FLOATS_PER_VECTOR];
...
#endif

This works well if your algorithm doesn’t depend on vector width. But if that’s not possible, the second option involves creating multiple versions of your kernel source
code, each relying on a different vector width. You might have one function called
convolution_128 and another called convolution_256. Then, once the host determines the preferred vector width, it will create kernels from functions that support
the given width.

4.4.2

Initializing vectors
Once you’ve decided how wide a vector should be, you can initialize its components.
This is similar to initializing the elements of an array, but vector components must be
placed in parentheses instead of curly brackets, and set of values must be cast to the
vector type. For example, the following code initializes data_vec with four floats:
float4 data_vec = (float4)(1.0, 1.0, 1.0, 1.0);

In this case, the components have the same value, so you can use the following code
instead:
float4 data_vec = (float4)(1.0);

You’re not limited to scalars. You can initialize a vector using smaller vectors, as shown
here:
float2 a_vector = (float2)(1.0, 1.0);
float2 b_vector = (float2)(2.0, 2.0);
float4 c_vector = (float4)(a_vector, b_vector);

Finally, you can create a vector with a combination of scalars and smaller vectors:
float3 rgb = (float3)(0.25, 0.5, 0.75);
float4 rgba = (float4)(rgb, 1.0);

4.4.3

Reading and modifying vector components
OpenCL provides three simple ways to select the components of a vector: numberindexing, letter-indexing, and hi/lo/even/odd. Number-indexing is useful for accessing components of vectors in general applications, whereas letter-indexing is more suitable for vectors in graphics applications. The hi, lo, even, and odd suffixes become
helpful when you want to access half of a vector’s components at a time. Each method
uses a dot-notation similar to that used to access the fields of a composite data structure.
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NUMBER-INDEXING

With numeric indices, you can access elements of a vector just as easily as you can
access elements of an array. But instead of using square brackets, the vector name is
followed by .sN or .SN, where N is the position of the element in the vector. The code
in table 4.4 shows how to access components of the following vector:
char16 msg = (char16)('H', 'e', 'l', 'l', 'o', 'P', 'r', 'o', 'g', 'r',
'a', 'm', 'm', 'e', 'r', '!');
Code

Result

char a = msg.s0;

Sets a to 'H'

char b = msg.s4

Sets b to 'o'

char c = msg.s8;

Sets c to 'g'

char d = msg.sC;

Sets d to 'm'

Table 4.4 Accessing
individual elements of a
vector using numbers

The last entry accesses the vector’s thirteenth component using the hexadecimal
value for twelve: 0xC. Because 16 is the maximum number of components in an
OpenCL vector, the use of hexadecimal guarantees that every possible index will only
require one digit.
You can access multiple components of a vector by specifying multiple indices.
They don’t have to be in numeric order, and you can repeat an index multiple times.
In this manner, you can create a subvector or a vector of the same size with the components rearranged. The code in table 4.5 shows how to create subvectors from the following vector:
char16 msg = (char16)('H', 'e', 'l', 'l', 'o', 'P', 'r', 'o', 'g', 'r',
'a', 'm', 'm', 'e', 'r', '!');
Table 4.5

Accessing multiple elements of a vector using numbers
Code

Result

char8 e = msg.s01234567;

Sets e to 'HelloPro'

char4 f = msg.s5431;

Sets f to 'Pole'

char16 h = msg.sFEDCBA9876543210;

Sets h to '!remmargorPolleH'

char8 g = (char8)(msg.0ABB, msg.sE9, msg.sE9);

Sets g to 'Hammerer'

In addition to accessing components of a vector, you can use these indices to modify
the components’ values. The code in table 4.6 shows how to modify components in
the following vector:
char16 msg = (char16)('H', 'e', 'l', 'l', 'o', 'P', 'r', 'o', 'g', 'r',
'a', 'm', 'm', 'e', 'r', '!');
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Modifying elements of a vector using numbers
Code

Result

msg.s5 = 'O';

