COMPATIBILITY PROFILE

Vertex Specification
Geometry
Shading

Vertex Shading
Tessellation
Rasterization

Uniforms, Shader

..  Vertex Data

.........................................................

Pixel Data

Fragment Shading

Storage, Atomic

Counters, etc.

COMPUTE ‘ ‘

SHADERS




The OpenGL® Graphics System:

A Specification
(Version 4.4 (Compatibility Profile) - October 18,
2013)

Mark Segal
Kurt Akeley

Editor (version 1.1): Chris Frazier
Editor (versions 1.2-4.4 ): Jon Leech
Editor (version 2.0): Pat Brown



Copyright (© 2006-2013 The Khronos Group Inc. All Rights Reserved.

This specification is protected by copyright laws and contains material proprietary
to the Khronos Group, Inc. It or any components may not be reproduced, repub-
lished, distributed, transmitted, displayed, broadcast or otherwise exploited in any
manner without the express prior written permission of Khronos Group. You may
use this specification for implementing the functionality therein, without altering or
removing any trademark, copyright or other notice from the specification, but the
receipt or possession of this specification does not convey any rights to reproduce,
disclose, or distribute its contents, or to manufacture, use, or sell anything that it
may describe, in whole or in part.

Khronos Group grants express permission to any current Promoter, Contributor
or Adopter member of Khronos to copy and redistribute UNMODIFIED versions
of this specification in any fashion, provided that NO CHARGE is made for the
specification and the latest available update of the specification for any version
of the API is used whenever possible. Such distributed specification may be re-
formatted AS LONG AS the contents of the specification are not changed in any
way. The specification may be incorporated into a product that is sold as long as
such product includes significant independent work developed by the seller. A link
to the current version of this specification on the Khronos Group web-site should
be included whenever possible with specification distributions.

Khronos Group makes no, and expressly disclaims any, representations or war-
ranties, express or implied, regarding this specification, including, without limita-
tion, any implied warranties of merchantability or fitness for a particular purpose
or non-infringement of any intellectual property. Khronos Group makes no, and
expressly disclaims any, warranties, express or implied, regarding the correctness,
accuracy, completeness, timeliness, and reliability of the specification. Under no
circumstances will the Khronos Group, or any of its Promoters, Contributors or
Members or their respective partners, officers, directors, employees, agents or rep-
resentatives be liable for any damages, whether direct, indirect, special or conse-
quential damages for lost revenues, lost profits, or otherwise, arising from or in
connection with these materials.

Khronos is a trademark of The Khronos Group Inc. OpenGL is a registered trade-
mark, and OpenGL ES is a trademark, of Silicon Graphics International.



Contents

1 Introduction 1
1.1 Formatting of the OpenGL Specification . . . . . . .. ... ... 1
1.1.1  Formatting of the Compatibility Profile . . ... ... .. 1

1.1.2  Formatting of Optional Features . . . . . ... ... ... 1

1.2 What is the OpenGL Graphics System? . . . ... ... ... .. 2
1.2.1 Programmer’s View of OpenGL . . . . .. ... ... .. 2

1.2.2  Implementor’s View of OpenGL . . . . . . .. ... ... 2

123 OurView . . . . .. ... 3

1.2.4  Fixed-function Hardware and the Compatibility Profile . . 3

1.2.5 The Deprecation Model . . .. .. ... ... ...... 3

1.3 Related APIs . . . ... ... .. .. .. ... . ... 4
1.3.1 OpenGL Shading Language . . ... ... ........ 4

132 OpenGLES . . ... .. ... . ... . ... ... 4

1.3.3  OpenGL ES Shading Language . . ... ... ... ... 5

134 WebGL . . ... ... ... ... ... 5

1.3.5 Window System Bindings . . . . ... .......... 6

136 OpenCL . ... ... ... . ... ... .. .. ... 6

1.4 FilingBugReports . . ... ... ... ... ... ... 7
2 OpenGL Fundamentals 8
2.1 ExecutionModel . . ... ... ..o 8
2.2 Command Syntax . . . . . . . . .. ... 10
2.2.1 Data Conversion For State-Setting Commands . . . . . . 12

2.2.2  Data Conversions For State Query Commands . . . . . . 14

2.3 Command Execution . . .. ... ... ... ... ....... 15
231 Errors . . . ... 15

2.3.2 FlushandFinish . ... ... .. ..., ........ 18

2.3.3  Numeric Representation and Computation . . . . . . . . . 18

2.3.4 Fixed-Point Data Conversions . . . . .. ... ...... 22



CONTENTS ii

24 Rendering Commands . . .. ................... 24
2.5 ContextState . . . . . . . ... 24
2.5.1 Generic Context State Queries . . . . . ... ... .... 25

2.6 Objects and the Object Model . . . . ... .. ... ... .... 25
2.6.1 Object Management . . . .. ... ............ 25

2.6.2 BufferObjects . .. ... ... ... ... ... ... 27

2.6.3 ShaderObjects . . . .. ... ... .. ... ....... 27

2.64 Program Objects . . . . . . .. ... ... ... ... 27

2.6.5 Program Pipeline Objects . . . ... ... ........ 27

2.6.6 Texture Objects . . . . . . . . . . . . ... 27

2.6.7 SamplerObjects . . . . ... .. ... .. ........ 28

2.6.8 Renderbuffer Objects . . . . . . ... ... ........ 28

2.6.9 Framebuffer Objects . . . . ... ... ... ....... 28
2.6.10 Vertex Array Objects . . . . . . . . ... .. ... .... 29
2.6.11 Transform Feedback Objects . . . . . .. ... ... ... 29
2.6.12 Query Objects . . . . . . . . . ... ... 29
2.6.13 SyncObjects . . . . . . ... 29
2.6.14 DisplayLists . . . . . . ... ... ... ... ... 30

