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Open Computing Language (OpenCL)
The open standard for developing cross-platform, vendor
agnostic, parallel programs that run on current and future
multi-core processors within workstations, desktops,
notebooks and embedded devices.
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• Historical Background
• Anatomy of OpenCL
• OpenCL Architecture
• Examples of Using OpenCL
• Questions & Comments

Course Outline
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Historical Background
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Modern Architectures

CPU

Multi-Core CPUs Massively Multi-Core GPUs

GPU
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Wheel of Reincarnation
T. H. Myer and I. E. Sutherland. 1968. On the design of display processors. 

Commun. ACM 11, 6 (June 1968), 410-414.

Special-Purpose
Hardware

Integrated
Hardware

General-Purpose
Hardware
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ATI  
Close-to-Metal (CTM)

Nov 2006

Feb 2007

NVIDIA  
Compute Unified Device Architecture 

(CUDA)

AMD/ATI  
 Stream SDK (Brook+)

Dec 2007Dec 2003

Stanford  
Brook for GPUs

Aug 2004

Waterloo  
Metaprogramming 

GPUs with Sh

Dec 2008

Khronos
Ratified OpenCL v1.0

Jun 2008

Apple
Propose OpenCL

Apple
OSX 10.6 w/OpenCL

Aug 2009

NVIDIA  
OpenCL v1.0 SDK

Sep 2009

AMD/ATI  
 OpenCL v1.0 SDK

Dec 2009

IBM  
OpenCL v.10 SDK

Jun 2010

....

Khronos
Ratified OpenCL v1.1

Timeline of Compute-Oriented Technology
Milestones for Massively Multi-Core Processors
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   Data-Parallel   Task-Parallel

Application

  GraphicsSerial

Need efficient use of all system resources to enable 
scalable high-performance applications

Multi-Core CPUs Massively Multi-Core GPUs
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Enable Heterogenous Processing 
-- right now on current hardware for real applications 
-- drive the future of software & hardware

Motivation for OpenCL
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Enable all compute resources in system
• CPUs, GPUs, and other processors 
• Data- and task- parallel compute model

Efficient parallel programming model
• ANSI C99 based kernel language

Design Goals
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Low-level abstraction for compute devices 
• Avoid specifics of the hardware
• Enable high performance 
• Support device independence

Design Goals
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Consistent results on all platforms
• Well-defined precision requirements for 

all floating-point computations

Interoperability with Graphics APIs
• Dedicated support for OpenGL, 

OpenGL-ES and DirectX

Design Goals
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Drive future hardware requirements
• For both consumer-level and high-

performance computing applications
• Be prepared for the next spin on the 

wheel of reincarnation

Design Goals
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Language Specification
Platform Specification
Runtime Specification

Anatomy of OpenCL
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devices

Scalar Storage Types
Data Types for the OpenCL Framework

void      - incomplete type corresponding to empty set

cl_char   - 8bit signed two’s complement integer value
cl_uchar  - 8bit unsigned integer

cl_short  - 16bit signed two’s complement integer value
cl_ushort - 16bit unsigned integer

cl_int    - 32bit signed two’s complement integer value
cl_uint   - 32bit unsigned integer

cl_long   - 64bit signed two’s complement integer value
cl_ulong  - 64bit unsigned integer value

cl_half   - half precision floating-point value (IEEE 754-2008)
cl_float  - full precision floating-point value (IEEE 754)
cl_double - double precision floating-point value (IEEE 754)(opt)
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devices

Vector Storage Types
Data Types for the OpenCL Framework

         N - Supported values of N are 2,4,8,16.

cl_charN   - 8bit signed two’s complement integer value
cl_ucharN  - 8bit unsigned integer

cl_shortN  - 16bit signed two’s complement integer value
cl_ushortN - 16bit unsigned integer

cl_intN    - 32bit signed two’s complement integer value
cl_uintN   - 32bit unsigned integer

cl_longN   - 64bit signed two’s complement integer value
cl_ulongN  - 64bit unsigned integer value

cl_halfN   - half precision floating-point value (IEEE 754-2008)
cl_floatN  - full precision floating-point value (IEEE 754)
cl_doubleN - double precision floating-point value (IEEE 754)(opt)
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devices

Object Types
Data Types for the OpenCL Framework

cl_platform_id    - identifier for a specific platform
cl_device_id      - identifier for a specific compute device
cl_context        - handle for a compute context
cl_command_queue  - handle for a command queue (for a specific compute device)
cl_mem            - handle for a memory resource (managed by the context)
cl_program        - handle for a program resource (library of kernels)
cl_kernel         - handle for a compute kernel (compiled