Sets sixth character to 'O'

msg.sB986 = (char4)('c', 'C', 'n', 'P');

Sets characters to 'c', 'C', 'n', and 'P'

msg.s7E = (char2)(msg.s1);

Sets eighth, sixteenth characters to 'e'

msg.sACDF = (char4)((char2)('L', 'o'),
(char2)('d', 'r'));

Sets characters to 'L', 'o', 'd', and 'r'

These assignments are easy to understand, and I recommend that you experiment
with them in code.
LETTER-INDEXING

Graphics processing frequently uses homogeneous coordinates, which contain x, y,
and z values and a scaling factor. To make this coding simpler, OpenCL allows you to
access vector components using the letters x, y, z, and w. These serve identical purposes to the numeric indices .s0, .s1, .s2, and .s3.
You can use all four letters if a vector contains four components. Otherwise, you can
only use the first N letters to access components of an N-component vector. The code
in table 4.7 shows how to use letters to access components of the following vector:
float4 coord = (float4)(3.0, 5.0, 7.0, 9.0);
Code

Result

float a = coord.x;

Sets a to 3.0

float b = coord.y;

Sets b to 5.0

float c = coord.z;

Sets c to 7.0

float d = coord.w;

Sets d to 9.0

Table 4.7 Accessing
components of a vector
using letters

To create subvectors of a vector, follow the dot with multiple letters. These letters can
be provided in any order and can be repeated. The code in table 4.8 shows how to create subvectors of following vector:
float4 coord = (float4)(5.0, 7.0, 9.0, 11.0);
Table 4.8

Creating subvectors from a vector using letters
Code

Result

float2 e = coord.xy;

Sets e to (5.0, 7.0)

float2 f = coord.zx;

Sets f to (9.0, 5.0)

float3 g = coord.yyx;

Sets g to (7.0, 7.0, 5.0)

float4 h = coord.wwwx;

Sets h to (11.0, 11.0, 11.0, 5.0)
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You can modify vector components using x, y, z, and w just as you can using numerical
indices. The code in table 4.9 shows how to modify components of the following vector:
float4 coord = (float4)(7.0, 9.0, 11.0, 13.0);
Table 4.9

Modifying elements of a vector using letters
Code

Result

coord.x = 2.0;

Sets first element to 2.0

coord.zy = (float2)(4.0, 3.0);

Sets third, second elements to (4.0, 3.0)

coord.wzx =
(float3)((float2)(4.0,3.0),2.0);

Sets fourth, first, second elements to

coord.wzyx = coord.s3210

Leaves the vector unchanged

(4.0, 3.0, 2.0)

The last line uses letter-indexing and number-indexing in a single assignment.
OpenCL has no problem with this, but you can’t use letters and numbers in the same
index. Expressions like vec.xy12 will produce an error.
HI, LO, EVEN, ODD

The last method of accessing components uses the suffixes .hi, .lo, .even, and .odd.
Each identifies half of a vector’s components, and they’re defined as follows:
■
■
■
■

.hi—Components in the upper half (indices equal to N/2, N/2 + 1 ... N–1)
.lo—Components in the lower half (indices equal to 0, 1, ... N/2–1)
.even—Even elements
.odd—Odd elements

For vectors with an even number of elements, these are all straightforward. Vectors
with three elements are treated like four-component vectors with an undefined fourth
component. Therefore, in a three-component vector, the middle component is considered part of the lower half.
The .hi, .lo, .even, and .odd suffixes can be used to both access and modify components inside a vector. The code in table 4.10 shows how this works for the following
vector:
ushort8 shorts = (ushort8)(0, 10, 20, 30, 40, 50, 60, 70);
Table 4.10

Accessing and modifying elements of a vector using hi, lo, even, odd
Code

Result

ushort4 a = shorts.hi;

Sets a to (40, 50, 60, 70)

ushort4 b = shorts.lo;

Sets b to (0, 10, 20, 30)

ushort4 c = shorts.even;

Sets c to (0, 20, 40, 60)

ushort4 d = shorts.odd;