3 Dataflow Model 31
4 Event Model 34
4.1 SyncObjectsandFences . . .. ... ... ............ 34
4.1.1 Waiting for Sync Objects . . . . . ... ... ... .... 36

412 Signaling . ... ... ... ... 38

4.1.3 Sync Object Queries . . . . . ... ... ... ...... 38

4.2 Query Objects and Asynchronous Queries . . . . . ... ... .. 39
4.2.1 Query Object Queries . . . . . .. ... ... ...... 43

43 Time QUErIES . . . . . . . v v v i e e e 46
5 Shared Objects and Multiple Contexts 48
5.1 Object Deletion Behavior . . . . . ... ... ... ...... .. 49
5.1.1 Side Effects of Shared Context Destruction . . . .. . .. 49

5.1.2  Automatic Unbinding of Deleted Objects . . . ... ... 49

5.1.3 Deleted Object and Object Name Lifetimes . . . . . . .. 49

5.2 Sync Objects and Multiple Contexts . . . . . ... ... ..... 50
5.3 Propagating Changes to Objects . . . . . . .. ... ... .... 50
5.3.1 Determining Completion of Changes to an object . . . . . 52

5.32 Definitions . . . . . . ... oL 52

533 Rules . ... ... L 52

OpenGL 4.4 (Compatibility Profile) - October 18, 2013



CONTENTS iii

6 Buffer Objects 54
6.1 Creating and Binding Buffer Objects . . . . . .. ... ... ... 55
6.1.1 Binding Buffer Objects to Indexed Targets . . . . . . . .. 57

6.2 Creating and Modifying Buffer Object Data Stores . . . . . . . . 60
6.2.1 Clearing Buffer Object Data Stores . . . . . ... .. .. 65

6.3 Mapping and Unmapping Buffer Data . . . . . .. ... ... .. 66
6.3.1 UnmappingBuffers. . . . . ... ... ... ....... 71

6.3.2 Effects of Mapping Buffers on Other GL Commands . . . 71

6.4 Effects of Accessing Outside Buffer Bounds . . . . . .. ... .. 72
6.5 Invalidating BufferData . . .. ... ... ............ 72
6.6 Copying BetweenBuffers. . . . . .. ... ... ... ... ... 73
6.7 Buffer ObjectQueries . . . . . . . . . ... ... ... ...... 74
6.7.1 Indexed Buffer Object Limits and Binding Queries . . . . 75

6.8 Buffer ObjectState . . . . ... ... ... ... .. ....... 77
7 Programs and Shaders 78
7.1 Shader Objects . . . . .. ... ... ... ... ... 79
7.2 ShaderBinaries . . . . . .. ... ... oL 82
7.3 Program Objects . . . . . .. . ... ... 83
7.3.1 Program Interfaces . . . . ... ... ... .. ...... 90

7.4 Program Pipeline Objects . . . . . . ... ... ... ....... 109
7.4.1 Shader Interface Matching . . . . . ... ... ... ... 112

7.4.2 Program Pipeline Object State . . . . .. ... ... ... 115

7.5 Program Binaries . . . . . .. ... .o oL 116
7.6 Uniform Variables . . . . . ... ... ... ... ... ..... 118
7.6.1 Loading Uniform Variables In The Default Uniform Block 125

7.6.2 UniformBlocks. . . . ... ... ... ... ... ... 128

7.6.3  Uniform Buffer Object Bindings . . . . . ... ... ... 132

7.7 Atomic Counter Buffers. . . . ... ... ... ... . ..... 133
7.7.1 Atomic Counter Buffer Object Storage . . . . ... ... 133

7.7.2  Atomic Counter Buffer Bindings . . . . . ... ... ... 134

7.8 Shader Buffer Variables and Shader Storage Blocks . . . . . . .. 134
7.9 Subroutine Uniform Variables . . . ... ... ... ....... 137
7.10 Samplers . . ... 140
711 Images . . . . . o o ot 141
7.12 Shader Memory Access . . . . . . . . . . it 142
7.12.1 Shader Memory Access Ordering . . . . ... ... ... 142
7.12.2 Shader Memory Access Synchronization . . . ... ... 144

