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Course Goals

* Give a sense of how Vulkan is different from OpenGL
» Show how to do basic drawing in Vulkan

* Leave you with working, documented sample code

| http://cs.oregonstate.edu/~mjb/vulkan
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History of Shaders 8

‘ 2004: OpenGL 2.0 / GLSL 1.10 includes Vertex and Fragment Shaders ‘

| 2008: OpenGL 3.0 / GLSL 1.30 adds features left out before |

[ 2010: OpenGL 3.3/ GLSL 3.30 adds Geometry Shaders |

‘ 2010: OpenGL 4.0 / GLSL 4.00 adds Tessellation Shaders ‘

‘ 2012: OpenGL 4.3 / GLSL 4.30 adds Compute Shaders ‘

‘ 2017: OpenGL 4.6 / GLSL 4.60

There is lots more detail at:

@ SGGRAPH KHRCONGS
L1 mib— July 24, 2020

History of Shaders 9

‘ 2014: Khronos starts Vulkan effort ‘

2016: Vulkan 1.0
2016: Vulkan 1.1
2020: Vulkan 1.2

There is lots more detail at:

g/wiki/Vulkan (API)

https://www.khronos.org/opengl/wiki/History of OpenGL

imib_ duy 24,2020

Everything You Need to Know is Right Here ... Somewhere © 10

@ SIGGRAPH

Top Three R that Prompted the Develoy of Vulkan "

1. Performance
2. Performance

3. Performance

Vulkan is better at keeping the GPU busy than OpenGL is. OpenGL drivers need
to do a lot of CPU work before handing work off to the GPU. Vulkan lets you get
more power from the GPU card you already have.

This is especially important if you can hide the complexity of Vulkan from your
customer base and just let them see the improved performance. Thus, Vulkan
has had a lot of support and interest from game engine developers, 3" party
software vendors, etc.

As an aside, the Vulkan development effort was originally called “gINext”, which
created the false impression that this was a replacement for OpenGL. It's not.

min Jub 24,2020

OpenGL 4.2 Pipeline Flowchart 12
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Why is it so important to keep the GPU Busy? 13 Who was the original Vulcan? 14

From WikiPedia:

“Vulcan is the god of fire including the fire of volcanoes,
metalworking, and the forge in ancient Roman religion and myth.
Vulcan is often depicted with a blacksmith's hammer. The
Vulcanalia was the annual festival held August 23 in his honor.
His Greek counterpart is Hephaestus, the god of fire and
smithery. In Etruscan religion, he is identified with Sethlans.
Vulcan belongs to the most ancient stage of Roman religion:
Varro, the ancient Roman scholar and writer, citing the Annales
Maximi, records that king Titus Tatius dedicated altars to a series
of deities among which Vulcan is mentioned.”

https://en.wikipedia.org/wiki/Vulcan_(mythology)

mib— July 24, 2020 i mib_ iy 24,2020

Why Name it after the God of the Forge? 15 Who is the Khronos Group? 16

The Khronos Group, Inc. is a non-profit member-funded industry
consortium, focused on the creation of open standard, royalty-free
application programming interfaces (APIs) for authoring and accelerated
playback of dynamic media on a wide variety of platforms and devices.
Khronos members may contribute to the development of Khronos AP|
specifications, vote at various stages before public deployment, and
accelerate delivery of their platforms and applications through early
access to specification drafts and conformance tests.
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Vulkan 19 Vulkan Differences from OpenGL 20
+ More low-level information must be provided (by you!) in the application, rather
. . than the driver
+ Originally derived from AMD’s Mantle API
- 8 ) . « Screen coordinate system is Y-down
« Also heavily influenced by Apple’s Metal APl and Microsoft’'s DirectX 12
X ) « No “current state”, at least not one maintained by the driver
« Goal: much less driver complexity and overhead than OpenGL has
+ Goal: much less user hand-holding « Al of the things that we have talked about being d@p’lmed in
« Goal: higher single-threaded performance than OpenGL can deliver OpenGL are really deprecated in Vulkan: built-in pipeline
i i transformations, begin-end, fixed-function, etc.
« Goal: able to do multithreaded graphics
. . + You must manage your own transformations.
* Goal: able to handle tiled rendering
« All transformation, color and texture functionality must be done in shaders.
« Shaders are pre-"half-compiled” outside of your application. The compilation
process is then finished during the runtime pipeline-building process.
il
€ SIGBRAPH 5, iy 212020 2 SIGBRAPH %, i by 24,2020
The Basic OpenGL Computer Graphics Pipeline, OpenGL-style 21 The Basic Computer Graphics Pipeline, Shader-style 2
Vertex, gl_Vertex, &l_ModelViewMatrix,
Normal, gl_Normal, gl_ProjectionMatrix,
Color gl _Color  Per-vertexinvariables  g_ModelViewProjectionMatrix ~ Uniform Variables
mc wc EC EC MC we EC EC gl_Position,
Model —  view Pervertex || —, | Projection Model — pervertex || . [ Projection | Per-vertex out variables
Transform Transform Lighting Transform | Transform Transform tighting Transform
Vertex Shader
Raster
Fragment Shader
| Fragment [ Fragment
Processing, gl_FragColor | Processing, Per-fragment in variables
Texturing, | Texturing,
Per-fragment | Per-fragment
Lighting | Lighting le—  Uniform Variables
MC = Model Vertex Coordinates MC = Model Vertex Coordinates
'WC = World Vertex Coordinates 'WC = World Vertex Coordinates
EC = Eye Vertex Coordinates SIGGRAPH *ﬂm EC = Eye Vertex Coordinates
The Basic Computer Graphics Pipeline, Vulkan-style s Moving part of the driver into the application 2

Per-vertex in variables Uniform Variables

gl_Position,
Per-vertex out variables

Vertex Shader

Rasterization |

Output color(s) Fragment Shader Per-fragment in variables

{¢— Uniform Variables

- sy 26 200 |
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Complex drivers lead to

Viilkan.

Simpler drivers for low-

driver overhead and ‘ Application ‘ overhead efficiency and
cross vendor responsible for cross vendor portability
unpredictability memory
Error management is Traditional allocation and Layered architecture so
gerr graphics thread validation and debug
always active drivers include management to layers can be unloaded
significant generate when not needed
Driver processes full CO":X; .eT:)TOTY command buffers
shading language source management ‘ Direct GPU Run-time only has to
Control ingest SPIR-V
iate language

Separate APIs for
desktop and mobile
markets

. GPU | GPU

Khronos Group

Unified API for mobile,
desktop, console and
embedded platforms

mib— duy 24,2020
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Vulkan Highlights: Command Buffers 25 Vulkan Highlights: Pipeline State Objects 26
* In OpenGL, your “pipeline state” is the combination of whatever your current
« Graphics commands are sent to command buffers graphics attributes are: color, transformations, textures, shaders, etc.

Changing the state on-the-fly one item at-a-time is very expensive

E.g., vkCmdDoSomething( cmdBuffer, ..

Vulkan forces you to set all your state variables at once into a “pipeline state object”
(PSO) data structure and then invoke the entire PSO at once whenever you want to

Buffers are flushed to Queues when the application wants them to be flushed use that state combination

You can have as many simultaneous Command Buffers as you want

Think of the pipeline state as being immutable.

Each command buffer can be filled from a different thread

Potentially, you could have thousands of these pre-prepared pipeline state objects

[cputhread | [[__J[__J[__J[__] ¥ Cmdbuffer|
[cputhread | [C_I[_J Cmd buffer |

[cPuthread | | Cmd buffer |

[cputhread | [C_JC_JL_J Cmd buffer |

2 SIGGRAPH 2 SIGGRAPH
] mib— July 24,2020 L] mib_ Juy 24,2020

Vulkan: Creating a Pipeline 27 Querying the Number of Something 2

which stage (VERTEX, etc.) binding
stride

inputRate

ocation

binding
format
offset

uint32_t count;
result = vkEnumeratePhysicalDevices( Instance, OUT &count, OUT (VkPhysicalDevice *)nullptr );

VkVerlexinputAtibuteDescription

VkPipelineShaderStageCreatelnfo

VkPhysicalDevice * physicalDevices = new VkPhysicalDevice[ count J;

ViPipelnevererimpuStateCreateine result = vkEnumeratePhysicalDevices( Instance, OUT &count, OUT physicalDevices );

re

Shader stages

InputAssembly State 4=

Tesselation State VkViewportStateCreateinfo

Viewport State +—]

MuliSample State

polygoniiode

This way of querying information is a recurring OpenCL and Vulkan pattern (get used to it):

Dynamic Stat, Aoondod

Ppeine ayout neWictn
sePoineande How many total Where to
there are put them

VkGraphicsPipelineCreatelnf)

deptnCompareOp result = vkEnumeratePhysicalDevices( Instance, &count, nullptr );
\ StenciTesiEnable
stencilOpStateFront | |

blendEnable
\ sreColorBlendFactor result = vkEnumeratePhysicalDevices( Instance, &count, physicalDevices );

dsiColorBlendFactor

VvkCreateGrap! colorBlendOp
srcAlphaBlendFacior

SIGERAPH SIGERAPH 2
] [ ray naming e states that can be set ynamicaly | iy 24,2020 i i~ duy 24,2020

Vulkan Code has a Distinct “Style” of Setting Information in structs 29 Vulkan Quick Reference Card — | Recommend you Print This! 30
and then Passing that Information as a pointer-to-the-struct

VkBufferCreatelnfo
vbci.sType = VK_STRU
vbci.pNext = nullptr;
vbei.flags = 0;
vbci.siz < buffer size in bytes >>
vbci.usage = VK_USAGE_UNIFORM_B!
vbci.sharingMode = VK_SHARING_MODE_EXCLUSIVE; —
vbci.queueFamilylndexCount = 0; =
vbci.pQueueFamilylindices = nullptr;

TYPE_BUFFER_CREATE_INFO;

VK_RESULT result = vkCreateBuffer ( LogicalDevice, IN &vbci, PALLOCATOR, OUT &Buffer );

VkMemoryRequirements  (vmr)

result = vkGetBufferMemoryRequirements( LogicalDevi

, Buff

UT &vmr ), //fills vmr

VkMemoryAllocatelnfo
PE_MEMORY_ALLOCATE_INFO;

vmai.allocationSize = vmr.size;
vmai.memoryTypeindex = 0;

result = vkAllocateMemory( LogicalDevice, IN &mai, PALLOCATOR

UT &MatrixBufferMemoryHand|

result = vkBindBufferMemory( LogicalDevice, Buffer, MatrixBufferMemoryHandle, 0 );

https://www.khronos.orgf/fil ulkan1 ference-guide.pdf

mib duy 24,2020




Vulkan Quick Reference Card 31

Vulkan 1.1 Reference Guide

Vulkan Pipeline Disgram v

Eom 3 w7 e

E=r R —
el m— . Dwicriptor Sats

Eompete thder

2

[ —

~ = | e
= ; £ 1 e
s et e "

https://www.| ide.pdf

2 SIGGRAPH
il mib _ July 24, 2020

Vulkan Highlights: a More Typical Block Diagram 3

Application

Logical
Device

Command Buffer
Command Buffer
Command Buffer

? SIGGRAPH 5, P |

Vulkan GPU Memory 35

Your application allocates GPU memory for the objects it needs

To write and read that GPU memory, you map that memory to the CPU
address space

Your application is responsible for making sure that what you put into that
memory is actually in the right format, is the right size, has the right
alignment, etc.

2 SIGBRAPH
| mib — July 24. 2020
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Vulkan Highlights: Overall Block Diagram 32

_Instance

Physical Physical Physical
Device Device Device
Logical Logical Logical Logical Logical
Device Device Device Device Device

| | | |
Command Buffer
Command Buffer
Command Buffer

GG ] min_ Jul 24,2020

Steps in Creating Graphics using Vulkan 34

Create the Vulkan Instance
Setup the Debug Callbacks
Create the Surface
List the Physical Devices
Pick the right Physical Device
Create the Logical Device
Create the Uniform Variable Buffers
Create the Vertex Data Buffers
Create the texture sampler
. Create the texture images
. Create the Swap Chain
. Create the Depth and Stencil Images
. Create the RenderPass
. Create the Framebuffer(s)
. Create the Descriptor Set Pool
. Create the Command Buffer Pool
. Create the Command Buffer(s)
. Read the shaders
. Create the Descriptor Set Layouts
. Create and populate the Descriptor Sets
. Create the Graphics Pipeline(s)
22. Update-Render-Update-Render- ...

CONOINA LN

[ NN
SooveNDORWNO”

SIGRAPH 2%,
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Vulkan Render Passes 36

« Drawing is done inside a render pass
« Each render pass contains what framebuffer attachments to use

+ Each render pass is told what to do when it begins and ends

mib duy 24,2020




Vulkan Compute Shaders 37

Compute pipelines are allowed, but they are treated as something
special (just like OpenGL treats them)

Compute passes are launched through dispatches

Compute command buffers can be run asynchronously

IGGRAPH 2%,

min_ Ju 24,2020

Vulkan Shaders 39

GLSL is the same as before ... almost

For places it's not, an implied
#define VULKAN 100
is automatically supplied by the compiler

You pre-compile your shaders with an external compiler

Your shaders get turned into an intermediate form known as SPIR-V (Standard
Portable Intermediate Representation for Vulkan)

SPIR-V gets turned into fully-compiled code at runtime

The SPIR-V spec has been public for years —new shader languages are surely being
developed

OpenCL and OpenGL have adopted SPIR-V as well

External

Vendor-specific

GLSL Source —— GLsL — SPIRV —»
code

Compiler
Develop Time

Run Time

Advantages:
Software vendors don't need to ship their shader source
Software can launch faster because half of the compilation has already taken place
This guarantees a common front-end syntax
This allows for other language front-ends

BwN

4

Tilkan.

The Vulkan Sample Code Included with These Notes

Mike Bailey

mjb@cs.oregonstate.edu

nsed under a Creative Commons
Attribution-NonCommercial-NoD
ional License

| http://cs.oregonstate.edu/~mjb/vulkan

min Juy 24,2020
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Vulkan Synchronization 38

Synchronization is the responsibility of the application

Events can be set, polled, and waited for (much like OpenCL)

Vulkan itself does not ever lock — that's your application’s job

Threads can concurrently read from the same object

Threads can concurrently write to different objects

imib_ duy 24,2020

Your Sample2019.zip File Contains This 40

The “19” refers to the version of Visual Studio, not the year of development.
SIGGRAPH L) mib— Juy 24,2020

Sample Program Output 42

L] mib— Juy 24,2020
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Sample Program Keyboard Inputs 43

'L Toggle lighting off and on

Toggle display mode (textures vs. colors, for now)

Pause the animation

'q,'Q" quit the program

Esc: quit the program

Toggle rotation-animation and using the mouse

i Toggle using a vertex buffer only vs. an index buffer
(in the index buffer version)

Set the number of instances
(in the instancing version)

min_ Ju 24,2020

Caveats on the Sample Code, | 44

I've written everything out in appalling longhand.

2. Everything is in one .cpp file (except the geometry data). It really should be

broken up, but this way you can find everything easily.

3. Attimes, | could have hidden complexity, but | didn’'t. At all stages, | have

tried to err on the side of showing you everything, so that nothing happens in a
way that's kept a secret from you.

4. I've setup Vulkan structs every time they are used, even though, in many

cases (most?), they could have been setup once and then re-used each time.