All object types are opaque handles
Enables cross-platform compatibility for complex data types

All objects are reference counted and garbage collected
When reference count reaches zero, object is deallocated
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Enqueue Command Methods
Conventions for the OpenCL Framework

!
cl_int clEnqueueMethod(cl_command_queue, /* command queue */,
                       ...               /* method specific parameters */,
                       cl_uint *         /* number of events in wait list */,
                       const cl_event *  /* event wait list */,
                       cl_event *        /* returned event */) 

All enqueue methods return an error code
Method returns CL_SUCCESS if command was enqueued successfully

All enqueue methods support an event wait-list
Command will not get executed until all events in list are complete

All enqueue methods return an event for the command
Returned event identifies the specific command that was enqueued
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Create Object Methods
Conventions for the OpenCL Framework

!
cl_object clCreateMethod(cl_context /* compute context */,
                         ...        /* method specific parameters */,
                         cl_int *   /* returned error code */) 

All object creation methods return an object handle
Method returns an invalid object if creation fails

All object creation methods require a compute context
Objects and resources are managed in a context

All object creation methods optionally return an error code
Returned value identifies any errors that were encountered
Value is set to CL_SUCCESS if object was created successfully
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Object Property Methods
Conventions for the OpenCL Framework

!
cl_int clGetObjectInfo(cl_object       /* handle of object to examine */,
                       cl_object_info  /* enumerated property to retrieve */,
                       size_t          /* requested size of property type */,
                       void *          /* returned property value */,
                       size_t *        /* returned size of property type */) 

All property methods require an object and property
Enumerated property correspond to named properties (eg CL_DEVICE_NAME)
Method returns CL_SUCCESS if property was returned successfully

All property methods require a pointer and type size
Storage pointer must match property type and large enough for requested type size

All property methods optionally return a type size
Size may be less than requested depending on property request (eg list of values)
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Management Methods
Conventions for the OpenCL Framework

All retain / release object methods return an error code
Method returns CL_SUCCESS if operation was successfully

All retain methods increment the object reference count
Reference count determines life span and is set to one upon creation of object

All release methods decrement the object reference count 
When reference count reaches zero, object is deallocated

!
cl_int clRetainObject( cl_object      /* handle of object to retain */ ) 

!
cl_int clReleaseObject( cl_object      /* handle of object to release */ ) 
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ANSI ISO C99-based kernel language 
• Familiar to developers 
• Some extensions & restrictions
• Includes a rich set of built-in functions
• Supports online & offline compilation

OpenCL Language
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__kernel void square(                                                       
   __global float* input, __global float* output)                                           
{                                                                      
   size_t i = get_global_id(0);                                           
   output[i] = input[i] * input[i];                                
}                                                                      

Kernel Language
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Well-defined numerical precision
• All math functions have numerical 

accuracy requirements
• IEEE 754 floating-point rounding w/

limits on max error

OpenCL Language
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Hardware abstraction layer
• Supports a diverse set of resources
• Query, select and setup devices
• Create compute contexts
• Low-level device agnostic

OpenCL Platform
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Management interface for resources
• Query, select and setup devices
• Create and manage compute contexts
• Allocate, read and write memory objects
• Fill and manage command queues
• Synchronise devices and execute work

OpenCL Runtime
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// Fill our data set with random float values
int count = 1024 * 1024;
for(i = 0; i < count; i++)
    data[i] = rand() / (float)RAND_MAX;
    
// Connect to a compute device, create a context and a command queue
cl_device_id device;
clGetDeviceIDs(CL_DEVICE_TYPE_GPU, 1, &device, NULL);
cl_context context = clCreateContext(0, 1, & device, NULL, NULL, NULL);
cl_command_queue queue = clCreateCommandQueue(context, device, 0, NULL);
!
// Create and build a program from our OpenCL-C source code
cl_program program = clCreateProgramWithSource(context, 1, (const char **) &src, NULL, NULL);
clBuildProgram(program, 0, NULL, NULL, NULL, NULL);
    
// Create a kernel from our program
cl_kernel kernel = clCreateKernel(program, "square", NULL);

// Allocate input and output buffers, and fill the input with data
cl_mem input = clCreateBuffer(context,  CL_MEM_READ_ONLY,  sizeof(float) * count, NULL, NULL);
cl_mem output = clCreateBuffer(context, CL_MEM_WRITE_ONLY, sizeof(float) * count, NULL, NULL);
clEnqueueWriteBuffer(queue, input, CL_TRUE, 0, sizeof(float) * count, data, 0, NULL, NULL);