7.13 Shader, Program, and Program Pipeline Queries . . . . . . . . .. 148
7.14 Required State . . . . . . . .. ... 157

OpenGL 4.4 (Compatibility Profile) - October 18, 2013



CONTENTS

8 Textures and Samplers

8.1
8.2
8.3
8.4

8.5

8.6

8.7
8.8
8.9
8.10
8.11
8.12
8.13

8.14

8.15
8.16
8.17

8.18
8.19
8.20
8.21

Texture Objects . . . . . . . .. ... ... ...
Sampler Objects . . . . . . . . . . . . ... ...
Sampler Object Queries . . . . . . . . . . ... ... ...
Pixel Rectangles . . . . . . . . . .. .. ... ... ... ...,
8.4.1 Pixel Storage Modes and Pixel Buffer Objects . . . . . . .
8.4.2 The Imaging Subset . . . ... ... ...........
843 Pixel TransferModes . . . . . . ... ... ... .....
8.4.4 Transfer of Pixel Rectangles . . . . .. ... ... ....
8.4.5 Pixel Transfer Operations . . . ... ... ........
Texture Image Specification . . . .. ... ... ... ... ...
8.5.1 Required Texture Formats . . . ... ... ........
8.5.2 Encoding of Special Internal Formats . . . . ... .. ..
8.5.3 Texture Image Structure . . . . ... ... ........
Alternate Texture Image Specification Commands . . . . . . . . .
8.6.1 Texture Copying Feedback Loops . . . .. ... .....
Compressed Texture Images . . . . . . ... ... ... .....
Multisample Textures . . . . . . . . . . ... ..
Buffer Textures . . . . . ... ... ... ...
Texture Parameters . . . . . . .. ... ... ... .. ...
Texture Queries . . . . . . . . . ...
Depth Component Textures . . . . . . ... ... ... ......
Cube Map Texture Selection . . . . . ... ... .........
8.13.1 Seamless Cube Map Filtering . . . ... ... ... ...
Texture Minification . . . . . .. ... ... ... ... ..
8.14.1 Scale Factor and Level of Detail . . . ... ... ... ..
8.14.2 Coordinate Wrapping and Texel Selection . . . . . . . ..
8.14.3 Mipmapping . . . . . . . ...
8.14.4 Manual Mipmap Generation . . . . . ... ........
8.14.5 Automatic Mipmap Generation . . . ... ... ... ..
Texture Magnification . . . . . . . . .. ... ... ... ... ..
Combined Depth/Stencil Textures . . . . .. ... ........
Texture Completeness . . . . . . . ... ... ... ... ..
8.17.1 Effects of Sampler Objects on Texture Completeness . . .
8.17.2 Effects of Completeness on Texture Application. . . . . .
8.17.3 Effects of Completeness on Texture Image Specification .
Texture VIEWS . . . . . . . . oL
Immutable-Format Texture Images . . . . . ... ... ... ...
Invalidating Texture Image Data . . . . . .. ... ... .. ...
Clearing Texture Image Data . . . . . . ... ... ........

OpenGL 4.4 (Compatibility Profile) - October 18, 2013

v



CONTENTS v

10

8.22 Texture State and Proxy State . . . . . .. ... ... ....... 287
8.23 Texture ComparisonModes . . . . . . .. ... ... ... .... 290
8.23.1 Depth Texture Comparison Mode . . . .. ... ... .. 290
8.24 sRGB Texture Color Conversion . . . . . . .. ... ....... 291
8.25 Shared Exponent Texture Color Conversion . . . . . . ... ... 292
8.26 Texture Image Loads and Stores . . . . . ... ... ... .... 293
Framebuffers and Framebuffer Objects 303
9.1 Framebuffer Overview . . . . . ... ... ... ... ...... 303
9.2 Binding and Managing Framebuffer Objects . . . . . . . ... .. 305
9.2.1 Framebuffer Object Parameters . . . .. ... ... ... 308
9.2.2  Attaching Images to Framebuffer Objects . . . . . . . .. 310
9.2.3 Framebuffer Object Queries . . . . ... ... ... ... 311
9.2.4 Renderbuffer Objects . . . . . . ... ... ........ 314
9.2.5 Required Renderbuffer Formats . . . . . ... ... ... 317
9.2.6 Renderbuffer Object Queries . . . . . .. ... ... ... 317
9.2.7  Attaching Renderbuffer Images to a Framebuffer . . . . . 318
9.2.8  Attaching Texture Images to a Framebuffer . . . . . . .. 320
9.3 Feedback Loops Between Textures and the Framebuffer . . . . . . 324
9.3.1 Rendering Feedback Loops. . . . .. ... ... ..... 324
9.3.2 Texture Copying Feedback Loops . . . . ... ... ... 326
9.4 Framebuffer Completeness . . . . . . ... ... ... ... ... 326
9.4.1 Framebuffer Attachment Completeness . . . . ... ... 327
9.4.2 Whole Framebuffer Completeness . . . . . .. ... ... 328
9.4.3 Required Framebuffer Formats . . . . ... ... .. ... 331

9.4.4 Effects of Framebuffer Completeness on Framebuffer Op-
EIAtiONS . . . . . . o e e e e e e e 331

9.4.5 Effects of Framebuffer State on Framebuffer Dependent
Values . . . . . . ... 332
9.5 Mapping between Pixel and Element in Attached Image . . . . . . 332
9.6 Conversion to Framebuffer-Attachable Image Components . . . . 333
9.7 Conversionto RGBA Values . . . . ... ... ... ....... 333
9.8 Layered Framebuffers . . . . . . ... ... ... .. ... ... 333
Vertex Specification and Drawing Commands 336
10.1 Primitive Types . . . . . . . . . . . . 340
10.1.1 Points . . . . . . ... 340
10.1.2 Line Strips . . . . . . . . o 341
10.1.3 LineLoops . . . . . . . . . . 341
10.1.4 Separate Lines . . . . ... .. ... ... ........ 341