5. Attimes, I've setup things that didn’t need to be setup just to show you what

could go there.

imib_ duy 24,2020

Caveats on the Sample Code, Il 45

6. There are great uses for C++ classes and methods here to hide some
complexity, but I've not done that.

7. I've typedef'ed a couple things to make the Vulkan phraseology more
consistent.

8. Even though it is not good software style, | have put persistent
information in global variables, rather than a separate data structure

9. Attimes, | have copied lines from vulkan.h into the code as comments to
show you what certain options could be.

10.I've divided functionality up into the pieces that make sense to me. Many
other divisions are possible. Feel free to invent your own.

mio— Juy 26,2020

Main Program 46

int
main(int arge, char * argv[] )

ermo_ter = fopen_s( &FpDebug, DEBUGFILE, "w" );
if(err1=0)

fprintf( stderr, "Cannot open debug print file ‘%s'\n”, DEBUGFILE );
FpDebug = stderr;

i
forintf(FpDebug, "FpDebug: Width = %d ; Height = %din", Width, Height);

Resel();
InitGraphics|( );

I1loop until the user closes the window:
while( glfwWindowShouldClose( MainWindow ) == 0 )
{

gifwPollEvents( );
Time = glwGetTime(); 1/ elapsed time, in double-precision seconds
UpdateScene();
RenderScene( );

i
fprintf(FpDebug, "Closing the GLFW windowin");

vkQueueWaitldie( Queue );
vkDeviceWaitldle( LogicalDevice )
DestroyAllVulkan( );
glfwDestroyWindow( MainWindow );
gitwTerminate( )

retum 0;

mib— Juy 24,2020

InitGraphics( ), | 47

void
InitGraphics( )
¢ HERE_I_AM( "InitGraphics" );
VkResult result = VK_SUCCESS;
Inito1Instance( );
INitGLFW( );
Init02CreateDebugCallbacks( );
Init03PhysicalDeviceAndGetQueueFamilyProperties( );

Init04LogicalDeviceAndQueue( );

Init05Uni &MyMatrixUniformBuffer );
Fillo5DataBuffer( MyMatrixUniformBuffer,  (void *) &Matrices );

Init05UniformBuffer( sizeof(Light), ~ &MyLightUniformBuffer );
Fillo5DataBuffer( MyLightUniformBuffer, (void *) &Light );

Init05MyVertexDataBuffer( sizeof(VertexData), &MyVertexDataBuffer );
Fillo5DataBuffer( MyVertexDataBuffer, (void *) VertexData );

Init06CommandPool( );
Init06CommandBuffers( );

min Jub 24,2020

InitGraphics( ), Il 48

nito7 &MyPuppy’ %
Inito7 illFromBmpFile( .bmp", &MyPuppyTexture);

Inito8Swapchain( );
Init09DepthStencillmage( );
Init10RenderPasses( );

Init11Framebuffers( );

Init12Spi "sample-vert.spv", & leVertex );
Init12Spil " ple-frag.spv", & ragment );

Init13DescriptorSetPool( );
Init13DescriptorSetLayouts();
Init13DescriptorSets( );

Init14Grap

p lleVertex, St ragment,
VK_PRIMITIVE_TOPOLOGY_TRIANGLE_LIST, &GraphicsPipeline

mib duy 24,2020




A Colored Cube 49

— ahati; GLla CubeCalors, J[3] =

min_ Ju 24,2020

The Vertex Data is in a Separate File 51

#include “SampleVertexData.cpp”
struct vertex

position;
normal;
color;
texCoord;

b
struct vertex VertexData[ ] =

Il triangle 0-2-3:
1l vertex #0:
{

mio— Juy 26,2020
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A Colored Cube
2

struct vertex
{

position;
normal;
color;
texCoord;

¥

struct vertex VertexData[ ] =

{

Il triangle 0-2-3:
Il vertex #0:
{

Vulkan Software Philosophy 5

Vulkan has lots of typedefs that define C/C++ structs and enums

Vulkan takes a non-C++ object-oriented approach in that those typedef'ed structs pass all the necessary
information into a function. For example, where we might normally say in C++:

result = LogicalDevit kGetD Q ( queueF il L OUT &Queue );

we would actually say in C:

result = vkGetDeviceQueue ( LogicalDevice, queueFamilylndex, queuelndex, OUT &Queue );

min_ Jul 24,2020
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50

What if you don’t need all of this information?

struct vertex

vec3  position;
vec3  normal;
vec3  color;
::vec2  texCoord;

For example, what if you are not doing texturing in this application? Should
you re-do this struct and leave the texCoord element out?

As best as | can tell, the only costs for retaining vertex attributes that you aren’t
going to use are some GPU memory space and possibly some inefficient uses

of the cache, but not gross performance. So, | recommend keeping this struct

intact, and, if you don’t need texturing, simply don't use the texCoord values in

your vertex shader.

mib— Juy 24,2020

52

Vulkan Conventions

VkXxx is a typedef, probably a struct
vkYyy( ) is a function call

VK_ZZZ s a constant

My Conventions

“Init" in a function call name means that something is being setup that only needs to be
setup once

The number after “Init” gives you the ordering

In the source code, after main( ) comes InitGraphics( ), then all of the InitxxYYY( )
functions in numerical order. After that comes the helper functions

“Find” in a function call name means that something is being looked for
“Fill” in a function call name means that some data is being supplied to Vulkan
“IN” and “OUT” ahead of function call arguments are just there to let you know how an

argument is going to be used by the function. Otherwise, IN and OUT have no
ance. They are actually #define’d to nothing.

i

54
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Querying the Number of Something and 5
Allocating Enough Structures to Hold Them All
uint32_t count;
result = vkEnumeratePhysicalDevices( Instance, OUT &count, OUT (VkPhysicalDevice *)nullptr );
VkPhysicalDevice * physicalDevices = new VkPhysicalDevice[ count |;
result = vkEnumeratePhysicalDevices( Instance, OUT &count, OUT &physicalDevices[0] );
This way of querying information is a recurring OpenCL and Vulkan pattern (get used to it):
How many total Where to
there are put them
result = vkEnumeratePhysicalDevices( Instance, ~ &count, nullptr );
result = vkEnumeratePhysicalDevices( Instance, &count, &physicalDevices[0] );
o
SIGRAPH 15, e s
Reporting Error Results, | 57
struct errorcode
VkResult  resultCode;
stdzstringmeaning;
}
ErrorCodes| ] =
{
VK_NOT_READY, "Not Ready" )
VK_TIMEOUT, "Timeout* 3
VK_EVENT_SET, "Event Set* )
VK_EVENT_RESET, "Event Reset* )
VK_INCOMPLETE, “Incomplete” 3
VK_ERROR_OUT_OF_HOST_MEMORY, "Out of Host Memory*  },
VK_ERROR_OUT_OF_DEVICE_MEMORY, "Out of Device Memory*  },
VK_ERROR_INITIALIZATION_FAILED, "Initialization Failed* b
VK_ERROR_DEVICE_LOST, "Device Lost" b
VK_ERROR_MEMORY_MAP_FAILED, "Memory Map Failed”  },
VK_ERROR_LAYER_NOT_PRESENT, "Layer Not Present* )
VK_ERROR_EXTENSION_NOT_PRESENT, "Extension Not Present*  },
VK_ERROR_FEATURE_NOT_PRESENT, "Feature Not Present’  },
VK_ERROR_INCOMPATIBLE_DRIVER, “Incompatible Driver' ),
VK_ERROR_TOO_MANY_OBJECTS, “Too Many Objects" )
VK_ERROR_FORMAT_NOT_SUPPORTED, "Format Not Supported*  },
VK_ERROR_FRAGMENTED_POOL, "Fragmented Pool* )
VK_ERROR_SURFACE_LOST KHR, "Surface Lost* b
VK_ERROR_NATIVE_WINDOW_IN_USE_KHR, "Native Window in Use*  },
VK_SUBOPTIMAL_KHR, "Suboptimal* b
VK_ERROR_OUT_OF_DATE_KHR, "Error Out of Date" )
VK_ERROR_INCOMPATIBLE_DISPLAY_KHR, "Incompatible Display*  },
VK_ERROR_VALIDATION_FAILED_EXT, "Valuidation Failed* )
VK_ERROR_INVALID_SHADER_NV, “Invalid Shader* )
VK_ERROR_OUT_OF_POOL_MEMORY_KHR, “Out of Pool Memory* ~ },
VK_ERROR_INVALID_EXTERNAL_HANDLE, "Invalid External Handle* },
SIGGR by 24202
Extras in the Code 59

#define REPORT(s)

#define HERE_I_AM(s)

bool Paused;

bool Verbose;

#define DEBUGFILE

errno_t err = fopen_s( &FpDebug, DEBUGFILE,

{ PrintVKError( result, s ); fflush(FpDebug); }

if( Verbose ) { fprintf( FpDebug, "***** %s *****\n", s ); fflush(FpDebug); }

"VulkanDebug.txt"

constint32_t OFFSET_ZERO= 0;

min Jub 24,2020
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Your Sample2019.zip File Contains This

Linux shader compiler ~_|

Windows shader compiler

Double-click here to  ——
launch Visual Studio 2019
with this solution

56

The “19” refers to the version of Visual Studio, not the year of development.
© SIGGRAPAA .

Reporting Error Results, Il

void
PrintVKError( VkResult result, std::string prefix )
if (Verbose && result == VK_SUCCESS)

fprintf(FpDebug, "%s: %s\n", prefix.c_str(), "Successful');
filush(FpDebug);
return;

}

const int numErrorCodes = sizeof( ErrorCodes ) / sizeof( struct errorcode );
std::string meaning = "";
for(inti= 0; i < numErmorCodes; i++ )

if( result == ErrorCodesfil resultCode )

meaning = ErrorCodes[i].meaning;
break;

}

fprintf( FpDebug, "\n%s: %s\n", prefix.c_str(), meaning.c_str() );
filush(FpDebug);

58

mib— Juy 24,2020

Wilican.

Drawing

Mike Bailey

mjb@cs.oregonstate.edu

License

| http://cs.oregonstate.edu/~mjb/vulkan

IGGRAPH
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62
Vulkan Topologies

typedef enum VkPrimitiveTopology

VK_PRIMITIVE_TOPOLOGY_POINT_LIST
VK_PRIMITIVE_TOPOLOGY_LINE_LIST
VK_PRIMITIVE_TOPOLOGY_LINE_STRIP
VK_PRIMITIVE_TOPOLOGY_TRIANGLE_LIST
VK_PRIMITIVE_TOPOLOGY_TRIANGLE_STRIP
VK_PRIMITIVE_TOPOLOGY_TRIANGLE_FAN
VK_PRIMITIVE_TOPOLOGY_LINE_LIST_WITH_ADJACENCY
VK_PRIMITIVE_TOPOLOGY_LINE_STRIP_WITH_ADJACENCY
VK_PRIMITIVE_TOPOLOGY_TRIANGLE_LIST_WITH_ADJACENCY
VK_PRIMITIVE_TOPOLOGY_TRIANGLE_STRIP_WITH_ADJACENCY
VK_PRIMITIVE_TOPOLOGY_PATCH_LIST

} VkPrimitiveTopology;

T iy 24,2020

Triangles Represented as an Array of Structures 64
From the file SampleVertexData.cpp: 2 3

struct vertex .

position;

color;
texCoord;

struct vertex VertexData[ ] =

Il triangle 0-2-3:
Il vertex #0:
{

Modeled in

RS right-handed ——
o} coordinates .

61
Vulkan Topologies
VK_PRIMITIVE_TOPOLOGY_POINT_LIST VK_PRIMITIVE_TOPOLOGY_TRIANGLE_LIST
VS
Y A \5
V.
oV v,
. v VZ
Vo oV Vo A
VK_PRIMITIVE_TOPOLOGY_TRIANGLE_STRIP
VK_PRIMITIVE_TOPOLOGY_LINE_LIST
.V!\. ] . Ve V;
VZ
V.
y .\. . .
o Vo v, 4 Vg
VK_PRIMITIVE_TOPOLOGY_LINE_STRIP  VK_PRIMITIVE_TOPOLOGY_TRIANGLE_FAN
Vs \&!
VZ
v, Vi
\'A Vo
Ve Vs mib_ July 24,2020
A Colored Cube Example 63
2 3 sz (3 Tz CradmeCalors] J[3] -
! fo.n.ng
{0,001
& 7 0. 1.0}
i, L0 L
fo.n. 1.}
1101
o1, 1.},
[ASRER N
1
static GLuint CubeTrianglelndices{ ][3] =
{
{0,2,3),
{0,3,1),
A4, {457}
l 44 {4,7,6},
t-'l- - {137}
L {1,7.5},
i-’l--'l. {0,4,6},
}‘:t {0.6,2),
{2.6,7),
i i {2.7.3},
{0.1,5}
(0,54}
)
mib_Juy 24,2020
Non-indexed Buffer Drawing 65

From the fi&_SampleVertexData.cpp:

struct vertex

glm:
glm:
glm:
gim::

position;
normal;
color;
texCoord;

¥

struct vertex VertexDatal ] =
{

Stream of Vertices

1]

4

mib— Juy 24,2020

min_ Jul 24,2020

Filling the Vertex Buffer 66

struct vertex VertexData[] =

b

MyBuffer MyVertexDataBuffer;

Init05MyVertexDataBuffer( sizeof(VertexData), OUT &MyVertexDataBuffer );
Fillo5DataBuffer( MyVertexDataBuffer, (void *) VertexData );

VkResult
Inito5My DataBuffer( IN VkD

size, OUT MyBuffer * pMyBuffer )

VkResult result;
result = Init05DataBuffer( size, VK_BUFFER_USAGE_VERTEX_BUFFER_BIT, pMyBuffer );
return result;

mib duy 24,2020
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A Preview of What InitO5DataBuffer Does 67 Telling the Pipeline about its Input 68
VkResult
:mﬂ)SDauBuﬂ‘er( VkDevioeSize size, VkBufferUsagsFlags usage, OUT MyBufier * pHyBuffer ) We will come to the Pipeline later, but for now, know that a Vulkan pipeline is essentially a very large
VkResult result = VI 3 data structure that holds (what OpenGL would call) the state, including how to parse its input.

CIC++:
Stractvertex GLSL Shader:
vbi. shanngMode \/K SHARING_MODE_EXCLUSIVE; glm:: position; —) ::;:::: ::z:: :Zzi :\p:ir,‘:.’;.
vbci.queueFamilyindexCount = 0; glm: ormal; layout( locati vec3 aColor;
vbci.pQueueFamilyindices = (const Mnt32_t *“)nullptr; glm: lor; layout( locatiol )in vec2 aTexCoord;
result = vkCreateBuffer ( LogicalDevice, IN &vbei, PALLOCATOR, OUT &pMyBuffer->buffer ); glm:: texGoord; d
%

VkMemoryRequirements @
Device, IN pMyBuffer->buffer, 0y M fills v

VkMemoryAliocatelnfo

vmai.sType = VK_STRUCTURE TXPE_MEMORY_ALLOCATE_INFO: VkVertexinputBindingDescription wibd[1];  // one of these per buffer data buffer
e ot misize wibd[0].binding /1 which binding # this is
vmai Typelndex = Find X wibd[0] stride = sizeof( struct vertex ); I/ bytes between successive structs
wibd[0L.inputRate = VK_VERTEX_INPUT_RATE_VERTEX;
VkDeviceMemory

result = vkAllocateMemgry
pMyBuffer->vdm = vdm;

&vdm );

result = vkBindBufferMemory( LogicalDevice, pMyBuffer->buffer, INam, 0 ); 1/0is the offset
return result;

}
W

€ SIGBRAPH

Telling the Pipeline about its Input 69 Telling the Pipeline about its Input 70

struct vertex
{

- layout( locatior
position; mm) | |ayout( locatios

normal; layout( locatior

in vec3 aVertex; - " - "
; :: ::3 :Nf,,m:k We will come to the Pipeline later, but for now, know that a Vulkan Pipeline is essentially a very large

) in vec3 aColor; data structure that holds (what OpenGL would call) the state, including how to parse its vertex input.

glm::
glm

glm: color; oo .
gim:: texCoord; layout( location = 3 ) in vec2 aTexCoord;
% VkPipelineVertexInputStateCreatelnfo vpvisci; 1 used to describe the input vertex attributes
VkVertexInputAttributeDescription wviad[4]; Il array per vertex input attribute vpvisci.sType = VK_STRUCTURE_TYPE_PIPELINE_VERTEX_INPUT_STATE_CREATE_INFO;

vpvisci.pNexi
vpvisci flags = 0;
vpvisci.vertexBindingDescriptionCount = 1;

1/ 4 = vertex, normal, color, texture coord uliptr;
wviad[0].location I'ocation in the layout decoration
wviad[0].bindin JI which binding description this is part of
wiad[0] format = VK_FORMAT_VEC3;  //x,y,z

wviad[0].offset = offsetof{ struct vertex, position ); 7o

Always use the C/C++
construct offsetof, rather than
hardcoding the value!

wviad([1]. Iocanon =1,

K K FORMAT_VEC3; II'nx, ny, nz
wviad[1].offset = offsetof( struct vertex, normal ); n12

2

wviad[2].location
wiad[2].binding = 0;
wiad[2].format = VK_FORMAT_VEC3;  //r,g,b

wviad[2].offset = offsetof( struct vertex, color ) 124

vpiasci.{ (opulogy VK_PRIMITIVE_TOPOLOGY_TRIANGLE_LIST;;

wviad[3].location
wviad[3].bindin
wviad[3].format = VK_FORMAT_VEC2; II's, t

wiad[3].offset = offsetof{ struct vertex, texCoord ); 1136

W
SIGGRAPH i SIGGRAPH %

3;

Telling the Pipeline about its Input 7 Telling the Command Buffer what Vertices to Draw 72

We will come to the Pipeline later, but for now, know that a Vulkan Pipeline is essentially a very large
data structure that holds (what OpenGL would call) the state, including how to parse its vertex input. We will come to Command Buffers later, but for now, know that you will specify the vertex buffer
that you want drawn.