Sets d to (10, 30, 50, 70)
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Accessing and modifying elements of a vector using hi, lo, even, odd (continued)
Code

Result

ushort8 e = (ushort8)(a, b);

Sets e to (40, 50, 60, 70, 0, 10, 20, 30)

shorts.odd = (ushort4)(shorts.s2);

Sets odd elements to 20

shorts.hi = (ushort4)(5, 15, 25, 35);

Sets upper half to (5, 15, 25, 35)

shorts.even = shorts.odd;

Sets even elements to odd elements

With these suffixes, you can easily code routines that rearrange values, such as matrix
transposes and sorting routines. Further, because each suffix always affects half of a
vector, you can apply the same routines to vectors of different types and widths.

4.4.4

Endianness and memory access
In section 4.2, we examined how bytes are ordered within a scalar. If a device is littleendian, the most-significant byte will have a higher memory address than the leastsignificant byte. If a device is big-endian, the reverse is true.
Vector storage follows a similar methodology. Figure 4.5 shows how data inside a
uint4 is stored on little-endian and big-endian devices.
If you access vector components using the indexing methods described earlier, endianness won’t make a difference. But if you access vector data using memory operations,
the results will change depending on whether the device is big-endian or little-endian.
This is shown in the following listing, which initializes a uint4 and uses memory
operations to place its bytes into a uchar16.
__kernel void vector_bytes(__global uchar16 *test) {

uint4 vec = (vec4)(0x00010203, 0x04050607,
0x08090A0B, 0x0C0D0E0F);
Storage on a little-endian device:

03

02

01

00

07

06

05

04

09

0xFF08

0xFF04

0xFF00

0B 0A

08

0F

0E 0D 0C

0xFF0C

Storage on a big-endian device:

00

01

0xFF00
Figure 4.5

02

03

04

05

0xFF04

06

07

08

09

0A 0B 0C 0D 0E

0xFF08

Vector storage on little-endian and big-endian systems

0xFF0C

0F
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Listing 4.4 Displaying bytes of a vector: vector_bytes.cl
uint4 vec = (global uint4)(0x00010203, 0x04050607,
0x08090A0B, 0x0C0D0E0F);
uchar *p = &vec;
*test = (uchar16)(*p, *(p+1), *(p+2), *(p+3), *(p+4), *(p+5),
*(p+6), *(p+7), *(p+8), *(p+9), *(p+10), *(p+11), *(p+12),
*(p+13), *(p+14), *(p+15));
}

On my little-endian system, the output of the vector_bytes application is as follows:
0x3, 0x2, 0x1, 0x0, 0x7, 0x6, 0x5, 0x4, 0xB, 0xA, 0x9, 0x8, 0xF, 0xE, 0xD, 0xC

Because of the different data storage on big-endian and little-endian devices, it’s
important to know how to test a device’s endianness. As discussed earlier, if a device is
little-endian, OpenCL defines a macro called __ENDIAN_LITTLE__. This macro is
undefined for kernels running on big-endian devices.
Now that you know how scalars and vectors are stored in device memory, it’s time to
look at where these data structures are stored. The next section will discuss OpenCL’s
device memory model and the different ways you can constrain the storage of kernel
data.

4.5

The OpenCL device model
In our example kernel from section 4.1, the __global modifier precedes the data types
of the function’s parameters. This modifier serves a purpose similar to the automatic
modifier in ANSI C—both specify where the data should be stored. In OpenCL,
__global is called an address space modifier because any pointer it modifies will be stored
in the global address space, also known as global memory. Every kernel argument that
references memory must have an address space modifier.
This section discusses OpenCL address spaces in detail, placing emphasis on how
they’re accessed in code. But first, it’s important to see how this memory is used by the
work-items and work-groups introduced in the preceding chapter. The relationship
between work-items, work-groups, and memory is one of the hardest aspects of
OpenCL to comprehend, but it’s absolutely essential to understand. Therefore, before
we get into technical details, I’d like to present an analogy of how OpenCL devices
process kernels.