OpenGL 4.4 (Compatibility Profile) - October 18, 2013



CONTENTS vi

10.2

10.3

10.4
10.5

10.6
10.7
10.8

10.1.5 Polygons . . . . .. . ... ... 341
10.1.6 Triangle Strips . . . . . . .. ... ... ... .. 342
10.1.7 TriangleFans . . . . . ... .. ... ... ........ 342
10.1.8 Separate Triangles . . . . . ... .. .. ... ... ... 343
10.1.9 Quadrilateral (quad) strips . . . . . ... ... ...... 343
10.1.10 Separate Quadrilaterals . . . . . . . ... ... ... ... 343
10.1.11 Lines with Adjacency . . . . . . .. ... ... .. ... 344
10.1.12 Line Strips with Adjacency . . . . . . . . ... ... ... 345
10.1.13 Triangles with Adjacency . . . . .. ... .. ... ... 345
10.1.14 Triangle Strips with Adjacency . . . . . . . ... ... .. 346
10.1.15 Separate Patches . . . . . .. ... ... ... ... ... 347
10.1.16 General Considerations For Polygon Primitives . . . . . . 348
10.1.17Polygon Edges . . . . . ... ... ... ... ... ... 348
Current Vertex Attribute Values . . . . . . .. .. ... ... ... 349
10.2.1 Current Generic Attributes . . . . . . . . ... ... ... 349
10.2.2 Current Conventional Attributes . . . . . ... ... ... 351
10.2.3 Vertex Attribute Queries . . . . . . .. ... . ... ... 354
10.2.4 Required State . . . . . .. . ... ... ... 354
Vertex Arrays . . . . . . oL 355
10.3.1 Specifying Arrays for Generic Vertex Attributes . . . . . . 355
10.3.2 Specifying Arrays for Fixed-Function Attributes . . . . . 361
10.3.3 Vertex Attribute Divisors . . . . . . ... ... ... ... 364
10.3.4 Transferring Array Elements . . . . . .. ... ... ... 364
10.3.5 Primitive Restart . . . . . . ... ... ... ... ... 365
10.3.6 Robust Buffer Access. . . . .. .. ... ... ... ... 366
10.3.7 Packed Vertex Data Formats . . . . . ... ... ..... 366
10.3.8 Vertex Arrays in Buffer Objects . . . . . ... ... ... 367
10.3.9 Array Indices in Buffer Objects . . . . . ... ... ... 368
10.3.10 Indirect Commands in Buffer Objects . . . . . .. .. .. 369
Vertex Array Objects . . . . . . . . .. .. o 369
Drawing Commands Using Vertex Arrays . . . . . .. ... ... 371
10.5.1 Interleaved Arrays . . . . . . .. .. ... .. .. .... 381
Vertex Array and Vertex Array Object Queries . . . . . . . . . .. 383
RequiredState . . . . . . . ... ... ... ... ... ..., 385
Drawing Commands Using Beginand End . . . . . ... .. .. 385
10.8.1 Transferring Vertices With Vertex Commands . . . . . . . 386
10.8.2 Transferring Vertices With Vertex Attribute Zero . . . . . 387
10.8.3 Bundling Attributes With Vertex Commands . . . . . . . 387
10.8.4 Transferring Vertices With ArrayElement . . . . . . . . 387
10.8.5 Commands Allowed Between Beginand End . . . . . . . 389

OpenGL 4.4 (Compatibility Profile) - October 18, 2013



CONTENTS

10.9 Rectangles
10.10Conditional Rendering

11 Programmable Vertex Processing
11.1 Vertex Shaders
11.1.1 Vertex Attributes
11.1.2 Vertex Shader Variables
11.1.3 Shader Execution
11.2 Tessellation
11.2.1 Tessellation Control Shaders
11.2.2 Tessellation Primitive Generation
11.2.3 Tessellation Evaluation Shaders
11.3 Geometry Shaders
11.3.1 Geometry Shader Input Primitives
11.3.2 Geometry Shader Output Primitives
11.3.3 Geometry Shader Variables
11.3.4 Geometry Shader Execution Environment

12 Fixed-Function Vertex Processing
12.1 Fixed-Function Vertex Transformations
12.1.1 Matrices
12.1.2 Normal Transformation
12.1.3 Generating Texture Coordinates

12.2 Fixed-Function Vertex Lighting and Coloring
12.2.1 Lighting
12.2.2 Lighting Parameter Specification
12.2.3 ColorMaterial
12.2.4 Lighting Parameter Queries
12.2.5 Lighting State
12.2.6 Color Index Lighting

13 Fixed-Function Vertex Post-Processing
13.1 Clamping or Masking
13.2 Transform Feedback

13.2.1 Transform Feedback Objects

13.2.2 Transform Feedback Primitive Capture

13.2.3 Transform Feedback Draw Operations

Primitive Queries

Flatshading

Primitive Clipping

13.3
13.4
13.5

OpenGL 4.4 (Compatibility Profile) - October 18,

vii

390
391

393
393
393
399
404
416
417
422
431
437
437
439
439
440

447
447
448
454
455
458
459
464
467
467
469
469

2013



CONTENTS

13.5.1 Color and Associated Data Clipping . . . . .. ... ...
13.5.2 Clip Plane Queries . . . . . . ... ... ... ... ...
13.6 Coordinate Transformations . . . . . . . ... ... ... ....
13.6.1 Controlling the Viewport . . . . . . . .. ... ... ...
13.7 Final Color Processing . . . . . . ... ... ...........