// Get the maximum number of work items supported for this kernel on this device
size_t global = count; size_t local = 0;
clGetKernelWorkGroupInfo(kernel, device, CL_KERNEL_WORK_GROUP_SIZE, sizeof(int), &local, NULL);

// Set the arguments to our kernel, and enqueue it for execution
clSetKernelArg(kernel, 0, sizeof(cl_mem), &input);
clSetKernelArg(kernel, 1, sizeof(cl_mem), &output);
clSetKernelArg(kernel, 2, sizeof(unsigned int), &count);
clEnqueueNDRangeKernel(queue, kernel, 1, NULL, &global, &local, 0, NULL, NULL);

// Force the command queue to get processed, and wait until all commands are complete
clFinish(queue);
    
// Read back the results
clEnqueueReadBuffer( queue, output, CL_TRUE, 0, sizeof(float) * count, results, 0, NULL, NULL );  
    
// Validate our results
int correct = 0;
for(i = 0; i < count; i++)
    correct += (results[i] == data[i] * data[i]) ? 1 : 0;
    
// Print a brief summary detailing the results
printf("Computed '%d/%d' correct values!\n", correct, count);

Host Application
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Platform Model
Execution Model
Memory Model
Programming Model

OpenCL Architecture
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Platform Model

Platform model encapsulates compute resources
Hierarchy of compute units logically grouped together based on locality
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Platform Model
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One host connected to one or more compute device(s)
Compute device could be a CPU, GPU, or other processor.

compute device
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Platform Model
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compute unit

Each compute device composed of one or more units
A compute unit may be a core, array multi-processor, streaming multiprocessor, etc.

compute device
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processing elements

interconnect

Each unit has one or more processing element(s)
Processing elements execute instructions together (eg. SIMD or SPMD)

compute device

compute unit

Platform Model
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devicesapplication context

Application needs access to compute resources in system 
Execution model defines the interaction between the host application and a device

devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

Execution Model
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devicesapplication context

Context encapsulates resources into a logical grouping
Think of this as a container of compute resources for your application

devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

Execution Model
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devicesapplication context

devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

memory programs queues

Memory, programs, and queues are owned by the context
Provides a container that localises allocations into a central store
Also, enables transparent sharing with OpenGL / OpenGL-ES / DirectX

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

buffers

memory

images

programs queues

Memory allocations can be raw bytes or formatted images
Buffers are basically the same as a malloc in C99 -- contiguous allocation of bytes
Images provide a direct path to texture hardware and support sampling, filtering, etc.

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

buffers

memory

images

programs queues

Memory is accessible for all devices in context
However, synchronisation is required to get expected results!

Execution Model



/dev/world/2010
Rydges Melbourne



/dev/world/2010
Rydges Melbourne



/dev/world/2010
Rydges Melbourne



/dev/world/2010
Rydges Melbourne

devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

buffers

memory

images

programs queues

Application uses context for moving data to/from host
All data transfers between host and device must be done explicitly! 

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

buffers

memory

images

programs

kernel

kernel

queues

Programs contain compiled kernel objects
Each program must be compiled for every type of device and/or instruction set

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

buffers

memory

images

programs

kernel

kernel

queues

devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

buffers

memory

images

programs

kernel

kernel

queues

Command queues provide asynchronous execution
Enqueue commands onto a command queue to do work (sometime later)

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

buffers

memory

images

programs

kernel

kernel

queues

Queues can be processed in-order or out-of-order
In-order queues are default -- commands run when preceding entries are complete
Out-of-order queues require explicit synchronisation via events and wait-lists

Execution Model
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Queues are directly associated with a specific device
Submit commands to the associated queue to do work on a particular device

devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  ...
  }

context

buffers

memory

images

programs

kernel

kernel

queues

cmds

cmds

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  
  }

context

buffers

memory

images

programs

kernel

kernel

queues

cmds

cmds

clEnqueueWriteBuffer(CPU_QUEUE, ...);

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  
  }

context

buffers

memory

images

programs

kernel

kernel

queues

cmds

cmds

clEnqueueWriteBuffer(CPU_QUEUE, ...);
clEnqueueNDRangeKernel(GPU_QUEUE, ...);

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  
  }

context

buffers

memory

images

programs

kernel

kernel

queues

cmds

cmds

clEnqueueWriteBuffer(CPU_QUEUE, ...);
clEnqueueNDRangeKernel(GPU_QUEUE, ...);
clEnqueueNDRangeKernel(CPU_QUEUE, ...);