4.5.1

Device model analogy part 1: math students in school
To grasp my analogy, you need to understand what my math classes were like in middle school. My math teacher would assign thirty problems to her thirty students every
day, but she didn’t check all 900 answers. Instead, she assigned a number to each of us,
and we’d go to the front of the class and copy our work from our notebook to the
blackboard. The teacher would look over our solutions, and if she liked what she saw,
we’d get a good grade. Clever, huh?
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Here’s the analogy: an OpenCL device is like a school composed of classrooms like
mine. Each classroom contains students performing math problems. Each student has
their own notebook, and every student in a class shares the blackboard. Students in
the same class can work together at their blackboard, but students in different classes
can’t work together.
Here’s where it gets tricky: none of these classrooms has a teacher. Also, every student in the school works on the same math problem, but with different values. For
example, if the problem involves adding two numbers, one student might add 1 + 2,
another might add 3 + 4, and another might add 5 + 6. When all the students in a
classroom complete their processing, they can leave. Then the blackboard will be
erased and a new class of students will come in and work on the same problem as the
preceding class, but with different values.
Each student entering a class automatically knows what problem they’ll be solving,
but they have no idea what values they’ll be working with. The blackboard in each
classroom is initially blank, so the students need to go to a central blackboard that
contains values for the entire school. This central blackboard is much larger than the
blackboards in the classrooms, but because of the long hallway, it takes quite a bit of
time for students to read its values. Figure 4.6 depicts the relationship between classes,
classrooms, students, notebooks, and blackboards.
For most math problems, each student will go to the central blackboard only
twice—once to read the values for their problem and once to jot down their final

Central blackboard

Classroom

Class

Class
blackboard
Student

Notebook

Figure 4.6

School of math students in OpenCL device analogy
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answer. Because the central blackboard is so far away, students do their actual solving
using their notebooks and classroom blackboards. Once all of the final answers are on
the central blackboard, the school day is over.
Students in different classes can’t talk to one another, so the students in Class 1
won’t know when the students in Class 2 have finished. The only way to be certain that
a class has finished is when the school day ends.
It’s important to make the distinction between a classroom and a class. A classroom
is a physical area with a blackboard. A class is a group of students that occupy a classroom. As one class leaves a classroom, another can enter.
To keep things organized, each class has an identifier that distinguishes it from
every other class. Each student has two identifiers: one that distinguishes it from every
other student in the class, and one that distinguishes it from every other student in
the school. As an example, a student may have a Class ID of 12 and a School ID of 638.

4.5.2

Device model analogy part 2: work-items in a device
In my analogy, the school corresponds to an OpenCL device and the math problem
represents the kernel. Each classroom corresponds to a compute unit (processing
core), and just as each classroom can be occupied by a class, each compute unit can
be occupied by a work-group. That is, classes correspond to work-groups and students
correspond to work-items. Figure 4.7 depicts this graphically.

Global/constant memory

Compute
unit

Work-group

Local
memory

Work-item

Private
memory

Figure 4.7

OpenCL device model
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Now let’s talk about memory. The OpenCL device model identifies four address spaces:
■

■
■
■

Global memory—Stores data for the entire device and can be read from and written to
Constant memory—Similar to global memory, but is read-only
Local memory—Stores data for the work-items in a work-group
Private memory—Stores data for an individual work-item