14 Fixed-Function Primitive Assembly and Rasterization

14.1 Discarding Primitives Before Rasterization . . .. ... ... ..
142 Invariance . . . . . . . . . . oL e
143 Antialiasing . . . . . . . . . ...
14.3.1 Multisampling . . . .. ... ... ... ... ..
144 Points . . . . . . . L
14.4.1 Basic Point Rasterization . . . . . .. ... ... .. ...
14.4.2 Point Rasterization State . . . . . .. .. ... ... ...
14.4.3 Point Multisample Rasterization . . . . . . .. ... . ..
14.5 Line Segments . . . . . . . . . ..o
14.5.1 Basic Line Segment Rasterization . . . . ... ... ...
14.5.2 Other Line Segment Features . . . . . . . ... ... ...
14.5.3 Line Rasterization State . . . . . . ... ... ... ...
14.5.4 Line Multisample Rasterization . . . ... ... ... ..
14.6 Polygons . . . . . . . . . . . ...
14.6.1 Basic Polygon Rasterization . . . . ... ... ... ...
14.6.2 Stippling . . . . . .. ... ...
14.6.3 Antialiasing . . . . . . . ...
14.6.4 Options Controlling Polygon Rasterization . . ... . ..
14.6.5 Depth Offset . . . . ... ... ... ... ... ....
14.6.6 Polygon Multisample Rasterization . . . ... ... ...
14.6.7 Polygon Rasterization State . . . . . .. ... ... ...
14.7 Current Raster Position . . . . . . ... ... .. ... .. ....
14.8 Bitmaps . . . . . . . oL
149 Early Per-Fragment Tests . . . . . . . .. ... ... .......

15 Programmable Fragment Processing

15.1 Fragment Shader Variables . . . . ... ... ...........
15.2 Shader Execution . . . . ... ... ... ... ... . ... ...
15.2.1 Texture ACCESS . . . . v v v v v vt
1522 ShaderInputs . . . . . ... ... ..o,
15.2.3 ShaderOutputs . . . . . . . . ... ... ... . .....
15.2.4 Early Fragment Tests . . . . . . . .. .. ... ... ...

OpenGL 4.4 (Compatibility Profile) - October 18, 2013

viii

486
487
487
488
491

492
494
494
494
496
499
501
505
505
506
506
509
512
512
512
513
515
516
516
517
518
519
519
523
525



CONTENTS ix

16 Fixed-Function Fragment Processing 536
16.1 Texture Environments and Texture Functions . . . ... ... .. 536
16.1.1 Texture Environment Queries . . . . . ... ... .... 542

16.2 Texture Application . . . . . . . .. . ... ... ... ... 542
163 ColorSum . . . . ... ... .. ... . e 545
16.4 Fog . . . . . . . e 545
17 Writing Fragments and Samples to the Framebuffer 548
17.1 Antialiasing Application . . . . . .. .. ... ... ... ..., 548
17.2 Multisample PointFade . . . . . ... ... ............ 549
17.3 Per-Fragment Operations . . . . . . . ... ... ... ...... 549
17.3.1 Pixel OwnershipTest . . . . . .. ... ... ....... 550
17.3.2 Scissor Test . . . . . . . ... 550
17.3.3 Multisample Fragment Operations . . . . . .. ... ... 552
17.34 AlphaTest . . . ... ... ... ... .. ... ... 554
1735 Stencil Test . . . . . . .. ... 555
17.3.6 DepthBufferTest. . . . . . ... ... ... ... .... 556
17.3.7 Occlusion Queries . . . . . . . . . .. ... ... . ... 557
1738 Blending . . .. ... ... ... ... .. ... ... 558
17.39 sRGB Conversion . . . . ... ... ... ........ 565
17.3.10Dithering . . . . . . . . ... . L 565
17.3.11 Logical Operation . . . . . . ... ... ... ...... 566
17.3.12 Additional Multisample Fragment Operations . . . . . . . 568

17.4 Whole Framebuffer Operations . . . . . . . ... ... ... ... 569
17.4.1 Selecting Buffers for Writing . . . . . .. ... ... ... 569
17.4.2 Fine Control of Buffer Updates . . . .. ... ... ... 573
17.4.3 Clearing the Buffers . . . ... ... ... ........ 575
17.4.4 Invalidating Framebuffer Contents . . . . . . . ... . .. 579
17.4.5 The Accumulation Buffer . . ... ... ... ... ... 580

18 Drawing, Reading, and Copying Pixels 582
18.1 Drawing Pixels . . . . . . . . . ... . ... ... ... ..... 582
18.1.1 Final Conversion . . . . . ... ... ... ........ 583
18.1.2 Conversion to Fragments . . . . . .. ... ... ..... 584
18.1.3 Pixel Rectangle Multisample Rasterization . . . . .. .. 585
18.1.4 Writing to the Stencil or Depth/Stencil Buffers . . . . . . 585