VkGraphicsPipelineCreatelnfo
vgpci.sType = VK_STRUCTURE_TYPE_Gt
vgpci.pNext = nullptr;
vgpci.flags = 0;
vgpoi. stageCmm(- ;
vgpci.pStages = vpssci;
vgpci.pVertexinputState = &vpVisci;

APHICS_PIPELINE_CREATE_INFO;

/I number of shi

der stages in this pipeline VkBuffer buffers[1] = MyVertexDataBuffer.buffer;

VKCI il C 0, 1, vertexD: offsets );

vgpci.pTessellationState = (VkPipelineTessellationStatgCreatelnfo *)nullptr; 11 &vptsci const uint32 @ sizeof( VertexData ) / sizeof( VertexData[0] );
vgpci.pViewportState = 8vpvsci; const uint32_t TStance ot

vgpci.pRasterizationState = &vprsci; const uint32_t firstVertex =
vgpci.pMultisampleState = &vpmsci; const uint32_t firstinstanc
vgpei.pDepthStencilState = &vpdssci; -
vgpci.pColorBlendState = &vpcbsci;
vgpci.pDynamicState = &vpdsci;
vgpci.layout = IN GraphicsPipelineLayout;
vgpci.renderPass = IN RenderPass;
vgpci.subpass = 0; I/ subpass number
vgpci.basePipelineHandle = (VkP\peIlne) VK_NULL_HANDLE;
vgpci.basePipelinelndex =

/gpci

Always use the C/C++

construct sizeof, rather than
hardcoding a count!

vkCmdDraw( CommandBuffers[nextimagelndex], vertexCount, instanceCount, firstVertex, firstinstance );

result = vkCreateGraphicsPipelines( LogicalDevice, VK_NULL_HANDLE, 1, IN &vgpci,
PALLOCATOR, OUT &GraphicsPipeline );

Iﬁs‘u “ ™ mib— July 24, 2020
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int JustindexDatal

FPOONNOONO NS

Drawing with an Index Buffer 73
struct vertex JustVertexData[ ] =
! 1/ vertex #0: Stream of Vertices Stream of Indices
G
{0, 0,0} Vertex Lookup
y PRI
Il vertex #1: T-1.-Th
ot Ao -t )
{0,001 -‘:., .:., 1
{ 1.0, 0. 3
(oo T
="l

Triangles

!

l s

min_ Ju 24,2020

Drawing with an Index Buffer 75

VkResult
InitO! VKD

return result;

size, OUT MyBuffer * pMyBuffer)

VkResult result = Inito5DataBuffer(size, VK_BUFFER_USAGE_INDEX_BUFFER_BIT, pMyBuffer);

1/ fills pMyBuffer

Init0: f(Ji

Data), IN &MyJustVertexDataBuffer );

Fillo5DataBuffer( MyJustVertexDataBuffer,

Init05MyIndexDataBuffer( sizeof(JustindexData),
Fillo5DataBuffer( MyJustindexDataBuffer,

(void *) JustVertexData );

IN &MyJustindexDataBuffer );
(void *) JustindexData );

mio— Juy 26,2020

Indirect Drawing (not to be confused with Indexed) 7

typedef struct
VkDrawlIndirectCommand

uint32_t vertexCount;
uint32_t instanceCount;
uint32_t  firstVertex;
uint32_t firstinstance;

} VkDrawlIndirectCommand; .

vkCmdDi i Ci

buffer, offset, drawCount, stride); |

Compare this with:

min Jub 24,2020

Drawing with an Index Buffer 74
kCmdBi inding, bindingCount, vertexD: vertexOffsets );
kCi i indexD: indexOffset, indexType );

typedef enum VkindexType ]
{
VK_INDEX_TYPE_UINT16=0, /0~ 65,535
VK_INDEX_TYPE_UINT32=1, /0 ~4,204,967,295
} VkindexType;
instanceCount, firstindex, vertexOffset, firstinstance);
imib iy 24,2020
Drawing with an Index Buffer 76
VkBuffer vBuffers[1] = { MyJustVertexDataBuffer.buffer };
VkBuffer iBuffer = { MyJustindexDataBuffer.buffer };
kCmdBi [ffers( G 0, 1, vBuffers, offsets );
/10, 1 = firstBinding, bindingCount
KCmdBi frer( C iBuffer, 0, VK_INDEX_TYPE_UINT32 );
const uint32_t vertexCount = sizeof( JustVertexData ) / sizeof( JustVertexData[0] );
const uint32_tindexCount = sizeof( JustindexData ) / sizeof( JustindexData[0] );
const uint32_t instanceCount = 1;
const uint32_t firstVertex = 0;
const uint32_t firstindex = 0;
const uint32_t firstinstance
const uint32_t vertexOffset =
kCmdD C indexCount, instanceCount, firstindex,
vertexOffset, firstinstance );
IGGRAPH %
L) mib— Juy 24, 2020
78

Indexed Indirect Drawing (i.e., both Indexed and Indirect)

vkCmdD bu'ffer, offset, drawCount, stride ); ‘
typedef struct /
VkDrawIndexedIndirectCommand
{

uint32_t indexCount;
uint32_t instanceCount;
uint32_t firstindex;
int32_t  vertexOffset;
uint32_t firstinstance;
} VkDrawlIndexedIndirectCommand;

Compare this with:

mib duy 24,2020
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Sometimes the Same Point Needs Multiple Attributes 79

Sometimes a poipf'that is common to multipt€ faces has the same attributes, no matter
what face itis in” Sometimes it doesn’t.

A color-interpolated cube like this actually has both. Point #7 above has the same color,
regardless of what face it is in. However, Point #7 has 3 different normal vectors,
depending on which face you are defining. Same with its texture coordinates.

Thus, when using indexed buffer drawing, you need to create a new vertex struct if
any of {position, normal, color, texCoords} changes from what was previously-
stored at those coordinates.

Sometimes the Same Point Needs Multiple Attributes 80

Where values do not match at the
corners (texture coordinates)

Where values match at the
corners (color)

2 SIGGRAPH
R

The OBJ File Format — a triple-indexed way of Drawing 81
v 1.710541 1.283360 -0.040860 vt0.816406 0.955536
v 1.714593 1.273043 -0.041268 v10.822754 0.959168
v 1.706114 1.279109 -0.040795 vt 0.815918 0.959442
v 1.719083 1.277235 -0.041195 v10.823242 0.955292
v 1.722786 1.267216 -0.041939 V10.829102 0.958862
v 1.727196 1271285 -0.041795 vt0.829590 0.955109
v 1.730680 1.261384 -0.042630 v10.835449 0.958618
v 1.723121 1.280378 -0.037323 vt 0.824219 0.951263
v 1.714513 1.286599 -0.037101 v0.817383 0.951538
v 1.706156 1.293797 -0.037073 Vvt0.810059 0.951385 VI/TI/N
v 1.702207 1.290297 -0.040704 vt0.809570 0.955383
v 1.697843 1.285852 -0.040489 v10.809082 0.959320
v 1.709169 1.295845 -0.029862 vt 0.811035 0.946381

v 1.717523 1.288344 -0.029807 /

73/73/75 65/65/67 66/66/68

vn 0.1725 0.2557 -0.9512
vn -0.1979 -0.1899 -0.9616
vn -0.2050 -0.2127 -0.9554
vn 0.1664 0.3020 -0.9387
wvn -0.2040 -0.1718 -0.9638

166/66/68 74/74/76 73/73/75
174/74/76 66/66/68 67/67/69 | | Note: The OBJ
67/67/69 75/75/77 T4/74/76 file format uses
175/75/77 67/67/69 69/69/71 | | 1-based indexing
169/69/71 76/76/78 75/75/77 | | for faces!

F 7171173 72(72/74 T7/77/79
172/72/74 78/78/80 77/77/79
178/78/80 72/72/74 73/73/75
f73/73/75 79/79/81 78/78/80
179/79/81 73/73/75 74/74/76
174/74/76 80/80/82 79/79/81
180/80/82 74/74/76 75/75/77
175/75/77 81/81/83 80/80/82

vn 0.1645 0.3203 -0.9329
wvn -0.2055 -0.1698 -0.9638
vn 0.4419 0.6436 -0.6249
vn 0.4573 0.5682 -0.6841
vn 0.5160 0.5538 -0.6535
vn 0.1791 0.2082-0.9616
vn -0.2167 -0.2250 -0.9499
vn 0.6624 0.6871-0.2987

mio— Juy 26,2020

83
The Shaders’ View of the Basic
Computer Graphics Pipeline Verlex Shader
« In general, you want to have a vertex Prumitive Assembly

and fragment shader as a minimum. T

Tessellation Control Shader

« Amissing stage is OK. The output
from one stage becomes the input of
the next stage that s there.

[ Tesseiation Primitive Generatar |

« The last stage before the fragment
shader feeds its output variables into

the rasterizer. The interpolated :
values then go to the fragment S —
shaders

:

[ s |
SIGBRAPH 22,

82

Wulkan.

Shaders and SPIR-V

Mike Bailey

mjb@cs.oregonstate.edu

| http://cs.oregonstate.edu/~mjb/vulkan

mib— Juy 24,2020

84
Vulkan Shader Stages

Shader stages

typedef enum VkPipelineStageFlagBits {
VK_PIPELINE_STAGE_TOP_OF_PIPE_BIT = 0x00000001,
VK_PIPELINE_STAGE_DRAW_INDIRECT_BIT = 000000002,
VK_PIPELINE_STAGE_VERTEX_INPUT_BIT = 0x00000004,
'VK_PIPELINE_STAGE_VERTEX_SHADER_BIT = 0x00000008,
'VK_PIPELINE_STAGE_TESSELLATION_CONTROL_SHADER_BIT = 0x00000010,
VK_PIPELINE_STAGE_TESSELLATION_EVALUATION_SHADER_BIT = 000000020,
VK_PIPELINE_STAGE_GEOMETRY_SHADER_BIT = 0x00000040,
VK_PIPELINE_STAGE_FRAGMENT_SHADER_BIT = 0x00000080,
VK_PIPELINE_STAGE_EARLY_FRAGMENT_TESTS_BIT = 0x00000100,
VK_PIPELINE_STAGE_LATE_FRAGMENT_TESTS_BIT = 0x00000200,
VK_PIPELINE_STAGE_COLOR_ATTACHMENT_OUTPUT_BIT = 0x00000400,
'VK_PIPELINE_STAGE_COMPUTE_SHADER_BIT = 0x00000800,
VK_PIPELINE_STAGE_TRANSFER_BIT = 0x00001000,
VK_PIPELINE_STAGE_BOTTOM_OF_PIPE_BIT = 0x00002000,
VK_PIPELINE_STAGE_HOST_BIT = 0x00004000,
VK_PIPELINE_STAGE_ALL_GRAPHICS_BIT = 000008000,
VK_PIPELINE_STAGE_ALL_COMMANDS_BIT = 0x00010000,

} VkPipelineStageFlagBits;

Iﬁalu “ L] mib— Juy 24,2020
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How Vulkan GLSL Differs from OpenGL GLSL 85

Detecting that a GLSL Shader is being used with Vulkan/SPIR-V:

« In the compiler, there is an automatic
#define VULKAN 100

Vulkan Vertex and Instance indices: OpenGL uses:
gl_Vertexindex gl_VertexID
gl_Instancelndex gl_InstancelD

« Both are 0-based

gl_FragColor:

+ In OpenGL, gl_FragColor broadcasts to all color attachments
+ In Vulkan, it just broadcasts to color attachment location #0
+ Bestidea: don't use it at all — explicitly declare out variables to have specific location numbers

min_ Ju 24,2020

Vulkan: Shaders’ use of Layouts for Uniform Variables 87
I/ non-sampler variables must be in a uniform block:
layout( std140, set = 0, binding = 0 ) uniform matBuf All non-sampler uniform variables
( must be in block buffers

mat4 uModelMatrix;
matd uViewMatrix;
mat4 uProjectionMatrix;

mat3 uNormalMatrix;
) Matrices;

m block:

I/ non-sampler variables must be in i :
Y uniform lightBuf

layout( std140, set = 1, bindin

vect uLightPos;
} Light;

layout( set = 2, binding = 0 ) uniform sampler2D uTexUnit;

codeSize (in bytes)

VkShaderModuleCreatelnfo( )

VkCreateShaderModule()

mio— Juy 26,2020

SPIR-V: 89
Standard Portable Intermediate Representation for Vulkan

glslangValidator shaderFile -V [-H] [-I<dir>] [-S <stage>] -o shaderBinaryFile.spv

Shaderfile extensions:

.vert Vertex

tesc Tessellation Control

tese Tessellation Evaluation
.geom  Geometry

frag Fragment

.comp  Compute

(Can be overridden by the —S option)

-V Compile for Vulkan

-G Compile for OpenGL

-l Directory(ies) to look in for #includes

-S Specify stage rather than get it from shaderfile extension
-Cc Print out the maximum sizes of various properties

Windows: glslangValidator.exe
Linux: glslangValidator

min Jub 24,2020

7/26/2020

How Vulkan GLSL Differs from OpenGL GLSL 86

Shader combinations of separate texture data and samplers:
uniform sampler s;

uniform texture2D t;
vecd rgba = texture( sampler2D(t,s ), VST );  +—— Note: our sample code
doesn't use t
Descriptor Sets:

layout( set=0, binding=0). .. ;

Push Constants:
layout( push_constant) . . . ;

Specialization Constants:
layout( constant_id =3 ) constintN =5;

+ Only for scalars, but a vector’s can be from ialization constants

Specialization Constants for Compute Shaders:
layout( local_size_x_id = 8, local_size_y_id = 16 );

- This sets gl_WorkGroupSize.x and gl_WorkGroupSize.y
- gl_WorkGroupSize.z is set as a constant

™ imib_ duy 24,2020

IGERAPH

Vulkan Shader Compiling 88

You half-precompile your shaders with an external compiler

Your shaders get turned into an intermediate form known as SPIR-V, which
stands for Standard Portable Intermediate Representation.

SPIR-V gets turned into fully-compiled code at runtime, when the pipeline
structure is finally created

The SPIR-V spec has been public for a few years —new shader languages are
surely being developed

OpenGL and OpenCL have now adopted SPIR-V as well

External i
GLSL Source  ——» GLsL —— SPIRV —— Vendor-specific
Compiler code
Develop Time Run Time

Ad

Software vendors don’t need to ship their shader source

Syntax errors appear during the SPIR-V step, not during runtime

Software can launch faster because half of the compilation has already taken place
This guarantees a common front-end syntax

This allows for other language front-ends

mib— Juy 24,2020

You Can Run the SPIR-V Compiler on Windows from a Bash Shell 90

This is only available within 64-bit Windows 10.

2. Type the word bash

1. Click on the Microsoft Start icon

mib duy 24,2020
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You Can Run the SPIR-V Compiler on Windows from a Bash Shell 91
e 0 e This is only available within 64-bit
e G Windows 10.