Some devices provide memory specifically for constant data, but in many cases, the
constant address space is the same memory region as the global address space. For
this reason, these two address spaces are frequently lumped together.
In my analogy, the central blackboard corresponds to global/constant memory,
which can be read from and written to by both the host and the device. When the host
application transfers a buffer object to the device, the buffer’s data is stored in global/
constant memory. When the host reads a buffer object from a device, the data comes
from the device’s global memory. Global/constant memory is commonly the largest
memory region on an OpenCL-compliant device, but it’s also the slowest for workitems to access.
Work-items can access local memory much faster (~100x) than they can access
global/constant memory, and this corresponds to the blackboards in each classroom.
Local memory isn’t nearly as large as global/constant memory, but because of the
access speed, it’s a good place for a work-item to store intermediate results during its
execution of a kernel. Just as students in the same class can work together on the
blackboard, work-items in the same work-group can access the same block of local
memory. Work-items in different classes can never access the same local memory.
The private memory in an OpenCL device corresponds to the notebook each student uses to solve a math problem. Each work-item has exclusive access to its private
memory, and it can access this memory faster than it can access local memory or
global/constant memory. But this address space is much smaller than any other
address space, so it’s important not to use too much of it.
When I first started using OpenCL, I wondered how many work-items could be
generated for a kernel. As I hope this analogy has made clear, you can generate however many work-items and work-groups you like. But if the device only contains M
compute units and N work-items per work-group, only MN work-items will execute the
kernel at any given time.
NOTE

You can determine the size of a device’s address spaces by calling

clGetDeviceInfo with CL_DEVICE_GLOBAL_MEM_SIZE, CL_DEVICE_GLOBAL_
MEM_CACHE_SIZE, CL_DEVICE_MAX_CONSTANT_BUFFER_SIZE, or CL_DEVICE_
LOCAL_MEM_SIZE.

4.5.3

Address spaces in code
Every kernel argument must have a qualifier that identifies its address space. These
are the four qualifiers:

The OpenCL device model
■
■

■
■
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__global—The argument’s data will be placed in global memory
__constant—The argument’s data will be stored in global, read-only memory

(if available)
__local—The argument’s data will be stored in local memory
__private—The argument’s data will be stored in private memory (default)

These qualifiers are important to understand, and not just because of memory access
speed. If you don’t use them properly, your code won’t compile. For example, if two
pointers reference memory stored in different address spaces, they can’t be cast to
one another. We’ll look at each of these address spaces in turn.
THE __GLOBAL QUALIFIER

Every kernel argument in this chapter’s example code has been stored in global memory with the __global qualifier. In our earlier code examples, the types of the vector
arguments are __global char16* and __global uchar16*. This __global qualifier
can be used for all kernel arguments, not just pointers.
In addition to arguments, __global can qualify pointer variables declared within a
kernel. This is shown in the following code:
__kernel void kernel_func(__global float *f) {
__global uint *x = 5;
f = (global float*)x;
}

Here, the cast from x to f is only possible because both pointers reference global
memory. If *x was declared as __local, the cast would not be possible. Also, if x wasn’t
a pointer, this code couldn’t compile. Inside a kernel, the __global qualifier can only
be used with pointer variables.
THE __CONSTANT QUALIFIER

It may seem odd to have a separate qualifier for read-only data, but a number of
devices, such as AMD’s Evergreen GPUs, have cache registers dedicated to holding
constants. Kernel arguments and variables declared within a kernel can be qualified
with __constant. String literals are stored as constants and any attempt to modify constant data produces an error.
The __constant qualifier makes data available to every work-item processing a kernel. In addition, constant data is global to the entire program, not just a single kernel.
It must be initialized before use.
THE __LOCAL QUALIFIER

If data needs to be shared among work-items in a work-group, but not shared with
other work-groups, it should be declared with the __local qualifier. This data will be
allocated once for each work-group processing the kernel. It’s deallocated as each
work-group completes its processing.
The __local qualifier can be used for kernel arguments and variables declared
within a kernel, but local variables in a kernel can’t be directly initialized, either by the
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host or the device. For example, the following code inside a kernel function will produce an error:
__local float x = 4.0;

The following code will work instead:
__local float x;
x = 4.0;
THE __PRIVATE QUALIFIER

If a kernel argument or variable doesn’t have an address space qualifier, it’s stored in
private memory. This includes all variables and arguments of non-kernel functions.
Private data is allocated for each work-item processing a kernel.
If a pointer variable doesn’t have a qualifier, it will be set to reference private memory. But image2d_t and image3d_t pointers are always global. We’ll examine these
data structures in chapter 6, which presents the topic of OpenCL image processing.