182 Reading Pixels . . .. ... ... ... .. ... ... ..., 586
18.2.1 Selecting Buffers for Reading . . . . .. ... ... ... 586
18.2.2 ReadPixels . . . ... ... .. ... ... . 588
18.2.3 Obtaining Pixels from the Framebuffer . . . ... .. .. 589

OpenGL 4.4 (Compatibility Profile) - October 18, 2013



CONTENTS

19

20

21

22

X
18.2.4 Conversionof RGBA values . . . ... .......... 591
18.2.5 Conversion of Depth values . . . . ... ... ... ... 591
18.2.6 Pixel Transfer Operations . . . . .. .. ... ... ... 591
18.2.7 ConversiontoL . . . . . .. .. ... ... ........ 591
18.2.8 Final Conversion . . . . ... ... ... ......... 592
18.2.9 Placement in Pixel Pack Buffer or Client Memory . . . . . 593

18.3 Copying Pixels . . . . .. ... . ... ... ... .. ..., 593
18.3.1 Blitting Pixel Rectangles . . . . . . ... ... ... ... 597
18.3.2 Copying Between Images . . . ... ... ... ..... 600

18.4 Pixel Drawand Read State . . . . . . .. ... ... ... .. .. 603

Compute Shaders 604

19.1 Compute Shader Variables . . . . .. .. ... ... ....... 606

Debug Output 607

20.1 Debug Messages . . . . . . . . i 608

20.2 Debug Message Callback . . . . .. ... ... ... ....... 610

20.3 Debug MessageLog . . . . ... ... ... ... ... ..., 611

20.4 Controlling Debug Messages . . . . . . . . .. ... ... .... 611

20.5 Externally Generated Messages . . . . . . . . . . .. ... .... 613

20.6 Debug Groups . . . . . . . . .. e 613

20.7 DebugLabels . . . . . .. ... ... 615

20.8 Asynchronous and Synchronous Debug Output . . . . . ... .. 616

20.9 Debug Output Queries . . . . . . . . .. ... L 617

Special Functions 620

21.1 Evaluators . . . . . . . . . ... 620
21.1.1 EvaluatorQueries. . . . . . . . . . . . ... ... ... 627

21.2 Selection . . . . . . ... 628

21.3 Feedback . . . . . ... .. ... .. .. .. 630

214 Display Lists . . . . . . . . .. . 633
21.4.1 Commands Not Usable In Display Lists . . . . ... ... 637

215 Hints . . . . . . . . . e 639

21.6 Saving and Restoring State . . . . ... ... ........... 639

Context State Queries 644

22.1 Simple Queries . . . . . . . ... 644

22.2 Pointer andString Queries . . . . . . . .. ... 646

22.3 Internal Format Queries . . . . . . . . . .. . ... ... ..... 649
22.3.1 Supported Operation Queries . . . . . . . ... ... ... 649

OpenGL 4.4 (Compatibility Profile) - October 18,

2013



CONTENTS

22.3.2 Other Internal Format Queries . . . . ... ... ... ..

23 State Tables

A

Invariance

Al

A2

A3

A4

A5

A.6

Repeatability . . . ... ... ... ... ... .
Multi-pass Algorithms . . . . . .. . ... ... ... .. ...,
Invariance Rules . . . . . . . ... ... .. ... .........
Tessellation Invariance . . . . . . ... ... ... ........
Atomic Counter Invariance . . . . . .. .. ... .........
What All ThisMeans . . . . . ... ... . ... .........

Corollaries

Compressed Texture Image Formats

C.1

C2

C3

RGTC Compressed Texture Image Formats . . . . ... ... ..
C.1.1 Format COMPRESSED_RED_RGTC1 . . ... ... ....
C.1.2 Format COMPRESSED_SIGNED_RED_RGTC1 . ... ...
C.1.3 Format COMPRESSED_RG_RGTC2 . . . . . . . v . . ...
C.1.4 Format COMPRESSED_SIGNED_RG_RGTC2 . . . ... ..
BPTC Compressed Texture Image Formats . . . . . ... .. ..
C.2.1 Formats COMPRESSED_RGBA_BPTC_UNORM and
COMPRESSED_SRGB_ALPHA_BPTC_UNORM . . . . . . . .
C.2.2 Formats COMPRESSED_RGB_BPTC_SIGNED_FLOAT and
COMPRESSED_RGB_BPTC_UNSIGNED_FLOAT . ... ..
ETC Compressed Texture Image Formats . . . . ... ... ...
C.3.1 Format COMPRESSED_RGB8_ETC2 . . . . . . . .. ...
C.3.2 Format COMPRESSED_SRGBS8_ETC2 . . . . . . . . . ...
C.3.3 Format COMPRESSED_RGBAS_ETC2_EAC . . . . . .. ..
C.3.4 Format COMPRESSED_SRGBS_ALPHAS_ETC2_EAC . . . .
C.3.5 Format COMPRESSED_RI1_EAC . . . . . v v v v v v . . .
C.3.6 Format COMPRESSED_RGI1_EAC . . . . v . v v v . ...
C.3.7 Format COMPRESSED_SIGNED_R11_EAC . . . .. . ...
C.3.8 Format COMPRESSED_SIGNED_RG11_EAC . .. .. ...
C.3.9 Format
COMPRESSED_RGB8_PUNCHTHROUGH_ALPHAl_ETC2 . .
C.3.10 Format
COMPRESSED_SRGB8_PUNCHTHROUGH_ALPHAl_ETC2