:r" '.“', Pick one:

G) Bash on
[~~~ Can get to your personal folders

« Does not have make
Oocuments

+ Can get to your personal folders
« Does have make

min_ Ju 24,2020

7/26/2020

Running glslangValidator.exe 93

exe

Compile for Vulkan (“-G” is compile for OpenGL) \

The input file. The compiler determines the
shader type by the file extension:

vert Vertex shader

.tecs Tessellation Control Shader
tecs Tessellation Evaluation Shader
.geom Geometry shader

frag Fragment shader

.comp  Compute shader

Specify the output file

mio— Juy 26,2020

Running glslangValidator.exe 92

/Vulkan/Sample2017

exe -V sample-vert.vert -o sample-vert.spv

Jv/vulkan/Sample2017

exe -V sample-frag.frag -o sample-frag.spv

/y/Vulkan/Sample2017

imib_ duy 24,2020

Reading a SPIR-V File into a Vulkan Shader Module 95

#define SPIRV_MAGIC 0x07230203

VKR

esult
Init12SpirvShader( std::string filename, VkShaderModule * pShaderModule )
FILE *fp;
(void) fopen_s( &fp, filename.c_str(), "rb");
if( fp == NULL )

fprintf( FpDebug, "Cannot open shader file ‘%s'\n", filename.c_str( ) );
return VK_SHOULD_EXIT;

uint32_t magic;
fread( &magic, 4, 1, fp );
if( magic 1= SPIRV_MAGIC )

fprintf( FpDebug, "Magic number for spir-v file '%s is 0x%08x - should be 0x%08x\n",
filename.c_str( ), magic, SPIRV_MAGIC );
return VK_SHOULD_EXIT;

fseek( fp, OL, SEEK_END );

int size = ftell(fp );

rewind( fp );

unsigned char *code = new unsigned char [size];
fread( code, size, 1, fp );

fclose(fp );
2 SiwoxArn

min Jub 24,2020

How do you know if SPIR-V compiled successfully? 94

Same as C/C++ -- the compiler gives you no nasty messages.
Also, if you care, legal .spv files have a magic number of 0x07230203

So, if you do an od —x on the .spyv file, the magic number looks like

this:
0203 0723 . ..
& W
2 SIGHRAPH %,
Reading a SPIR-V File into a Shader Module 96
VkShaderModuleCreatelnfo
vsmei.sType = VK_STRUCTURE SHADER_MODULE_CREATE_INFO;
vsmi.pNext = nullptr;
vsmci.flags
vsmoi.codeSize = size;
vsmci.pCode = (uint32_t *)code;
VkResult result = vkCreateShaderModule( LogicalDevice, &vsmci, PALLOCATOR, OUT & ShaderModuleVertex );
fprintf( FpDebug, "Shader Module '%s' successfully loaded\n", filename.c_str() );
delete [ ] code;
return result;
}
[+ L
& SIGGRAPH L,
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Vulkan: Creating a Pipeline o7 You can also take a look at SPIR-V Assembly 98

inputRate location
] v =
i

VkVerlexinputAtibuteDescription

ViPipelineShaderStageCreatelnio

pl rt.spv

rers 4 &) o

PipelineVertexinpul Inf
ViPipeline VertexinpulStateCreatelnfo P

e
Shader stages
Vertxinput Stste +~_|

Tesselation State

v,
minDepth,
maxDepth

VkViewportStateCreateinfo

Rasireonon e | Somsor This prints out the SPIR-V “assembly” to standard output
MultiSample State Other than nerd interest, there is no graphics-programming reason to look at this. ©
o * Y st
Pipeine layout

lineWidth

basePipelineHandie
basePipeiinelndex

s
eGP e | oy
SensoySiatn

blendEnable
sreColorBlendFactor
stColorBlendFactor
colorB
sreAphaBlendFactor

VkPipelineDynamicStateCreatelnfo alphaBlendop
colorWriteMask

[T ———

min_ Ju 24,2020 imib_ duy 24,2020

For example, if this is your Shader Source 99 This is the SPIR-V Assembly, Part | 100

#version 400
#extension GL_ARB_separate_shader_objects : enable
#extension GL_ARB_shading_language_420pack : enable
layout(std140, set = 0, binding = 0 ) uniform matBuf

{

‘Capabilty Shader
1 Extinstimport “GLSL st 450"
Memoryodel Logical GLSL4S0
fryPoint Verlex 4 "main” 34 37 48 53 56 57 61 63
Source GLSL 400
rceExtension "GL_ARB_separate_shader_objects"
‘SourceExtension "GL_ARB_shading_anguage_420pack”

matd uModelMatrix;
matd uViewMatrix;
mat4 uProjectionMatrix;
mat3 uNormalMatrix;
}Matrices; MemberName 13(matBu) 0 "ublodelMat
MemberName 13(matBuf) 1 "uViewMatrx’
MemberName 13(matBuf) 2 "uProjectionMatrix
MemberName 13(matBuf) 3 "uNormalMatr

1 non-opaque must be in a uniform blo
loyoui 2o, oo g o ghBut

e
vect uLightPos; ! Perverox:
}Light, MemberName 32(gl_PerVertex) 0 “gl_Position”
NermberName 320 PerVeron 1 g PoniSize”
Iayout ocaion = 0 n vac3 aVertex; Nombertame 32 Porvario)2 "o CipDisanca”
layout(location aNomai . Name 37
Iayout(location olor = Neme 48
oo locaton= ) i vecd roxGoore Name 53
i s g i St Name 56
P Name 57
layout ( location = 0 ) out vec3 vNormal; [P — Name 61
layout ( locatior ) out vee3 vColor; s Eﬂme :: :
ut ¢ P lame 65 "lghtl
fayout  locatio ) out vec2 vTexCoord; Memt est’:(ughlsuno "uLightPos”
- Name &7 Lt
MemberDecorate 13(matBuf) 0 ColMajor
main() Memberbecora 13(matguf 0 Ofst
{ MemberDecorate 13(matBuf) 0 MatrixStride 16
MemberDecorate 13(matgu) 1 ColMajor
M = Matrices. Matr Matrix * Matr MemberDecorate 13(matBuf) 1 Offset 64
ol_Posiion = PVM * vecd( aVertex. 1. ) MemberDecorae 13(matBuf) 1 MatrxSirde 16
berDecorate 13 aljor
Wormal = MaticssuNormalats* aNormal MemberDecorate 13(maiBu) 2 Off
Normal = Mat MemberDecorate 13(matBuf 2 MatrnSinde 16
VTexCoord = aTexCoord MemberDecorate 13(matBuf) 3 Offset 192
) HerbrOacort 2.3 ekt 6
Decorate 13(matBuf) Block

Docorate 15 alncos) Descrtorsat0

mio— Juy 26,2020

2020

This is the SPIR-V Assembly, Part Il 101 This is the SPIR-V Assembly, Part IlI 102

Decorate 15(Matices) Binding 0
emberbecorae 32 Perverer)0 BultnPostion

MemberDecorate 32(gl_PerVertex) 1 Buitin PointSizz

Nemberbecrate 321_Pervenen) 2 Bullin CipDince

Decorate 32(gl_Pervertex) Block

Decorate 37(aVertex) Location 0

Decorate 48(vNormal) Location 0

Decorate 53(aNormal) Location

Decorate 56(vColor) Location 1

Decorate 57(aColor) Location 2

Decorate 61(vTexCoord) Location 2

50 “TypePointer Uniform 12

53(aNormal):  36(pt) Variable Input

56(vColor): ~47(plr) Variable Output

57(aColor): ~ 36(ptr) Variable Input
50

60 jpePointer Output 59(fvec?)
S1ToxConrd Sho varaolo St
TypePlter o S8(vec2)
SaTenCoord: E2)Varave i
65(ight8uf) TypeStruct 7(fves
66 o o BBt
67(Light):  66(pt) Variable Uniform
«

MemberDecorate 65(ightBu) 0 Offset 0
Decorate 65(ightBu) Block

Decorate 67(Light) DescriptorSet 1
Decorate 67 (Light) Binding 0

2 Function None 3
5. Label

OGS Varatl Furcton
18 ) AccssCiain 5(Hatioss) 17

2
eFunction z ar
3 TypeFunction 2 22 16() AccassCrain 15(Matices) 21
6 Typeroata 2 Bloadz
7 TypoVeclorfoa)4 2 MalrinTimesMatrx 20 23
g ; :r;:l:rm“m] - 26: 18(ptr) AccessChain 15(Matrices) 25
11 TypeVector 6(float) 3 e N mematn24 27
12 TypeManx Ti(fvec3)3 Stove 1o(Puty 8
i e b e 13(matBu) Tynesmmxs&ﬂ{z T 8 Load 10(PVM)
ointe rumrom\u(ma«am) L
u 11(tvec3) Load 37(aVertex)
T5(Marces): 4] varane Union et i e e nha 0
1e 15“"”2’5“ 2y st aTac 53 o) Compontearac 30 1
! Corstan2 o 2. {oat) ComposieExtract 36 2
B oo 43 T(fvecé) CompositeConstnuct40 41 4239
25 16y Constan 1 44 7(fecd) MatrTimesVecior 35 43
= 46 45(pt) AccessChain 34 25
Store 4844
30 29(nt) Constant 1
ottt 0 51 50l Accesshain tfMaticos 49
32(gl_PerVertex): TypeStruct 7(fveca) 6{fioat) 31 t
i
5 s it 2. Perieren) & e ncTinosvodr 254
34: 33(ptr) Variable Output ‘Store 48(vNormal) 55
Porter it 11(vecs) 58 11(fvecs) Load 57(aColor)
STaverex: 361 Vrale Store S6(vColon 55
(fa) Constant msssﬁm,s 64: 50(fvec2) Load 3(aTexCoord)
pePober Oupi T (hect) Store 61(vTexCoord) 64
inter Output 11(fvec3) Retu
daNomal)_ oty Vo Gt FandionEnd
49: 18(int) Constant 3 {metonén

200
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SPIR-V: Printing the Configuration 103

glslangValidator —c

Martignts 32 MaxCombinedmagaUniorms &

MaxClgPlanes & MaxGoometryTextureimageUnis 16
MarTesureUnits 52 MaxGoometryOulpulVericos 256
MaxTetureCoords 32 MaxGoometryTotalOutpulComporents 1024
Marverexhlrbs 64 MaxGoometryUnformComponents 1024
MarVertexUnformComparents 4096 MaxGeometryVaryingComporets 64
MarVaryngFloats 64 faxTessControllpuiComponents 128
MarVerexTextureimageUnis 32 MaxTessConroOutputComponens 128
faxCombinedTextureimagelnis 60 MaxTessConrolTextureimageunts 16
MarToxureimageUnds 32 MaxTossConrolUrior s 1024
MaxTossConfrolTolalOutpuComponents 4096

MarComputeonGroupSize) MaxFragmentAomicCouniers &
ACompueNonGroupSzeY 1024 faxCombinedAlomicCounters
MarCompuaonGroupSizeZ 61 MashtomicCounterBindings 1
MaxComputaUnormComporents 1024 Mar/ereshomicCountrd.
MaxComputsTexturalmageUnis 16 MaxTessControlatomicCounlorBulfer
MaxComputeimagoUniforms & MaxTossEauationAtomcCourterufers 0
MaxComputeAtomicCaunters § MaxGeometsyAlomicCounterBulfors
ComputeAtomicCountarBufers 1 M ragmeniAtomicCounlergiiers
MawvaryingCompanenis MaxCombinedAtomicCounterBufers 1
MarvertexOupuComponents MashtomicCounerBuiforSize 16%
MaxransformFoedbackBuffrs

MaxGoometryinputComponerts 64
OutputComponents 128
MarFragmertinpuComponens 128

it MaxCombinedCipARACUIDstances &
MaxCombiedimageUntsAndFragmentOuiputs & MaxSampies
MaxCombiedShaderOupulResouces noninduciveForLoops 1
whieLoogs 1

MarimageSamples
MarVerteximageUniorms 0
MaxTossConirolmageUnforms 0
MaxTescE valuaionimageUniorms 0
MaxGeometryimageUnioms 0
MarFragmentimagoUniorms 81

doWhieLoop:
generatUniomindesing 1
gerneraatrbueMatrnVectorindaxing 1
gereraVaryingindesing 1
gereraiSamplerindening 1
gereravariabeindosing 1

min_ Ju 24,2020

A Google-Wrapped Version of glslangValidator 105

The shaderc project from Google (https://github.com/google/shaderc)
provides a glslangValidator wrapper program called glslc that has a much
improved command-line interface. You use, basically, the same way:

glslc.exe —target al pl rt.vert -o pl rt.spv

There are several really nice features. The two | really like are:
1. You can #include files into your shader source

2. You can “#define” definitions on the command line like this:
glslc.exe --target-env=vulkan -DNUMPONTS=4 sample-vert.vert -0 sample-vert.spv

glslc is included in your Sample .zip file

mio— Juy 26,2020
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SPIR-V: More Information

SPIR-V Tools:
http://github.com/KhronosGroup/SPIRV-Tools

107

From the Quick Reference Card

Vulkan 1.1 Reference Guide
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Wulkan.

Data Buffers

Mike Bailey

mjb@cs.oregonstate.edu

| http://cs.oregonstate.edu/~mjb/vulkan

106
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Terminology Issues

A Vulkan Data Buffer is just a group of contiguous bytes in GPU memory. They
have no inherent meaning. The data that is stored there is whatever you want it
to be. (This is sometimes called a “Binary Large Object”, or “BLOB".)

It is up to you to be sure that the writer and the reader of the Data Buffer are
interpreting the bytes in the same way!

Vulkan calls these things “Buffers”. But, Vulkan calls other things “Buffers”, too,
such as Texture Buffers and Command Buffers. So, | sometimes have taken to
calling these things “Data Buffers” and have even gone to far as to override
some of Vulkan’s own terminology:

typedef VkBuffer VkDataBuffer;

This is probably a bad idea in the long run.

108
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Creating and Filling Vulkan Data Buffers

bufferUsage
queueFamiyindices.
size (bytes)

[mowss |

VkBufferCreatelnio
VkCreateBuffer )

Buffer,

VkGetBufforMemoryRequirements( )

memoryType

VkMemoryAlocatelnfo

Cogeaoois rrsr—|
U S

[ o]

gpuAddress

109

min_ Ju 24,2020

Allocating Memory for a Vulkan Data Buffer, Binding a
Buffer to Memory, and Writing to the Buffer

1

VkMemoryRequirements

result = vkGetBufferMemoryReqfirements( LogicalDevice, Buffer, OUT &vmr );

VkMemoryAllocatelnfo Cvmai, >

vmai.sType = VK_STRUCTUR PE_MEMORY_ALLOCATE_INFO;
vmai.pNext ullptr;
vmai.flags = 0;

vmai.allocationSize = vmr.size;
vmai.memoryTypelndex = FindMemory ThatlsHostVisible( );

VkDeviceMemol

ry
result = vkAllocateMemory( LogicalD§vice, I ai, PALLOCATOR, OUT &vdm );

result = vkBindBufferMemory( LogicalDevjce, Buffer, IN vdm, 0 ); /1 0is the offset
result = vkMapMemory( LogicalDevice, IN vim, 0, VK_WHOLE_SIZE, 0, &ptr );
<< do the memory copy >>

result = vkUnmapMemory( LogicalDevice, IN vdm );

mio— Juy 26,2020

Finding the Right Type of Memory

113

int
FindMemoryThatlsDeviceLocal( )
{
VkPhysicalDeviceMemoryProperties  vpdmp;
; " "

y: yProp PhysicalDevice, OUT &vpdmp );
for( unsigned int i = 0; i < vpdmp.memoryTypeCount; i++ )

'VkMemoryType vmt = vpdmp. T Fp—
if( ( vmt propertyFlags MEMORY_PROPERTY_DEVICE_LOCAL BID) 1= 0)
{

return i;

return -1;

min Jub 24,2020
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Creating a Vulkan Data Buffer

110

VkBuffer Buffer;

vbei.sType = VK
vbei.pNext = nullptr;

VK_USAGE_TRANSFER_DST_BIT
VK_USAGE_UNIFORM_TEXEL_BUFFER_BIT
VK_USAGE_STORAGE_TEXEL_BUFFER_BIT
VK_USAGE_UNIFORM_BUFFER_BIT
VK_USAGE_STORAGRE, BUFFER_BIT
VK_USAGE_INDEX_BUFFER_BIT
VK_USAGE_VERTEX_BYFFER_BIT
VK_USAGE_INDIRECT_BUFFER_BIT
vbci.sharingMode = << one of: >>'
VK_SHARING_MODE_EXCAUSIVE
VK_SHARING_MODE_CONGURRENT
vbci.queueFamilylndexCoun
vbci.pQueueFamilyindices = (const iot32_t) nullptr;

result = vkCreateBuffer ( LogicalDevice, IN &vbci, PALLOCATOR, OUT &Buffer );
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Finding the Right Type of Memory

112

int
FindMemoryThatlsHostVisible( )
{
VkPhysicalDeviceMemoryProperties vpdmp;

vkGetPhysicalDeviceMemoryProperties( PhysicalDevice, OUT &vpdmp );
for( unsigned int i = 0; i < vpdmp.memoryTypeCount; i++ )

VkMemoryType vmt = vpd :
if( ( vmt propertyFlags & ZK_MEMORY_PROPERTY_HOST_VISIBLE
{

return i;

}
return -1;

)1=0)
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Finding the Right Type of Memory

VkPhysicalDeviceMemoryProperties vpdmp;
vkGetPhysicalDeviceMemoryProperties( PhysicalDevice, OUT &vpdmp );

11 Memory Types:
Memory 0:
Memory 1:
Memory 2:
Memory 3:
Memory
Memory
Memory 6:

Memory 7: DevicelLocal

Memory 8: DevicelLocal

Memory HostVisible HostCoherent

Memory 10: HostVisible HostCoherent HostCached

2 Memory Heaps:
Heap 0: size = 0xb7c00000 DevicelLocal
Heap 1: size = 0xfac00000

114
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Sidebar: The Vulkan Memory Allocator (VMA) 15

The Vulkan Memory Allocator is a set of functions to simplify your view of allocating
buffer memory. | don't have experience using it (yet), so I'm not in a position to
confidently comment on it. But, | am including its github link here and a little sample
code in case you want to take a peek.
https://github.com/GPUOpen-LibrariesAndSDKs/VulkanMemoryAllocator

This repository includes a smattering of documentation.

min_ Ju 24,2020

Something I’'ve Found Useful "7

I find it handy to encapsulate buffer information in a struct:

typedef struct MyBuffer
VkDataBuffer buffer;
VkDeviceMemory  vdm;
VkDeviceSize size;

} MyBuffer;

MyBuffer MyMatrixUniformBuffer;

It's the usual object-oriented benefit — you can pass around just one
data-item and everyone can access whatever information they need.