4.5.4

Memory alignment
If you’ve ever looked at the memory addresses of your data, you may notice that your 32bit structures, such as ints and floats, are always stored at memory addresses that are
multiples of 0x4, such as 0xFFF0, 0xFFF4, 0xFFF8, and 0xFFFC. For this reason, we say
that 32-bit structures are aligned on 4-byte boundaries. 64-bit structures, such as longs
and doubles, are stored at addresses that are multiples of 0x8. We say that 64-bit structures are aligned on 8-byte boundaries.
There’s an algorithm for this: when a data structure is stored, its memory alignment is set to the smallest power of two that’s greater than or equal to the data’s size.
For example, a float3 contains 12 bytes. This vector will be stored on a 16-byte
boundary because 16 is the smallest power of 2 greater than or equal to 12.
You can control data alignment with the aligned attribute, which can only be used
when the data is declared. The aligned keyword must be preceded by __attribute__,
and the following declaration shows how this works:
short x __attribute__ ((aligned(4)));

This states that x, which would normally be aligned on a 2-byte boundary, should
instead be aligned on a 4-byte boundary. The alignment factor must be a power of 2.
Now that you understand OpenCL’s device model and its address spaces, you’re
ready to learn how to configure kernel arguments that lie outside the global/constant
address space. That’s the topic of the next section.

4.6

Local and private kernel arguments
Every kernel argument we’ve dealt with has been declared as __global and has been
transferred from the host as a memory object. But you don’t have to rely on memory
objects to form kernel arguments. You can configure arguments in a device’s local and
private spaces by configuring clSetKernelArg correctly. This function is central to the
discussion in this section, so let’s review its signature:
clSetKernelArg (cl_kernel kernel, cl_uint index, size_t size,
const void *value)

Local and private kernel arguments
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The last parameter, value, identifies the data that will be sent to the device as a kernel
argument. So far, the example code has always set this to point to a memory object,
and the corresponding kernel argument must be declared as __global or
__constant. Data in the global and constant spaces is easy to work with, but compared
to local or private data, the memory bandwidth is much slower.
For this reason, it’s important to know how to configure kernel arguments in the
local and private address spaces. This section explains both procedures.

4.6.1

Local arguments
If you transfer data to a kernel using a memory object, you can’t set the kernel argument’s specifier to __local. If you attempt this, you’ll receive a runtime error whose
code is –50: CL_INVALID_ARG_VALUE. As it turns out, the host can’t directly access a
device’s local memory. That is, a host application can neither read nor write data in
local memory space.
But a host application can tell the device to allocate local memory for a kernel
argument. To configure this in code, set the last argument of clSetKernelArg to
NULL. For example, the following code, executed by the host, configures a local argument to occupy space sufficient to hold 16 floats:
clSetKernelArg(kernel, 0, 16*sizeof(float), NULL);

Now you can have __local arguments in your kernel. For example, given the preceding code, your kernel function could look like this:
__kernel void proc_data(__local float* nums, ...) {
...
}

Work-items can access local memory faster than global memory, so it’s a good idea to
have them read global memory into local memory and process the data there. Then,
when the work-items have finished processing the local data, they can write the
results to global memory, which can be transferred back to the host. The code examples in Chapters 10 through 14 demonstrate how local memory is used in practical computation.
Besides speed, local memory also has the advantage of being available to every workitem in a work-group. This means you can have multiple work-items processing the same
data, thereby improving performance. Synchronization is an important priority in many
applications, and chapter 7 discusses work-item synchronization in detail.