OpenGL 4.4 (Compatibility Profile) - October 18, 2013

X1

661

750
750
751
751
754
756
756

758



CONTENTS xii

D Profiles and the Deprecation Model 803
D.1 Core and Compatibility Profiles . . . . ... ... ... ..... 804
D.2 Deprecated and Removed Features . . . . . . ... ........ 804

D.2.1 Deprecated But Still Supported Features . . . . . . . . .. 804
D.2.2 Removed Features . . ... ... ............. 805

E Version 4.2 810
E.1 NewPFeatures . .. ... ... .. .. ... .. .. . ...... 810
E.2 Deprecation Model . . ... ... ... ... ... ...... 811
E3 Changed Tokens. . . . . .. .. .. .. ... .. .. ....... 811
E.4 Change Log for Released Specifications . . . . ... ... .... 812
E.5 Credits and Acknowledgements . . . . ... ... ........ 814

F Version 4.3 817
F1 Restructuring . . . . . . . ... . 817
F2 NewFeatures . . .. ... ... ... .. ... ... . .... 818
E3 Deprecation Model . . . . ... ... ... ... ... .. ... 819
F4 ChangedTokens. . . . .. ... ... ... ... ... ...... 819
E5 Change Log for Released Specifications . . . . .. ... ... .. 820
F6 Credits. . . ... .. .. . 827
FE7 Acknowledgements . . . . ... .. .. ... ........... 829

G Version 4.4 830
G.1 NewPFeatures . . ... ... ... ... ... .. ... ... ... 830
G.2 DeprecationModel . . ... ... ... ... ... .. ... ... 831
G.3 Change Log for Released Specifications . . . . ... ... .. .. 831
G4 Credits. . . . . . o 838
G.5 Acknowledgements . . . . .. ... ... L. 840

H OpenGL Registry, Header Files, and ARB Extensions 841
H.1 OpenGL Registry . . . . ... ... ... ... ... . .... 841
H.2 HeaderFiles . . . . . . . ... ... .. ... . ... ... ... 841
H.3 ARB and Khronos Extensions . . . . .. ... .......... 842

H.3.1 Naming Conventions . . . . . ... ... ......... 843
H.3.2 Promoting Extensions to Core Features . . . . ... ... 843
H.3.3 Extension Summaries . . . .. ... .. ... ...... 843
H.3.4 Bindless Textures . . . . . . .. ... ... ... ..... 867
H.3.5 Compute Variable Group Size . .. ... ... ...... 867
H.3.6 Indirect Parameters . . . . . . . ... ... ... ..... 867
H.3.7 Seamless Cubemap per Texture . . ... ... ... ... 867

OpenGL 4.4 (Compatibility Profile) - October 18, 2013



CONTENTS

H.3.8 Shader Draw Parameters . . . . . .. ... ... .. ...
H3.9 ShaderGroupVote . . . ... ... ... . ........
H.3.10 Sparse Textures . . . . . . . . ... ... ... .. ....

OpenGL 4.4 (Compatibility Profile) - October 18, 2013



List of Figures

3.1

8.1
8.2
8.3
8.4

10.1
10.2

10.3
10.4
10.5
10.6
10.7
10.8

11.1
11.2
11.3
11.4

12.1
12.2
12.3
12.4

14.1
14.2
14.3

Block diagram of the GL pipeline. . . . . ... ... ... .... 32
Transfer of pixel rectangles. . . . ... ... ... ........ 193
Selecting a subimage fromanimage . . . . . ... ... ... .. 197
A texture image and the coordinates used to accessit. . . . . . . . 230
Example of the components returned for textureGather. . . . . 265
Vertex processing and primitive assembly. . . . . . .. . ... .. 336
Creation of a processed vertex from a transformed vertex and cur-

rentvalues. . . . . . ... 338
Primitive assembly and processing. . . . . . . ... ... .. ... 338
Triangle strips, fans, and independent triangles. . . . . . . . . .. 342
Quadrilateral strips and independent quadrilaterals. . . . . . . . . 343
Lines with adjacency. . . . . . . .. .. ... ... ... ..... 344
Triangles with adjacency. . . . . . . . ... ... ... ... ... 345
Triangle strips with adjacency. . . . . . ... ... ... ..... 346
Domain parameterization for tessellation. . . . . . ... ... .. 423
Inner triangle tessellation. . . . . . . . . ... ... ... . ... 426
Inner quad tessellation. . . . . . .. ... .. ... ........ 429
Isoline tessellation. . . . . . . ... .. ... ... ... . ... . 431
Vertex transformation sequence. . . . . . . . .. ... ... ... 447
Processing of RGBA colors. . . . ... ... ... ........ 458
Processing of colorindices. . . . . . . .. ... ... 458
ColorMaterial operation. . . . . . ... ... ... ........ 467
Rasterization. . . . . . . . ... ... 492
Rasterization of non-antialiased wide points. . . . . . . . ... .. 501
Rasterization of antialiased wide points. . . . . . . . ... .. .. 501