It also makes it impossible to accidentally associate the wrong
VkDeviceMemory and/or VkDeviceSize with the wrong data buffer.

mio— Juy 26,2020

Here’s a C struct used by the Sample Code to hold some 19
uniform variables

struct matBuf

::mat4 uModelMatrix;
mat4 uViewMatrix;
mat4 uProjectionMatrix;
glm::mat3 uNormalMatrix;
} Matrices;

Here’s the associated GLSL shader code to access those
uniform variables

layout( std140, set = 0, binding = 0 ) uniform matBuf
{

mat4 uModelMatrix;
mat4 uViewMatrix;
mat4 uProjectionMatrix;
mat4 uNormalMatrix;

} Matrices;

min Jub 24,2020
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Sidebar: The Vulkan Memory Allocator (VMA)

#define VMA_IMPLEMENTATION
#include “vk_mem_alloc.h”

VkBufferCreatelnfo vbi;

VmaAllocationCreatelnfo vaci;
vaci physicalDevice = PhysicalDevice;
vaci.device = LogicalDevice;
vaci.usage = VMA_MEMORY_USAGE_GPU_ONLY;

VmaAllocator var;
vmaCreateAllocator( IN &vaci, OUT &var );

VkBuffer Buffer;
VmaAllocation van;
vmaCreateBuffer( IN var, IN &vbci, IN &vaci, OUT &Buffer. OUT &van, nullptr );

void *mappedDataAddr;

vmaMapMemory( IN var, IN van, OUT &mappedDataAddr );
emcpy( mappedDataAddr, &MyData, sizeof(MyData) );

vmaUnmapMemory( IN var, IN van );

imib_ duy 24,2020
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Initializing a Data Buffer

It's the usual object-oriented benefit — you can pass around just one
data-item and everyone can access whatever information they need.

118

VkResult
Init05DataBuffer( VkDeviceSize size, VkBufferUsageFlags usage, OUT MyBuffer * pMyBuffer )
{
vbcisize = pMyBuffer->size = size;
result = vkCreateBuffer ( LogicalDevice, IN &vbci, PALLOCATOR, OUT &pMyBuffer->buffer );

pMyBuffer->vdm = vdm;

mib— Juy 24,2020

Filling those Uniform Variables

120

uint32_t Height, Width;
const double FOV = glm::radians(60.);  // field-of-view angle in radians

glm::vec3 eye(0.,0.,EYEDIST);

Matrices.uModelMatrix = gim::mat4( 1. ); 1/ identity
Matrices.uViewMatrix = glm::lookAt( eye, look, up );

Matrices.uProjectionMatrix = glm::perspective( FOV, (double)Width/(double)Height, 0.1, 1000. );
Matrices.uProjectionMatrix[1][1]

Matrices.uNormalMatrix = gim::inverseTranspose( glm::mat3( Matrices.uModelMatrix ) );

1. 1 account for Vulkan’s LH screen coordinate system

This code assumes that this line:

#define GLM_FORCE_RADIANS

is listed before GLM is included!

mib duy 24,2020
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The Parade of Buffer Data 121

MyBuffer ~ MyMatrixUniformBuffer;

The MyBuffer does not hold any actual data itself. It
just information about what is in the data buffer

R

[
et Dt | Logies e, B b, FALLOTATON. CUT ApMyDutesbutar -
[ ———

This C struct is holding the original
data, written by the application.

—

mebemor,
Oxf:;:?"y The Data Buffer in GPU memory is
" holding the copied data. Itis

readable by the shaders

struct matBuf Matrices;

uniform matBuf Matrices;

L 0, e = U, e = 3 | b el

enram o et
e —
o 1 S Lt
B —t—
| L
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Creating and Filling the Data Buffer — the Details 123

VkResult
i kDeviceSize size, VkBufferUsageFlags usage, OUT MyBuffer * pMyBuffer )

{

vboi.usage = usage;
vbei.sharingMode = VK_SHARINGN
vbei.queueFamilylindexCount = 0;
vbei pQueueFamilylndices = (const uint32_t *)nullptr;

result = vkCreateBuffer ( LogicalDevice, IN &vbci, PALLOCATOR, OUT &pMyBuffer->buffer );

VkMemoryRequirements Cmr >

VkGetBufferMemoryRequirements{ [/ogTcaevice, IN pMyBuffer->buffer, OU

 vmai >

YPE_MEMORY_ALLOCATE_INFO;

IODE_EXCLUSIVE;

Bumr), I/ fills vmr

VkMemoryAllocatelnfo
K_STRUG;

vmai allocationSize = vmr.size;
mai P =

VkDeviceMemory
result = vkAllocateMemor
pMyBuffer->vdm = vdif;

result = vkBindBufferMemory( LogicalDevice, pMyBuffer->buffer, IN vdm, OFFSET_ZERO );
return result;

Filling the Data Buffer 122

Init05UniformBuffer( sizeof(Matrices), OUT &MyMatrixUniformBuffer

Fillo5DataBuffer( MyMatrixUniformBuffer,“  IN (void *) §Malrices )

ghrivecd eye{0.0. EYEDIST),
ghmevecd look(D., 0.0 )
ghrevesd up(D.1.0.):

q@ - gl ) iy

Creating and Filling the Data Buffer — the Details 125

VkResult
Fillo5DataBuffer( IN MyBuffer myBuffer, IN
{

I the size of the data had better match #ie size that was used to Init the buffer!

void * pGpuMemory;
vkMapMemory( LogicalDevice,

myBuffer.vdm, 0, VK_WHOLE_SIZE. 0 Q q
0and 0 are offset and Flag

memcpy( pGpuMemory, data, (size_t)myBuffer.size );

vkUnmapMemory( LogicalDevice, IN myBuffer.vdm );

return VK_SUCCESS;

Remember — to Vulkan and GPU memory, these are just bits. It is up to you to
handle their meaning correctly.

Mislricess aViewhssiin = glmckwskAl{ eye, hak, up )
Matricrs. uProjerfinnMatrix = gh Fov, ieithii i
Matrices.ulrojectonMetria[1][1] *- -1
() sﬂ Matrices uMomaiMatrix - gimcinverse glm:mat3( Matrices. ix ) )%
= 24,200
Creating and Filling the Data Buffer — the Details 124

VkResult
Fillo5DataBuffer( IN MyBuffer myBuffer, IN

1l the size of the data had better match #ie size that was used to Init the buffer!

void * pGpuMemory;
'vkMapMemory( LogicalDevice,

myBuffer.vdm, 0, VK_WHOLE_SI 00T &pGpuMemory

0 and 0 are offset and flag
memcpy( pGpuMemory, data, (size_t)myBuffer.size );
vkUnmapMemory( LogicalDevice, IN myBuffer.vdm );
return VK_SUCCESS;

Remember — to Vulkan and GPU memory, these are just bits. Itis up to you to
handie their meaning correctly.

mib— Juy 24,2020
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Wilican.

GLFW

Mike Bailey

mjb@cs.oregonstate.edu

Iﬁa‘u “ ™ mib— July 24, 2020
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http://www.glfw.org/

127
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You Can Also Query What Vulkan Extensions GLFW Requires

129

uint32_t count;
const char ** i = i i (&count);

fprintf( FpDebug, "\nFound %d GLFW Required Instance Extensions:\n", count );
for(uint32_t i = 0; i < count; i++)

fprintf( FpDebug, "\t%s\n", extensions[i] );

Found 2 GLFW Required Instance Extensions:
VK_KHR_surface
VK_KHR_win32_surface

mio— Juy 26,2020

GLFW Mouse Button Callback

void
GLFWMouseButton( GLFWwindow *window, int buton, int action, int mods )

intb=0; J/ LEFT, MIDDLE, or RIGHT

/i get the proper button bit mask
switch( button )
{

case GLFW_MOUSE_BUTTON_LEFT:
b=LEFT; break;
case GLFW_MOUSE_BUTTON_MIDDLE
MIDD! 3
case GLFW_MOUSE_BUTTON_RIGHT:
b=RIGHT; break;
default

fprintf{ FpDebug, “Unknown mouse button: %d\n”, button )
}

Jlbutton down sets the bit, up clears the bit
if{ action == GLFW_PRESS )
{

double xpos, ypos:
gffwGetCursorPos( window, &xpos, &ypos);

int)ypos;
ActiveButton |= b; I/ set the proper bit
}

else

ActiveButton &

Il clear the proper bit

131
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Setting Up GLFW

128

#define GLFW_INCLUDE_VULKAN
#include "gifw3.h"

uint32_t Width, Height;
VkSurfaceKHR Surface;
void
InitGLFW( )
{
glfwinit( );

if( ! glfwVulkanSupported() )

fprintf( stderr, “Vulkan is not supported on this system!\n" );
exit(1);

glfwWindowHint( GLFW_CLIENT_API, GLFW_NO_API );
glfwWindowHint( GLFW_RESIZABLE, GLFW_FALSE );
MainWindow = glfwCreateWindow( Width, Height, "Vulkan Sample", NULL, NULL );
VkResult result = gifwC i

glfwSetErrorCallback( GLFWErrorCallback );
glfwSetKeyCallback( MainWindow, GLFWKeyboard );
glfwSetC i GLI i

allback( i , GLI )

Instance, , NULL, OUT &Surface );

allback( \ ;

gy 24,2020

GLFW Keyboard Callback

130

void
GLFWKeyboard( GLFWwindow * window, int key, int scancode, it action, int mods )
{

if( action == GLFW_PRESS )

switch( key )
{

case'm":
case 'M":

Mode++;

if( Mode >= 2 )

Mode = 0;

break;
default:

fprintf( FpDebug, "Unknow key hit: 0x%04x = '%c'\n", key, key );

filush(FpDebug);

mib— Juy 24,2020

GLFW Mouse Motion Callback

void
GLFWMouseMotion( GLFWiwindow *window, double xpos, double ypos )
{
int dx = (int)xpos - Xmouse;
int dy = (nt)ypos - Ymouse;

/l change in mouse coords

if( ( ActiveButton & LEFT) 1=0)
Xrot += (ANGFACT*dy );
Yrot += (ANGFACT dx );
}
if( ( ActiveButton & MIDDLE ) 1=0)
Scale += SCLFACT * (float) ( dx - dy );
I/ keep object from turning inside-out or disappearing:
if( Scale < MINSCALE )
Scale = MINSCALE;
}

Xmouse = (int)xpos;
Ymouse = (int)ypos;

/I new current position

132
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Looping and Closing GLFW 133 Looping and Closing GLFW 134

" Does not block — " . .
while( gl processes any wi If you would like to block waiting for events, use:
then retuns
glfwPollEvents( ) i — glfwWaitEvents( );
Time = glfwGetTime( ); Il elapsed time, in double-precision seconds
UpdateScene( );
RenderScene( ); . . X .
} You can have the blocking wake up after a timeout period with:
vkQueueWaitldle( Queue ); glfwWaitEventsTimeout( double secs );
vkDeviceWaitldle( LogicalDevice );
DestroyAllVulkan( );
glfwDestroyWindow( MainWindow ); You can wake up one of these blocks from another thread with:
glfwTerminate( );
glfwPostEmptyEvent( );
IGGRAPH .
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135 What is GLM? 136

GLM is a set of C++ classes and functions to fill in the programming gaps in writing the basic
vector and matrix mathematics for OpenGL applications. However, even though it was written
for OpenGL, it works fine with Vulkan.

GLM Even though GLM looks like a library, it actually isn’t — it is all specified in
*.hpp header files so that it gets compiled in with your source code.

You can find it at:
Mike Bailey http://glm.g-truc.net/0.9.8.5/

mjb@cs.oregonstate.edu X § = OpenGL treats all angles as given in
You invoke GLM like this: degrees. This line forces GLM to
treat all angles as given in radians.
#def GLM_FORCE_RADIANS n
Wommend this so that all angles
#include <gim/gim.hpp> you create in all programming will

#include <glm/gtc/matrix_transform.hpp>| be in radians.
#include <glm/gtc/matrix_inverse.hpp>

If GLM is not installed in a system place, put it somewhere you can get
| http://cs.oregonstate.edu/~mijb/vulkan access to. Later on, these notes will show you how to use it from there.

SIGGRAPH %

Why are we even talking about this? 137 The Most Useful GLM Variables, Operations, and Functions 138

All of the things that we have talked about being deprecated in OpenGL are really

deprecated in Vulkan -- built-in pipeline transformations, begin-end, fixed-function, etc. So,
where you might have said in OpenGL:

Il constructor:

1l identity matrix
glMatrixMode( GL_MODELVIEW );
glLoadlIdentity( );

gluLookAt(0.,0.,3., 0.,0.,0.

0,1,0.); GLM recommends that you use the “glm::” syntax and avoid “using namespace”

glRotatef( (GLfloat)¥rot, 0., 1., 0. ); syntax because they have not made any effort to create unique function names
glRotatef( (GLfloat)Xrot, 1., 0., 0. ); T .
glScalef( (GLfloat)Scale, (GLfloat)Scale, (GLfloat)Scale ); Il multiplications:

you would now say: glm:mat4 * glm:mat4
atd * glm::vecd
at4 * glm:vecd( gim:vec3, 1. ) /I promote a vec3 to a vec4 via a constructor

glm::mat4 modelview = gim::mat4(1.);  // identity
glm::vec3 eye(0.,0.,3.);
glm::vec3 look(0.
glm::vec3 up(
modelview = gl 0KAL( eye, look, up ); 1{x.y', 2} = [VI*{x.y,2}
modelview = gim::rotate( modelview, D2R*Yrot, gim::vec3(0.,1.,0.) );  //{x,y’,2’} = [V"[yr]*{xy.z} Il emulating OpenGL transformations with concatenation:
modelview = gl otate( modelview, D2R*Xrot, gim::vec3(1., ) 14Xy, Z'} = Iy Ix{x.y. 2}

modelview = gim::scale( iew, glm:: cale,Scale) ); //{x,y’,z} = VI"lyr]"[xr]‘[s]*{x.y.z}

glm::mat4 glm::rotate( glm::mat4 const & m, float angle, glm::ivec3 const & axis );
This is exactly the same concept as OpenGL, but a different expression of it. Read on for details ...

glm::mat4 gim::scale( gim::mat4 const & m, gim::vec3 const & factors );

IGERAPH

§ gim:matd glm::translate( gim::mat4 const & m, glm::vec3 const & translation );

min Jub 24,2020
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The Most Useful GLM Variables, Operations, and Functions 139

Il viewing volume (assign, not concatenate):

Il viewing (assign, not concatenate):

glm:mat4 glm::lookAt( glm::vec3 const & eye, glm::vec3 const & look, glm::vec3 const & up );

R

Here’s what that GLM folder looks like 141

SIGGR

mio— Juy 26, 2020

Telling Visual Studio about where the GLM folder is 143

A period, indicating that the project folder should also be searched when a
#include <xxx> x)
is encountered. If you put it somewhere else)enter that full or relative path instead.