4.6.2

Private arguments
Private memory can only be accessed by a single work-item, and this memory access is
even faster than local memory access. But private memory is usually small compared
to local and global memory.
Unlike local data, a kernel’s private data can be initialized by a host application. To
configure this in code, the host needs to make the last parameter of clSetKernelArg
a pointer to primitive data: an int*, float*, char*, and so on.
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For example, suppose you want each work-item to be able to access its own copy of
an int called num_iterations, and you want the initial value to be 4. You can specify
this in the host application with the following code:
int num_iterations = 4;
clSetKernelArg(kernel, 0, sizeof(num_iterations), &num_iterations);

Then your kernel function should look similar to the following:
__kernel void proc_data(int num_iters, ...) {
...
}

There are two points to note about this function’s argument. First, it has no address
space specifier like __global or __local. This means that num_iters will be stored in
the device’s private address space and each work-item will have its own copy. Second,
unlike every other kernel argument we’ve seen, num_iters isn’t a pointer. Private
kernel arguments can’t be references—they must be simple primitives like int
and float.
If you’re familiar with the distinction between pass-by-value data and pass-byreference data in regular C, it should be clear that global/constant data is passed to
kernels by reference and private data is passed to kernels by value. If the host sends
data to the kernel as part of a memory object, it can read back the modified data. If
the host sends data as a simple primitive, it can’t read that data back.
Private kernel arguments must be primitives, but they don’t have to be scalars. You
can also send data that the kernel should interpret as a vector type. For example, let’s
say you want to send four floats to the kernel, and you want the floats to be placed
in the device’s private address space so they can be accessed quickly. Then, in the host
application, you could add code such as the following:
float nums[4] = {0.0f, 1.0f, 2.0f, 3.0f};
clSetKernelArg(kernel, 0, sizeof(nums), nums);

The kernel can’t access the private data as a four-element array because private arguments can’t be pointers. But the data can be accessed as a float4 vector, as shown in
the following kernel function:
__kernel void proc_data(float4 values, ...) {
...
}

The relationship between clSetKernelArg and the arguments of a kernel function is
one of the most important but least understood aspects of OpenCL. Global/constant
data and memory objects are simple to work with, but when you need high performance, you’re better off making sure work-items process data in local and private
memory. You’ll see this again in chapter 10 and later chapters, where we’ll use
OpenCL to perform practical, time-critical tasks.

Summary

4.7
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Summary
Programming an OpenCL kernel is a lot like programming a regular C function, but
there are a few important differences. First, each kernel must be identified with
__kernel and the function must return void. Second, OpenCL doesn’t support all of
the old data types, but it does provide new ones. Finally, OpenCL models devices in
such a way that you can constrain which address space is used to store kernel data.
OpenCL’s scalar data types present only a couple of complications. You can still
code with chars, shorts, ints, floats, and longs, but you can only declare doubles
and halfs if they’re supported on the device. When it comes to floating-point processing, OpenCL supports many aspects of the IEEE-754 standard, but not all of them. If
you intend to port code to OpenCL, you should know which capabilities are available
and which aren’t.
Of all the vector data types I’ve dealt with, OpenCL’s vectors are the simplest to
work with. The data type that holds four floats is simply called float4. Initializing a
vector’s content is like initializing an array, and accessing the components of a vector
is easy—you can use numbers (.s0, .s1, .s2, ... .sF), letters (x, y, z, and w), and suffixes that return half of the vector’s components (.hi, .lo, .even, and .odd).
OpenCL’s memory model may seem frightening at first glance, but once you
understand the operation of work-groups and work-items, you’ll see why the different
address spaces are necessary. The global address space stores data for the entire
device, the constant address space stores read-only data, the local address space stores
data for a specific work-group, and the private address space stores data for a specific
work-item. OpenCL provides qualifiers that allow you to specify which address space a
variable or function argument should be stored in.
The last part of this chapter discussed the different ways you can configure kernel
arguments in OpenCL. If you invoke clSetKernelArg with a pointer to a memory object,
then the corresponding kernel argument must be a pointer declared as __global or
__constant. If you invoke clSetKernelArg with NULL, the corresponding kernel argument must be a pointer declared as __local. If you invoke clSetKernelArg with a
pointer to primitive data, the kernel argument won’t be a pointer and it won’t have any
address space specifier.
This chapter has covered OpenCL data in detail, but there’s been no discussion of
all the different ways you can operate on this data. The next chapter will discuss
OpenCL’s operators and functions in detail, and we’ll put these vector types to work.
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