X1V



LIST OF FIGURES XV

14.4
14.5
14.6
14.7
14.8

16.1

17.1

18.1
18.2

21.1
21.2

Visualization of Bresenham’s algorithm. . . . . . . ... ... .. 507
Rasterization of non-antialiased wide lines. . . . . ... ... .. 510
The region used in rasterizing an antialiased line segment. . . . . 511
Current raster position. . . . . . . . .. .. ... 520
A bitmap and its associated parameters. . . . .. ... ... ... 523
Multitexture pipeline. . . . . . . .. ... ... ..., 544
Per-fragment operations. . . . . . . . ... ... ... ... ... 549
Operation of ReadPixels. . . . . . . ... ... ... ... .... 586
Operation of CopyPixels. . . . . . . .. ... .. ... ... ... 595
Map Evaluation. . . . . .. ... ... ... 622
Feedback syntax. . . . . ... ... .. ... ... .. ..., 634

OpenGL 4.4 (Compatibility Profile) - October 18, 2013



List of Tables

2.1
2.2
23

4.1

6.1
6.2
6.3
6.4
6.5

7.1
7.2
7.3
7.4
7.5
7.6
7.7

7.8

7.9
7.10

8.1
8.2
8.3
8.4
8.5

GL command suffixes . . . . . ... .. ... ... . ... .. 12
GL datatypes . . . . . . . . . .. e 13
Summary of GL errors . . . . . . ... ... ... ... ... 17
Initial properties of a sync object created with FenceSync. . . . . 35
Buffer object binding targets. . . . . . . ... .. ... ... ... 56
Buffer object parameters and their values. . . . . . ... ... .. 56
Buffer objectstate. . . . . ... ... ... ... ... ..., 62
Buffer object state set by MapBufferRange. . . . .. ... ... 69
Indexed buffer object limits and binding queries . . . . . . . . .. 76
CreateShader rype values and the corresponding shader stages. . 80
GetProgramResourceiv properties and supported interfaces . . . 100
OpenGL Shading Language type tokens . . . . . . .. ... ... 107
Query targets for default uniform block storage, in components. . 119

Query targets for combined uniform block storage, in components. 120
GetProgramResourceiv properties used by GetActiveUniformsiv. 123
GetProgramResourceiv properties used by GetActiveUniform-

Blockiv. . . . . . . ... 124
GetProgramResourceiv properties used by GetActiveAtomic-

CounterBufferiv. . . . . . ... ... ... ... 00, 125
Interfaces for active subroutines . . . . . ... .. ... ..... 138
Interfaces for active subroutine uniforms . . . . . ... ... ... 138
PixelStore parameters. . . . . . .. . ... ... ... ... ... 172
PixelTransfer parameters. . . . . . ... ... ... ....... 174
PixelMap parameters. . . . . ... .. ... ... ... ..., 175
Colortablenames. . . . . . .. .. ... ... .. ........ 177
Pixel data formats accepted for the imaging queries. . . . . . . . . 181

XVvi



LIST OF TABLES

8.6
8.7
8.8
8.9
8.10
8.11

8.12
8.13
8.14
8.15
8.16
8.17
8.18

8.19
8.20
8.21
8.22
8.23
8.24
8.25
8.26
8.27
8.28
8.29
8.30
8.31
8.32

8.33

8.34

9.1
9.2

10.1

Pixel data types accepted for the imaging queries. . . . . .. . ..
Pixeldatatypes. . . . . . . . . . . .
Pixel data formats. . . . .. ... ... ... ... L.
Swap Bytes bitordering. . . . . .. ... Lo oL L
Packed pixel formats. . . . . . ... ... ... L.
UNSIGNED_BYTE formats. Bit numbers are indicated for each
COMPONENL. . .« ¢ v v v v v ettt e e e et e e e e
UNSIGNED_SHORT formats . . . . . . . . ... ... ... ....
UNSIGNED_INT formats . . . .. ... ... ... ........
FLOAT_UNSIGNED_INT formats . . . . . . . . .. ... .....
Packed pixel field assignments. . . . . . ... ... ... ...
Color table lookup. . . . . ... .. ... ... ... .......
Computation of filtered color components. . . . . . . . ... ...
Conversion from RGBA, depth, and stencil pixel components to
internal components. . . . . . . ... ...
Sized internal color formats. . . . . .. ... ... ... L.
Sized internal luminance and intensity formats. . . . . . . .. ..
Sized internal depth and stencil formats. . . . . . ... ... ...
Generic and specific compressed internal formats. . . . . . . . ..
Internal formats for buffer textures . . . . . . .. ... ... ...
Texture parameters and their values. . . . . . .. ... ... ...
Texture, table, and filter return values. . . . . . . . . . . ... ..
Selection of cube map images. . . . .. ... ... ........
Texel location wrap mode application. . . . . . . ... ... ...
Legal texture targets for TextureView. . . . . . .. ... .. ...
Compatible internal formats for TextureView . . . . . . . .. ..
Depth texture comparison functions. . . . . . .. ... ... ...
sRGB texture internal formats. . . . . . . ... ... ... ..
Mapping of image load, store, and atomic texel coordinate compo-
nents to texel numbers. . . . . ... L. oL L Lo
Supported image unit formats, with equivalent format layout qual-
ifiers. . ..
Texel sizes, compatibility classes, and pixel format/type combina-
tions for e