7/26/2020

Installing GLM into your own space

1 like to just put the whole thing under my Visual Studio project folder so |
can zip up a complete project and give it to someone else.
\

140

# iy 24,2020

Telling Visual Studio about where the GLM folder is

142

mib— Juy 24,2020

GLM in the Vulkan sample.cpp Program

144

if( UseMouse )
{

if( Scale < MINSCALE )
Scale = MINSCALE;

Matrices uModelMatrix = gim::matd( 1.);  /identity
Matri jm:rotate( Matri Yrot, gim:vec3(0.1.0.) );
Mat jm:rotate( Mats Xrot, gim:vec3(1.0.0.) );
Matri = gim::scale( Matri ale,Scale) )
I/ done this way, the Scale is applied first, then the Xrot, then the Yrot
¥
else
if( ! Paused )
{
‘const glm:vec3 axis = gim:vec3(0., 1.,0.);
Matrices.uModelMatrix = gim::rotate( gim:matd(1.), (floatjgim:radians( 360.{Time/SECONDS_PER_CYCLE), axis );
}
i

gim:vec3 eye(0.0. EYEDIST );
glm:vec3 10ok(0.0.0.);
gim:vec3 up(0..1.0.);
Matrices.uVewMatrix = gIm:lookAt( eye, look, up );

Matrices, i =
Matrices.uProjectionMatrix[1][1] *=

Fov, L 0.1f, 1000.f);
/I Vulkan’s projected Y is inverted from OpenGL

Matric

pose( gim::mat3( Matri ) linote: '
FilloSDataBuffer( MyMatrixUniformBufer, (void *) &Matrices )
Misc.uTime = (float)Time;

Misc.uMode = Mode;
Fillo5DataBuffer( MyMiscUniformBuffer, (void *) &Misc );

) SIGGRAPH
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How Does this Matrix Stuff Really Work? 145

X'= Ax+By+Cz+D Thisis called a “Linear Transformation” because all
r_ of the coordinates are raised to the 15! power, that
y= Ex+ Fy +Gz+H is, there are no x?, x%, etc. terms.

'=Ix+Jy+Kz+L
Or, in matrix form:

= parrpanieg ol
A el
= asmacng el

o prosiaig Fo — X
¥ wrodudngras —— J)

o prodecingrow —— | I

€ SIG6RAPH
i o

oS N T w9
>
B~
(]

147
How it Really Works :-)
LA
cos® &n 90 | | @1,
= 99
3
-5in 90" €05 90 a, |
http://xked.com
149
Y Compound Transformations
9 Q: Our rotation matrices only work around the
origin? What if we want to rotate about an
B arbitrary point (A,B)?
A: We create more than one matrix.
X o
A Write it
o (B .
'
y y
7 = [T+A‘+B:| : [Rn] : I:TfAfB:I z
1 1
Say it
i
IGGRAPH 50 R
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Transformation Matrices
Translation Rotation about X
X1 [1 0o T (x xX] [t o 0 0] (x
7 01 0Ty Y| _|0 cos@ —sind 0| |y
7 Joo 1 Tz [ 10 sing cos® 0|z
1) looo 1]t 1) o o o 11
Scaling Rotation about Y
Xl [s, 0 0 o](x x| [cosé 0 sing@ 0] [x
yl_[0 S, 0 0]]y yi_| 0 1 0 o0f]y
Z[]o o0 s o]z 2 |-sind 0 cosé 0| |z
1 o o o 1)1 1) Lo o o 1][1
Rotation about Z
X| [cos@ -sin@ 0 0] [x
y'| _[sin@ cos@ 0 0] ]y
[ o 0 10|z
1 Lo 0 0 1][1
m
L] mib_ Juy 24,2020
148

The Rotation Matrix for an Angle (8) about an Arbitrary Axis (Ax, Ay, Az)

AA +cosO(1-AA)  AA -cosO(AA)-sin0A AA —cosO(AA,)+sin0A, |
[M]=| AA —cosO(AA)+singA,  AA +cosO(1-AA)  AA—cosO(AA)-sin0A
| AA —cosO(AA)-sin0A, AA —cosO(AA)+sin0A, AA, +cosO(1-AA,)

‘ For this to be correct, A must be a unit vector |

mib— Juy 24,2020

150
Matrix iplication is not C ive
Y
Y
Rotate, then translate
_
X
—_
X
Y
Translate, then rotate '\
X
IGGRAPH %
L] mib— Juy 24,2020
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151
Matrix Multiplication is Associative

X' X
Z, [ +A+B:. [Ry]' [TfA,fB:I )Z/
1 1

’

’

Z! ([ +A+B:. [R |: A*le)'
1

e

One matrix —
the Current Transformation Matrix, or CTM

€ SIG6RAPH
i o

—_ N < X
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152
¥ One Matrix to Rule Them All

" ] o= R T ae ]

A
glm::mat4 Model = glm:mat4( 1.);

Model = gim::translate(Model, gim::vec3( A, B, 0.) );

Model = gim::rotate(Model, thetaRadians, gim::vec3( Ax, Ay, Az ) );
Model = gim::translate(Model, gim::vec3( -A, -B, 0.) );

glm::vec3 eye(0.,0. EYEDIST)
glm::vec3 look(0.,0. glm::vec3 up(0.,1.,0.);
glm::mat4 View =gim: IookAt( eye, look, up );

glm::mat4 Projection = glm::perspective( FOV, (double)Width/(double)Height, 0.1, 1000. );
Projection[1][1] *= -1.;

glm::mat3 Matrix = Projection * View * Model;
glm::mat3 NormalMatrix = glm::inverseTranspose( glm::mat3(Model) );

imib_ duy 24,2020

153
Why Isn’t The Normal Matrix exactly the same as the Model Matrix?

Itis, if the Model Matrix is all rotations and uniform
scalings, but if it has non-uniform scalings, then it is not.

1
These diagrams show you why. Wrong!

~

glm::mat3 NormalMatrix = gim::mat3(Model);

\ Right!
Original object and normal

glm::mat3 NormalMatrix = gim::iinverseTranspose( glm::mat3(Model) );

154

Wulkan.

Instancing

Mike Bailey

mjb@cs.oregonstate.edu

| http://cs.oregonstate.edu/~mjb/vulkan

IGGRAPH
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Instancing — What and why? 155

Instancing is the ability to draw the same object multiple times

It uses all the same vertices and graphics pipeline each time

It avoids the overhead of the program asking to have the object drawn again, letting
the GPU/driver handle all of that

vertexCounf_instanceC i , fil )

[ vkCmdDraw( C

But, this will only get us multiple instances of identical objects drawn on top of each
other. How can we make each instance look differently?

‘ BTW, when not using instancing, be sure the instanceCountis 1, not 0 !

k]
@ SIGGRAPH %,
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Making each Instance look differently -- Approach #1 156

Use the built-in vertex shader variable gl_Instancelndex to define a unique display
property, such as position or color.

gl_Instancelndex starts at 0

In the vertex shader:

out vec3 vColor;

constint NUMINSTANCES = 16;

const float DELTA = 3.0;

float xdelta = DELTA * float( gl_Instancelndex % 4 );

float ydelta = DELTA * float( gl_Instancelndex / 4 );

vColor = vec3( 1., float( (1.+gl_Instancelndex) ) / float( NUMINSTANCES ), 0. );

xdelta -= DELTA * sqrt( float(NUMINSTANCES) ) / 2.;
ydelta -= DELTA* sqrt( float(NUMINSTANCES) ) / 2,;
vec4 vertex = vec4( aVertex.xyz + vec3( xdelta, ydelta, 0. ), 1. );

gl_Position = PVM * vertex; I [p)*[V]*[m]

k]
@ SIGGRAPH %,
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Making each Instance look differently -- Approach #2 158

Put the unique characteristics in a uniform buffer array and reference them

Still uses gl_Instancelndex

In the vertex shader:

layout( std140, set = 3, binding = 0 ) uniform colorBuf

vec3 uColors[1024];
} Colors;

out vec3 vColor;

intindex = gl_Instancelndex % 1024;  // or "& 1023" — gives 0 - 1023
vColor = Colors.uColors[ index J;

vecd vertex = . . .

gl_Position = PVM * vertex; I [pI*vI*[m]

imib_ duy 24,2020
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The Graphics Pipeline Data Structure

Mike Bailey

mjb@cs.oregonstate.edu

‘This work is licensed ur

| http://cs.oregonstate.edu/~mijb/vulkan

SIGBRAPH 3%,

What is the Vulkan Graphics Pipeline? 160

Don't worry if this is too small to read —
a larger version is coming up.

There is also a Vulkan Compute Pipeline
Data Structure — we will get to that later.

Here’s what you need to know:

1. The Vulkan Graphics Pipeline is like what OpenGL would call “The State”, or “The Context”. Itis a
data structure. —

2. The Vulkan Graphics Pipeline is not the processes that OpenGL.
would call “the graphics pipeline”. —— |

3. Forthe most part, the Vulkan Graphics Pipeline Data Structure is immutable —that is, once this
combination of state variables is combined into a Pipeline, that Pipeline never gets changed. To
make new combinations of state variables, create a new Graphics Pipeline.

The shaders get compiled the rest of the way when their Graphics Pipeline gets created.

mib— Juy 24,2020

Graphics Pipeline Stages and what goes into Them 161

The GPU and Driver specify the Pipeline Stages — the
Vulkan Graphics Pipeline declares what goes in them

Vertex Shader module
Specialization info
Vertex Input binding
Vertex Input attributes

T Aoy ]
y

[ Tesseliation Shaders, Geometry shader  —————>] Tesselation, Geometry Shaders |

Viewport

Scissoring
Depth Clamping
DiscardEnable
PolygonMode i
CullMode 1 izati I
FrontFace
LineWidth

Which states are dynamic i Dynamic State |
mamic

DepthTestEnable
DepthWriteEnable [
DepthCompareOp
StencilTestEnable

Fragment Shader module | Fragment Shader Stage |
Specialization info

| Color Blending Stage |

[, | Vertex Input Stage |

| Viewport |

¥
Depth/Stencil |

Color Blending parameters oy 2, 2020 |

The First Step: Create the Graphics Pipeline Layout 162

The Graphics Pipeline Layout is fairly static. Only the layout of the Descriptor Sets and
information on the Push Constants need to be supplied.

VkResult
Init14GraphicsPipelineLayout( )

VkResult result;
VkPipelineLayoutCreatelnfo

K_STRUCTURE_
ullptr;

@ A{PELINE_LAYOUT_CREATE_INFO;

vplci.pNex
vplciflags = 0;
SetlayoutCount = 4;
i 2\

Let the Pipeline Layout know
about the Descriptor Set and
Push Constant layouts.

RangeCount = 0;
PushConstantRanges = (VkPushCons(an

result = vkCreatePipelineLayout( LogicalDevice, IN &vplci, PALLOCATOR, OUT &GraphicsPipelineLayout );

return result;

Why is this necessary? It is because the Descriptor Sets and Push Constants data
structures have different sizes depending on how many of each you have. So, the exact
structure of the Pipeline Layout depends on you telling Vulkan about the Descriptor Sets
and Push Constants that you will be using.

mib duy 24,2020
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A Pipeline Data Structure Contains the Following State Items: 163 Doscrptr Sat Creating a Graphics Pipeline from a lot of Pieces 164

vkCreatePipelineLayout()

VkPipelineShaderStageCreateinio

binding
stride
inpulRate

location
binding

« Pipeline Layout: Descriptor Sets, Push Constants

Which Shaders to use

Per-vertex input attributes: location, binding, format, offset
Per-vertex input bindings: binding, stride, inputRate
Assembly: topology

Viewport: X, y, w, h, minDepth, maxDepth

M r n PipelineVerlexinputStateCreateinio Toroony
CISsOring: x, y, w, Shaders 4~ /J
Rasterization: cullMode, polygonMode, frontFace, lineWidth Vertexinput State 4| Xy, w,h,

offsel

VkVertexinputAtibuteDescription

+ Depth: depthTestEnable, depthWriteEnable, depthCompareOp Tesselation Stale VkViewportStateCreatelnfo Q:x%’ﬁ:ﬂ
« Stencil: stencilTestEnable, stencilOpStateFront, stencilOpStateBack Ravireanon e <] Scnsor
« Blending: blendEnable, srcColorBlendFactor, dstColorBlendFactor, colorBlendOp, e e —
srcAlphaBlendFactor, dstAlphaBlendFactor, alphaBlendOp, colorWriteMask Friie AN S oot
- DynamicState: which states can be set dynamically (bound to the command buffer, > Pl ayou noWidth
outside the Pipeline) basePipelineHandle

basePipelineindex

T [
GepthComparep
[ e ereh
senciOpStaaFron
SondEnat
seColoBiondFactor
ine() | dsiColorBlondractor
Coorlondop

‘ Bold/Italics indicates that this state item can also be set with Dynamic State Variables

[Pecremtocrapn

SIGERAPH Graphics Pipetine D X alphaBlendOp
i iy 24,2020 L 9 | o sy 24,2020
Creating a Typical Graphics Pipeline 165 The Shaders to Use 166
VkResult VkPipelineShaderStageCreatelnfo $ vpsscil2 a
g P vpssci0]sType = VK_STRUCTURE E_SHADER_STAGE_CREATE_INFO;
topology, OUT VkPipeline *pGraphicsPipeline ) psscil0].pNext = nul
{
#ifdef ASSUMPTIONS pssci VK_SHADER_STAGE_VERTEX_BIT;
wibd[0].inputRate = VK_VERTEX_INPUT_RATE_VERTEX; i
vprsci depthClampEnable = VK_FALSE vpsscil0] i
vprsciasterizerDiscardEnable = VK_FALSE: i nulpr, | 959 9o VSscl aray member per
OLYGON_MODE_FILL; #ifdef BITS shader module you are using
K_CULL_MODE_NONE; / bestto do this becauseofthe projectonal 1] = -1 VK_SHADER_STAGE_VERTEX_BIT
VK_FRONT_FACE_COUNTER_CLOCKWIS! VK_SHADER_STAGE_TESSELLATION_CONTROL_BIT
vpmsci.rasterizationSamples = VK_SAMPLE_COUNT_ONE. o VK_SHADER_STAGE_TESSELLATION_EVALUATION_BIT
Vpcbas.blendEnable = VK_FALSE; VK_SHADER_STAGE_GEOMETRY_BIT
vpebscilogicOpEnable = VK_FALSE; VK_SHADER_STAGE_FRAGMENT BIT
vpdsscidepthTestEnable = VK_TRUE; VK_SHADER_STAGE_COMPUTE_BIT
vpdssci depthWriteEnable = VK_TRUE: VK_SHADER_STAGE_ALL_GRAPHICS
vpdssei depthCompareOp = VK_COMPARE_OP_LESS; VK_SHADER_STAGE_ALL
#endift #endif
= = = = vpssci1]sType = VK_STRUCTURE_TYPE_PIPELINE_SHADER_STAGE_CREATE_INFO;
‘ These settings seem pretty typical to me. Let's write a simplified vpssci[1].pNext = nuliptr;

and the topology, and always uses the settings in red above. vesscill] stage VKmng?‘stth.’:GE FRAGMENT_BIT;

‘ Pipeline- that accepts Vertex and Fragment shader modules vpssci[1].flags

vpssci[1].module
vpsscil1] pNam
Vbl pSpecalzatonlnio = (VkSpecilzationinfo Jnulptr;

Use one vvibd array member per vertex
input array-of-structures you are using

vk\/enexlnpmamdmgnesmpmn @ 11 an array containing one of these per buffer being used
ibd[0}binding = 0; // which bi
wibd{0]sirde  sizeof(siuct vorto ;. I bytes between successive

ize
wibd[0].inputRate = VK_VERTEX_INPUT_RATE_VERTEX;