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  
  }

context

buffers

memory

images

programs

kernel

kernel

queues

cmds

cmds

clEnqueueWriteBuffer(CPU_QUEUE, ...);
clEnqueueNDRangeKernel(GPU_QUEUE, ...);
clEnqueueNDRangeKernel(CPU_QUEUE, ...);
clFinish(GPU_QUEUE, ...);

Execution Model
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devices

CPU

GPU

  int main(...) { 
  ...
  }

application

  int main(...) { 
  
  }

context

buffers

memory

images

programs

kernel

kernel

queues

cmds

cmds

clEnqueueWriteBuffer(CPU_QUEUE, ...);
clEnqueueNDRangeKernel(GPU_QUEUE, ...);
clEnqueueNDRangeKernel(CPU_QUEUE, ...);
clFinish(GPU_QUEUE, ...);
clEnqueueWriteBuffer(CPU_QUEUE, ...);

Execution Model
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devices__kernel void square(                                                       
   __global float* input, __global float* output)                                           
{                                                                      
   size_t i = get_global_id(0);                                           
   output[i] = input[i] * input[i];                                
}                                                                      

Compute Kernels
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devices__kernel void square(                                                       
   __global float* input, __global float* output)                                           
{                                                                      
   size_t i = get_global_id(0);                                           
   output[i] = input[i] * input[i];                                
}                                                                      

Compute Kernels

Compute kernels are just like exported dynlib methods
Required to have a void return type, and the __kernel qualifier
Compiled to native code for a specific device and stored in a program object
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devices

Work Distribution

Host application invokes a kernel over an index space
Index space is an N-dimensional range (where N is 1, 2, or 3)

NDRange

global size y

global size x
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devices

Work Distribution

NDRange

global size y

global size x

Work-Group

local size x

local size y

Work-Item Work-Item

Work-Item Work-Item

Global range is executed over local work-groups
Each work-group has a collection of work-items addressable via a globally unique id
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devices

Work Distribution

NDRange

global size y

global size x

Work-Group

local size x

local size y

Work-Item Work-Item

Work-Item Work-Item

Work-items share resources in a work-group
Mitigates communication costs for synchronisation -- group-wise barriers are cheap!
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Work Distribution

Kernels are executed across a domain of work-items
Global dimensions define range of computation

Work-items are logically organised into work-groups
Local dimensions define size of work-group

Work-groups are executed in parallel
Work-items in a work-group can communicate to each other
Must use synchronisation to coordinate memory access
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devices

Memory Model

 
  host

host memory

global / constant memory

local memory local memory

private 
memory

private 
memory

private 
memory

private 
memory

work-item 0 work-item M work-item 0 work-item M

Address space hierarchy
All address spaces are distinct and
cannot be intermixed
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devices

Memory Model

 
  host

host memory

global / constant memory

local memory local memory

private 
memory

private 
memory

private 
memory

private 
memory

work-item 0 work-item M work-item 0 work-item M

Private: 
private to a single work-item

Local: 
shared within a work-group

Global/Constant: 
globally accessible by any work-item

Host: 
accessible from host application
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devices

Memory Model

Data Transfer 
All data movement between address  
spaces must be done explicitly

Applications must move data to/from 
Host / Global  /  Local /  Private

 
  host

host memory

global / constant memory

local memory local memory

private 
memory

private 
memory

private 
memory

private 
memory

work-item 0 work-item M work-item 0 work-item M
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Data Consistency

Shared memory model uses relaxed consistency
State of memory visible to a work-item is not guaranteed to be consistent 
among all work-items at all times
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Data Consistency

If consistency is needed, synchronisation is required
Synchronisation of memory must be done explicitly across all levels of the 
memory hierarchy in order to get the same data to be visible at any given time
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devices__kernel void square(                                                       
   __global float* input, __global float* output)                                           
{                                                                      
   size_t i = get_global_id(0);                                           
   output[i] = input[i] * input[i];                                
}                                                                      

Compute Kernels

Built-in methods provide access to index space addresses
Use the get_global_id() built-in for globally unique addresses  
Use the get_group_id() for the logical group id spanning the ND-range
Use the get_local_id() for the local work-item address within a work-group
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Derek Gerstmann
University of Western Australia

w: http://local.wasp.uwa.edu.au/~derek
e: <derek.gerstmann [at] uwa.edu.au>

Questions?