#ifdef CHOICES

VK_VERTEX_INPUT_RATE_VERTEX

VK_VERTEX_INPUT_RATE_INSTANCE

#endif

mio— Juy 26,2020 mib— Juy 24,2020

ink in the Per-Vertex Attributes 167 g pvis % 1%

VkP\pe\\ne\/er\exlnputs(alecveale\nlﬂ Jl used to describe the input vertex attributes
K_STRUCTURE_TV} VERTEX_INPUT_STATE_CREATE_INFO;

d[4]; Il an array containing one of these per vertex attribute in all bindings

VkVertexinputAttributeDescription

rtex, normal, color, textul Declare the binding descriptions and

wiad[0] location = 0; I location in the layou U iad b Joment ribate d i
wviad[0] binding = 0; I which binding description this is partof | -S€ ON€ vviad array member per elemen s attribute descriptions
vviad[0] format = VK_FORMAT_VEC3;  //x,y,z in the struct for the array-of-structures
wiad[0] offset = offsetof( struct vertex, position ) o element you are using as vertex input vpvisci.pVertexAttributeDescriptions = vviad:
sifdef EXTRAS_DEFINED_AT_THE_TOP
Il these are here for convenience and readabilty. VkPipelinelnputAssemblyStateCreatelnfo ”@
#idefine VK_FORMAT_VEC4  VK_FORMAT_R32G32B32A32_SFLOAT vpiasci SType . TYPEPIPEEINE INPUT_ASSEMBLY_STATE_CREATE_INFO;
#define VK_FORMAT XYZW  VK_FORMAT_R32G32B32A32_SFLOAT vpiascipNext
#idefine VK_FORMAT_VEC3  VK_FORMAT_R32G32B32_SFLOAT vpiascifiags
#define VK_FORMAT_STP VK_FORMAT_R32G32B32_SFLOAT These are defined at the top of the vpiasci. Inpolngy VK_PRIMITIVE_TOPOLOGY_TRIANGLE_LIST;;
#define VK_FORMAT_XYZ VK_FORMAT_R32G32B32_SFLOAT sample code so that you don't need to HRAGHOICES T Ll
#idefine VK_FORMAT_VEC2  VK_FORMAT_R32G32_SFLOAT - g i i VK_PRIMITIVE_TOPOLOGY_POINT_LIST
#define VK_FORMAT_ST VK_FORMAT_R32G32_SFLOAT uselconflisinglimageglookingjforats VK_PRIMITIVE_TOPOLOGY_LINE_LIST Declare the vertex topology
#define VK_FORMAT XY VK_FORMAT_R32G32_SFLOAT for positions, normals, and tex coords VK_PRIMITIVE_TOPOLOGY_TRIANGLE _LIST
idefine VK_FORMAT_FLOAT  VK_FORMAT_R32_SFLOAT VK_PRIMITIVE_TOPOLOGY_LINE_STRIP
#define VK_FORMAT_S VK_FORMAT_R32_SFLOAT VK_PRIMITIVE_TOPOLOGY_TRIANGLE_STRIP
‘idefine VK_FORMAT_X VK_FORMAT_R32_SFLOAT VK_PRIMITIVE_TOPOLOGY_TRIANGLE_FAN
ndif VK_PRIMITIVE_TOPOLOGY_LINE_LIST WITH_ADJACENCY
vl ocaton = 1 VK_PRIMITIVE_TOPOLOGY_LINE_STRIP_WITH_ADJACENCY
VK_PRIMITIVE_TOPOLOGY_TRIANGLE_LIST_WITH_ADJACENCY
vwaumvorma« VK_FORMAT_VECS;  //nx, ny, nz VK_PRIMITIVE_TOPOLOGY_TRIANGLE_STRIP_WITH_ADJACENCY
wiad[1] offset = offselof( struct vertex, normal ) 2 #endif
vpiasci primitiveRestartEnable = VK_FALSE;
wiad[2]location = 2;
wiad[2] binding = 0; ViepelneTessolatonSialeCreatainio Qm
wiad[2] format = VK_FORMAT_VEC3; ab vpiscisType = VK_STRUCTURE_TYPEP ~TESSELLATION_STATE_CREATE_INFO;
ool e - ot smuet vtk ccor 24 yiscioNext = nutpr
vptsci.flag Tessellation Shader info
wiad[3]Jocation = 3; VbiecipatchControlPoints =0; I/ number of ptch contol points
wiad[3] binding = 0;
wviad[3] format = VK_FORMAT VEC2; /it VkPipelineGeometryStateCreatelnfo
wiad[3] offset = offsetof struct veriex, texCoord ); 1136 vpiscisType = VK_STRUCTURE_TYPE PIPELINE-TESSELLATION_STATE_CREATE_INFO;

SIGBRAPH m ootiweril Geomelry Shader info
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Options for vpiasci.topology 169

VK_PRIMITIVE_TOPOLOGY_TRIANGLE_LIST
VS

VK_PRIMITIVE_TOPOLOGY_POINT_LIST

eV
V4

eV
[
v, oV

Vs

s
J B
=<

VK_PRIMITIVE_TOPOLOGY_TRIANGLE_STRIP

V,
V, e vy

."3\. .

VZ VS
V.

Vo.\. v, v s

VK_PRIMITIVE_TOPOLOGY_LINE_LIST

7/26/2020

What is “Primitive Restart Enable”?

vpiasci.primitiveRestartEnable = VK_FALSE;

Vl
VK_PRIMITIVE_TOPOLOGY_LINE_STRIP  VK_PRIMITIVE_TOPOLOGY_TRIANGLE_FAN
Vs \&!
V!
VZ
\'A Vo
Va Vs mib_ July 24,2020
One Really Good use of Restart Enable is in Drawing Terrain 17

Surfaces with Triangle Strips

Triangle Strip #0:
Triangle Strip #1:
Triangle Strip #2:

mio— Juy 26,2020

“Restart Enable” is used with:
* Indexed drawing.
« Triangle Fan and *Strip topologies

If vpiasci.primitiveRestartEnable is VK_TRUE, then a special “index” indicates that the
primitive should start over. This is more efficient than explicitly ending the current
primitive and explicitly starting a new primitive of the same type.

typedef enum VkindexType

VK_INDEX_TYPE_UINT16 =0,
VK_INDEX_TYPE_UINT32=1,
} VkindexType;

- 65,535

7o
110 - 4,294,967,295

If your VkIndexType is VK_INDEX_TYPE_UINT16, then the special index is Oxffff.
If your VkIndexType is VK_INDEX_TYPE_UINT32, it is OxffFfffff.

170
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IVhat is the Difference Between Changing the Viewport and Changing the Scissoring?3

Viewport:

Viewporting operates on vertices and takes place
right before the rasterizer. Changing the vertical part
of the viewport causes the entire scene to get scaled
(scrunched) into the viewport area.

Original Image

Scissoring:
Scissoring operates on fragments
and takes place right after the
rasterizer. Changing the vertical
part of the scissor causes the
entire scene to get clipped where it
falls outside the scissor area.

30
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VkViewport
wx

Declare the viewport information

vv.minDepth = 0.0f;
vv.maxDepth = 1.0f;

VkRect2D
vroffsetx=0;
vroffsety = 0;
vr.extent.width = Width;
vr.extent height = Height;

Dedlare the scissoring information |
VkPipelineViewportStateCreatelnf vpvsci

VK_STRYCTURE_TYPE_PIPELINE_VIEWPORT_STATE_CREATE_INFO;

vpvscifiags = 0;
ci.viewportCou

vvsi ;
VpvscipViewports = &vv Group the viewport and
vpvsci.scissorCount = 1 scissor information together
vpvscipScissors = &vr

172
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Setting the Rasterizer State

174

VkPipelineRasterizationStateCreatelnfo
vprscisType = VK_STRUCTURE_TYP! IE_RASTERIZATION_STATE_CREATE_INFO;

vprscipNext = nulptr;
vprsciflags = 0; Declar
vprsci.depthClampEnable = VK_FALSE;
vprsci.rasterizerDiscardEnable = VK_FALSE; the raste
vprsci polygonhode = VK_POLYGON_MODE_FILL;

#itdef CHOICES

VK_POLYGON_MODE_FILL

VK_POLYGON_MODE_LINE

VK_POLYGON_MODE_POINT

Hendit

information about how
ation take place

vprsci.culMode = VK_CULL_MODE_NONE;  // recommend this because of the projMatrix[1][1] "=
#ildef CHOICES

VK_CULL_MODE_NONE

VK_CULL_MODE_FRONT BIT

VK_CULL_MODE_BACK_BIT

VK_CULL_MODE_FRONT_AND_BACK_BIT

#ondif

vprsci.frontFace = VK_FRONT_FACE_COUNTER_CLOCKWISE;
#ildef CHOICES
VK_FRONT_FACE_COUNTER_CLOCKWISE
VK_FRONT_FACE_CLOCKWISE
#ondif
vprsci.depthBiasEnable = VK_FALSE;
vprsci.depthBiasConstantFactor = 0.;
vprsci.depthBiasClamp = 0.f;
vprsci.depthBiasSlopeFactor = 0.f;
vprscilineWidth = 1.f;

mib duy 24,2020
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What is “Depth Clamp Enable”? 175 What is “Depth Bias Enable”? 176
vprsci.depthClampEnable = VK_FALSE; vprsci.depthBiasEnable = VK FALSEf
Vpre actor = 0.

vprsci.depthBiasCIamp =0.f;
vprsci.depthBiasSlopeFactor = 0.f;

Depth Clamp Enable causes the fragments that would normally have been discarded
because they are closer to the viewer than the near clipping plane to instead get
projected to the near clipping plane and displayed. Depth Bias Enable allows scaling and translation of the Z-depth values as they come
through the rasterizer to avoid Z-fighting.

A good use for this is Polygon Capping:

The front of the polygon is clipped,
revealing to the viewer that this is
really a shell, not a solid

The gray area shows what would
happen with depthClampEnable Z-fighting
(except it would have been red).

S SIGGRAPH 57
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MultiSampling State 177 Color Blending State for each Color Attachment * 178

Create an array with one of these for each color buffer attachment.
Each color buffer attachment can use different blending operations.

VkPipelineMultisampleStateCreatelnfo
vpmsci.sType = VK_STRUCTURE_TYPI INE_MULTISAMPLE_STATE_CREATE_INFO;

vpmsci.pNext = nullptr;
vpmsci.flags = 0;
vpmsci.rasterizationSamples = VK_ SAMPLE COUNT_1_BIT;
vpmsci.sampleShadingEnable = VK_|
vpmsci.minSampleShading = 0;

Declare information about how VkPipelineColorBlendAtiachmentState Copcbas)
the multisampling will take place vpcbas blendEnable = VK_FALSE;
vpebas srcColorBlendFactor = VK_BLEND_FACTOR_SRC_COLOR;
SRC_COLOR

vpcbas.dstColorBlendFactor = VK_BLEND_FACTOR_ONE_Mii

vpmsci pSampleMask = (VkSampleMask ')nuup«r Vpcbas colorBlendOp = VK. BLEND, OP_ADD:
vpmsci.alphaToCoverageEnable = VK_FALSE; vpcbas.srcAlphaBlendFactor = VK_BLEND_FACT@R_ONE his controls blending between the output of
vpmsci alphaToOneEnable = VK_FALSE: vpcbas.dstAlphaBlendFactor = VK_BLEND_FAGTOR_ZERO; ch color attachment and its image memory.
Vpebas.alphaBlendOp = VK_BLEND_OP_ADD
vpcbas.colorWriteMask VK_COLOR/COMPONENT_R_BI
| VK_COLQK_COMPONENT G_BIT!

| VK_COMOR_COMPONENT B BIT

| VK_GBLOR_COMPONENT_A_BIT;
We will discuss Multi ing in a sep: noteset.
‘Colornew =(1.-@) * ColoTexisting + @ * ColoTincoming
O<a<1
*A“Color Attachment” is a framebuffer to be rendered into.
. SIGGRAPH K You can have as many of these as you want. I
Raster Operations for each Color Attachment 179 Which Pipeline Variables can be Set Dynamically 180

VkPipelineColorBlendStateCreatelnfo s pbsci a
vpebscisType = VK_STRUCTURE_TYi E_COLOR_BLEND_STATE_CREATE_INFO;

vpcbsci.pNext = nulptr;
vpebscifiag:
vpobscilogicOpEnable = VK_FALSE;
vpcbscilogicOp = VK_LOGIC_OP_COPY;
#ildef CHOICES

Just used as an example in the Sample Code

VK_LOGIC_OP_CLEAR VkDynamicState DYNAMIC_STATE
VK_LOGIC_OP_AND #ifdef CHOICES
VK_LOGIC_OP_AND_REVERSE VK_DYNAMIC_STATE_VIEWPOR| vkCmdSetViewport()
VK_LOGIC_OP_COPY This controls blending between the output VK_DYNAMIC_STATE_SCISSOR - vkCmdSetScissor()
VK_LOGIC_OP_AND_INVERTED VK_DYNAMIC_STATE_LINE_WIDTH - vkCmdSetLineWidth

of the fragment shader and the input to the L —STATE LINEL GmdSellineWidihi)
VK_LOGIC_OP_NO_OP VK_DYNAMIC_STATE_DEPTH_BIAS - vkCmdSetDepthBias( )
VK_LOGIC_OP_XOR color attachments. VK_DYNAMIC_STATE_BLEND_C(NSTANTS - vkCmdSetBendConstants( )
VK_LOGIC_OP_OR VK_DYNAMIC_STATE_DEPTH_BQUNDS -- vkCmdSetDepthZBounds( )
VK_LOGIC_OP_NOR VK_DYNAMIC_STATE_STENCIL_(OMPARE_MASK - vkCmdSetStenciCompareMask( )
VK_LOGIC_OP_EQUIVALENT VK_DYNAMIC_STATE_STENCIL_RITE_MASK — vkCmdSetStencilWriteMask( )

VK_LOGIC_OP_INVERT -
IO On MevERsE VI DYNAMIC_STATE_STENCIL_EFERENCE vkCmdSetStenciReferences()
VK_LOGIC_OP_COPY_INVERTED

-LOGIC_OP_COPY. ViPipelineDynamicSiateCreatolio ”@
VK_LOGIC_OP_OR_INVERTED dsci.sType = VK_STRUQTURE_TYPE_PI ” DYNAMIC_STATE_CREATE_INFO;

VK_LOGIC_OP_NAND
VK_LOGIC_OP_SET

#endif Il eave tured off for now

o
vpdscipDynamicStates = vds;

vpebsci.attachmentCount = 1;
vi

vpebsci blendConstants[2
vpcbsci.blendConstants[3)

Iﬁs‘u “ ™ mib— July 24, 2020 s I ™ mib— Juy 24,2020
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The Stencil Buffer 1 Using the Stencil Buffer to Create a Magic Lens ez

Update:

Here’s how the Stencil Buffer works:

1. While drawing into the Render Buffer, you can write values into the Stencil Buffer
at the same time.

2. While drawing into the Render Buffer, you can do arithmetic on values in the
Stencil Buffer at the same time.

3. When drawing into the Render Buffer, you can write-protect certain parts of the
Render Buffer based on values that are in the Stencil Buffer m
SIGGRAPH
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Using the Stencil Buffer to Create a Magic Lens 188 18

Using the Stencil Buffer to
Perform Polygon Capping

Clear the SB=0

Write protect the color buffer

Fill a square, setting SB = 1
Write-enable the color buffer

Draw the solids wherever SB ==
Draw the wireframes wherever SB ==

SOAWON =

IGGRAPH 2%
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185 Outlining Polygons the Naive Way 186

1. Draw the polygons
2. Draw the edges

Using the Stencil Buffer to Perform Polygon Capping

Clear the SB =0
Draw the polygons, setting SB = ~ SB
Draw a large gray polygon across the entire scene wherever SB !=0

WN =

Zighting

min Jub 24,2020
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@Sl

Using the Stencil Buffer to Perform Hidden Line Removal

189

oy 22,2020 |

Using the Stencil Buffer to Better Outline Polygons

Clear the SB=0
for( each polygon )
Draw the edges, setting SB = 1

Draw the polygon wherever SB !
Draw the edges, setting SB = 0

Before

188

Operations for Depth Values

VkPipelineDepthStenciStateCreatelnfo
pdsscisType = VK_STRUCTURE_TYPE_P) EPTH_STENCIL_STATE_CREATE_INFO;

vpdssci depthTestEnable = VK_TRUE;
vpdssci depthWiiteEnable = VK_TRUE;
vpdssci.depthCompareOp = VK_COMPARE_OP_LESS;
VK_COMPARE_OP_NEVER - never succeeds
- succeeds if new depth value is < the existing value

VK_COMPARE_OP_LESS
VK_COMPARE_OP_EQUAL
VK_COMPARE_OP_LESS_OR_EQUAL
VK_COMPARE_OP_GREATER
VK_COMPARE_OP_NOT_EQUAL

VK_COMPARE_OP_GREATER_OR_EQUAL succeeds if new depth value is >= the existing value
VK_COMPARE_OP_ALWAYS - always succeeds
#endif

vpdssci.depthBoundsTestEnable = VK_FALSE;

vpdssciminDepthBounds = 0.;
vpdsscimaxDepthBounds = 1.;
vpdsscistenciTestEnable = VK_FALSE;

191

Stencil Operations for Front and Back Faces
VkStencilOpState 1I front

STENCIL_ /l what to do if depth operation fai
K_STENCIL_OP_KEEP; // what to do if stencil operation fails
K_STENCIL_OP_KEEP; // what to do if stencil operation succeeds

~ keep the stencil value as it is
set stencil value 10 0
~ replace stencil value with the reference value

VK_STENCIL_OP_REPLACE
VK_STENCIL_OP_INCREMENT_AND_CLAMP.
VK_STENCIL_OP_DECREMENT_AND_CLAMP
VK_STENCIL_OP_INVERT
VK_STENCIL_OP_INCREMENT_AND_WRAP
VK_STENCIL_OP_DECREMENT_AND_WRAP -~ decrement stencil value
#endif

vsosf.compareOp = VK_COMPARE_OP_NEVER;
#ifdef CHOICES

VK_COMPARE_OP_NEVER
VK_COMPARE_OP_LESS succeeds if stencil value is < the reference value
VK_COMPARE_OP_EQUAL ~ succeeds if stencil value is == the reference value
VK_COMPARE_OP_LESS_OR_EQUAL ~ succeeds i stencil value is <= the reference value
VK_COMPARE_OP_GREATER ~ succeedsf stencil value is > the reference value
VK_COMPARE_OP_NOT_EQUAL ~ succeeds if stencil value is I= the reference value
VK_COMPARE_OP_GREATER_OR_EQUAL succeeds if stencil value is >= the reference value
VK_COMPARE_OP_ALWAYS ~ always succeeds

#tendif

never succeeds

vsosf.compareMask
vsosf.writeMasl
vsost.reference = 0;

VkStenciOpState Iiback
vsosb.depthFailOp = VK_STENCIL. P,
vsosb.failop = VK_STENCIL_OP_KEEP;

VK_STENCIL_OP_KEEP:

K_COMPARE_OP_NEVER;

190
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Putting it all Together! (finally...)

192

min Jub 24,2020

}

VkPipeline GraphicsPipeline;

VkGraphicsPipelineCreatelnfo D)
pci sType = VK_STRUCTURE_TYPE_GRAPHICS_PIPELINE_CREATE_INFO;
vgpci.pNext = nulptr;
vgpoi.fags = 0;
#idef CHOICES
VK_PIPELINE_CREATE_DISABLE_OPTIMIZATION_BIT
VK_PIPELINE_CREATE_ALLOW_DERIVATIVES_BIT
VK_PIPELINE_CREATE_DERIVATIVE_BIT
#endif

vgpeistageCount = 2; J/ number of stages
vgpci.pStages = vpssc;

Vvgpci pVertexinputState = &vpvisci;

vgpci plnputAssemblyState = &vpiasci;

vgpci.pViewportState = &vpvsci;

vgpci pRasterizationState = &vprsci;
vgpci.pMultisampleState = &vpmsc;
vgpei.pDepthStencilStat ssci;
vgpci.pColorBlendState = &vpcbsc;
vgpci.pDynamicState i

vgpcilayout = IN GraphicsPipelineLayout;
vgpcirenderPass = IN RenderPass;

vgpci.subpass = 0; 1/ subpass number
vgpcibasePipelineHandle = (VkPipeline) VK_NULL_HANDLE;
vgpci basePipelinelndex = 0;

VkCreateGraphicsPipelines( LogicalDevice, VK_NULL_HANDLE, 1, IN &vgper;
PALLOCATOR, OUT &GraphicsPipeline );

return result;

information and create the pipel

Group all of the individual state
ne

mib duy 24,2020
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Later on, we will Bind a Specific Graphics Pipeline Data Structure to 193

the Command Buffer when Drawing

@

(
VK_PIPELINE_BIND_POINT_GRAPHICS, GraphicsPipeline );

7/26/2020

Sidebar: What is the Organization of the Pipeline Data Structure? 194

If you take a close look at the pipeline data structure creation information, you will see that
almost all the pieces have a fixed size. For example, the viewport only needs 6 pieces of
information — ever:
VKViewport w;

wWx=0;
W :

wwidth = (float)Width;

vvheight = (float)Height;

wv.minDepth = 0.0f;

vv.maxDepth = 1.0f;
There are two exceptions to this -- the Descriptor Sets and the Push Constants. Each of these
two can be almost any size, depending on what you allocate for them. So, I think of the
Pipeline Data Structure as consisting of some fixed-layout blocks and 2 variable-layout blocks,
like this:

Variable-fayout ]
i Blocks |

min_ Ju 24,2020
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195

Wuilkan.

Descriptor Sets

Mike Bailey

mjb@cs.oregonstate.edu

In OpenGL 196

OpenGL puts all uniform data in the same “set”, but with different binding numbers, so you
can get at each one.

Each uniform variable gets updated one-at-a-time.

Wouldn'tit be nice if we could update a collection of related uniform variables all at once,
without having to update the uniform variables that are not related to this collection?

layout( std140, binding = 0 ) uniform mat4 uModelMatrix;
layout( std140, binding = 1 ) uniform mat4 uViewMatrix;
layout( std140, binding = 2 ) uniform mat4 uProjectionMatrix;
layout( std140, binding = 3 ) uniform mat3 uNormalMatrix;
layout( std140, binding = 4 ) uniform vec4 uLightPos;
layout( std140, binding = 5 ) uniform float uTime;

layout( std140, binding = 6 ) uniform int uMode;

layout( binding = 7 ) uniform sampler2D uSampler;

mio— Juy 26,2020

What are Descriptor Sets? 197

Descriptor Sets are an intermediate data structure that tells shaders how to connect
information held in GPU memory to groups of related uniform variables and texture
sampler declarations in shaders. There are three advantages in doing things this way:

+ Related uniform variables can be updated as a group, gaining efficiency.
« Descriptor Sets are activated when the Command Buffer is filled. Different values for

the uniform buffer variables can be toggled by just swapping out the Descriptor Set that
points to GPU memory, rather than re-writing the GPU memory.

Values for the shaders’ uniform buffer variables can be compartmentalized into what
quantities change often and what change seldom (scene-level, model-level, draw-
level), so that uniform variables need to be re-written no more often than is necessary.

for( each scene )
{

Bind Descriptor Set #0
for( each object )

Bind Descriptor Set #1
for( each draw )

Bind Descriptor Set #2
Do the drawing

min Jub 24,2020
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Descriptor Sets 198

Our example will assume the following shader uniform variables:

/I non-opaque must be in a uniform block:
layout( std140, set = 0, binding = 0 ) uniform matBuf

mat4 uModelMatrix;
mat4 uViewMatrix;
mat4 uProjectionMatrix;
mat3 uNormalMatrix;

} Matrices;

layout( std140, set = 1, binding = 0 ) uniform lightBuf
vec4 uLightPos;

} Light;

layout( std140, set = 2, binding = 0 ) uniform miscBuf
float uTime;
int  uMode;

} Misc;

layout( set = 3, binding = 0 ) uniform sampler2D uSampler;

) SIBGRAPH 2
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CPU:

Descriptor Sets 199

GPU:

GPU:

Uniform data created in a
C++ data structure

+ Knows the CPU

Uniform data in a “blob™

+ Knows where the data starls
+ Knows the data's size

the data's size

nows
Doesn't know the CPU or GPU data structure

+ Knows the shader data structure
+ Doesn'tknow where each piece of data starts

struct matBuf
{

1011100101010111110100010
0001011101101011101001101
1001100000011101011110011

glm:matd

0011011010100000100100011

layout( std140, set = 0, binding = 0 ) uniform matBuf
{

mat4 uModelMatrix;
matd.

glm:matd

gim:zmatd

gim:zmat3

%
struct lightBuf

gim:vecd uLightPos;

struct miscBuf

float uTime;
int uMode;

T T MAotot0otooat 101at 1000

+]00110010001101000101001

Matrices;

1010001 111010111101

0000111110001100001000001

1011001110101000111010001
0001

011110010011 11010010001

1100

00001 1110001110010110010
0111001101011101110010100

* “binary large object’

Tayd(t( std140, set = 1, binding = 0 ) uniform lightBuf

vecd uLightPos;
}Light;

layout( std140, set = 2, binding = 0 ) uniform miscBuf

layout( set = 3, binding = 0 ) uniform sampler2D uSampler;

min_ Ju 24,2020
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Step 1: Descriptor Set Pools

You don'’t allocate Descriptor Sets on the fly — that is too slow.

[rosws | [ooosiscom | [ poosies

VkDescriptorPooiCreatelnfo.

vkCreateDescriptorPool()

DescriptorSetPool

201

VkResult

VkResult result;

VkDescriptorPooiSize
vips{0]type = VK
d

13DescriptorSetPool()

vaps{ 1

VAps{2] yp
o

type = VK_DESCI
vaps{1] descriptorCount =

K_DESCRIPTOR

o

#ifdef CHOICES

result = vkC
retum result;

VK_DESCRIPTOR_TYPE_SAMPLER

reateDescriptorPool( LogicalDevice, IN &vdpci, PALLOCATOR, OUT &DescriptorPool);

SIGHRAPH
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203

VkResult result

Result
Init13DescriptorSetLayouts( )
{

/DS #0:
VkDescriptorSetLayoutBinding
Matri bindi =

MatrixSet[1];

MatrixSe] Type

MatrixSe] torCount

Matri tageFlags X

MatrixSe] (VkSampler *)nullptr;
/DS #1
VkDescriptorSetLayoutBinding LightSet[1];

htSeo] bindiny
VK|

VK_DESCRIPTOR_TYPE_UNIFORM_BUFFER;
1
= VK_SHADER_STAGE_VERTEX_BIT;

L
L
L
LightSet[0} st
LightSet]

/DS #2:

VkDescriptorSetLayoutBinding
MiscSet[0} bind:

MiscSet[1];

1;
K_SHADER_STAGE_VERTEX_BIT | VK_SHADER_STAGE_FRAGMENT_BIT;
= (VkSampler “Jnulptr;

VK|

yp

MiscSet

/DS #3;

utBinding

_TYPE_UNIFORM_BUFFER;

1
K_SHADER_STAGE_VERTEX_BIT | VK_SHADER_STAGE_FRAGMENT_BIT;
= (VkSampler *Jnullptr;

_TYPE_UNIFORM_BUFFER;

_TYPE_COMBINED_IMAGE_SAMPLER;

Type

e

t
Flags VK_SHADER_STAGE_FRAGMENT_BIT;
= (VkSampler jnuliptr;

uniform sampler2D_uSampler;

vecd rgba = texture( uSampler, vST );
T

min Jub 24,2020

Instead, you allocate a “pool” of Descriptor Sets and then pull from that pool later.

200
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Step 2: Define the Descriptor Set Layouts

| think of Descriptor Set Layouts as a kind of “Rosetta Stone” that allows the Graphics
Pipeline data structure to allocate room for the uniform variables and to access them.

202

matd UModelMatrix;
matd WWiewMatrx:
matd uProjectionMatix;
mat3 uNormalMatrx;
}Matices;

T layout(std140, set = 1, binding =

vect ulightPos;
}ight

- layout(std140, set = 0, binding = 0 ) uriform matBuf
(

) uniform light8uf

layout(std140, set = 2, binding = 0 ) uriform miscBuf

€2 SIG6RAPH

|

foatuTime;
int uode:
Yvisc
T mg avou( set =3, binding = 0) uniorm sampler2D uSampler,  ———
binding binding \ binding binding |
descriptorType descriptorType descriptorType descriptorType
descriptorCount descriptorCount descriptorCount descriptorCount
pipeline stage(s) pipeline stage(s) pipeline stage(s) pipeline stage(s)
set=0 set=1 set=2 set=3

mib— Juy 24,2020

Step 2: Define the Descriptor Set Layouts

MatrixSet DS Layout Binding: _LightSet DS Layout Binding: MiscSet DS Layout Binding:

204

Layout Binding:

binding binding binding
descriptorType descriptorType descriptorType
descriptorCount descriptorCount descriptorCount

pipeline stage(s) pipeline stage(s) pipeline stage(s)

binding
descriptorType
descriptorCount
pipeline stage(s)

set=2

set=0

vdslc0 DS Layout CI: vdslc1 DS Layout CI: vdsic2 DS Layout CI:

set=3

vdslc3 DS Layout CI:

bindingCount bindingCount bindingCount
ype pe ype
number of that type number of that type number of that type

pipeline stage(s) pipeline stage(s) pipeline stage(s)

bindingCount

ype
number of that type
pipeline stage(s)

~

Array of Descriptor
Set Layouts

mib duy 24,2020

34



205

VkDescriptorSetLayoutCreatelnfo
vdslc0.sType = VK_STRUCTURE_TYPE-DESCRIPTOR_SET_LAYOUT_CREATE_INFO;
vdsic0.pNext = nullptr;
vdsico flags = 0;
vdslc0.bindingCount = 1;
vdsicO.pBindings = &MatrixSet[0];

¢

¢

VkDescriptorSetLayoutCreatelnfo
vdsic1 sType = VK_STRUCTURE_TYPE_DESCRIPTOR_SET_LAYOUT_CREATE_INFO;
vdslc1 pNext = nullptr;
vdslct flags = 0;
vdslc1 bindingCount = 1;
vdsic1 pBindings = &LightSet[0];

VkDescriptorSetLayoutCreatelnfo
vdsic2.sType = VK_STRUCTURE_TYPE=B|
vdsic2.pNext = nullptr;
vdslc2 flags = 0;
vdslc2 bindingCount = 1;
vdsic2 pBindings = &MiscSet[0];

VkDescriptorSetLayoutCreatelnfo
Vdslcd sType = VK_STRUCTURE_TYPE=BESCRIPTOR_SET_LAYOUT_CREATE_INFO;

vdslc3.pNext = nullptr;
vdslc3 flags = 0;

vdslc3.bindingCount = 1;
vdsic3.pBindings = &TexSamplerSet[0];

!

RIPTOR_SET_LAYOUT_CREATE_INFO;

kCreateDescriptorSetLayout( LogicalDevice,
kCreateDescriptorSetLayout( LogicalDevic|

out(L N &vdsicy/ PALLOCATOR, OUT &Des

return result;

}

iptorSetLayouts[0] );

KCreateDescriptorSetLayout( LogicalDevice, IN &vdsic2,PALLOCATOR, OUT 8DescriptorSetLayouts(2] )
h jicalD iptorSetLayouts[3] ):

min_ Ju 24,2020

Step 4: Allocating the Memory for Descriptor Sets

T

descriptorSetCount DescriptorSetLayouts

VkDescriptorSetAliocatelnio

VkAllocateDescriptorSets()

207
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Step 5: Tell the Descriptor Sets where their CPU Data is

VkDescriptorBufferlnfo vabi0; —
dbi0.buffer = MyMatrixUniformBuffer buffer; s S"”j‘h'de":l'"e.s UIEBEUGErD
Vabio offset = owns and how big it is
vdbi0.range = sizeof(Matrices):
VkDescriptorBufferinfo vdbit; This struct identifies what buffer it
vdbit.buffer = MyLightUniformBuffer.buffer; owns and how big t s

vdbit.offset = 0;
vdbit.range = sizeof(Light);

VkDescriptorBufferlnfo vabi2; This struct identifies what buffer it
vdbi2.buffer = MyMiscUniformBuffer. buffer; owns and how big itis
vdbi2.offset = 0
vdbiz.range = sizeof(Misc);

VkDescriptorimagelnfo vdii0;
vdii.sampler = MyPuppy

This struct identifies what texture
sampler and image view it owns
vdiiimageView = MyPuppyTexture teximageView;

vdiiimageLayout = VK_IMAGE_LAYOUT_SHADER_READ_ONLY_OPTIMAL;

min Jub 24,2020
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Step 3: Include the Descriptor Set Layouts in a Graphics Pipeline Layout

206

VkResult
Init14GraphicsPip

ineLayout( )

VkResult result;

VkPipelineLayoutCreatelnfo
vplci.sType = VK_STRUCTURE_T
vplci.pNext = nullptr;
vplci.flags
vplci.setLayoutCount = 4;
pSetLayouts = &DescriptorSetLayo
vplci.pushConstantRangeCount = 0;
vplci.pPushC ges = (VkPushC

ge *)nullptr;

return result;

result = vkCreatePipelineLayout( LogicalDevice, IN &vplci, PALLOCATOR, OUT &GraphicsPipelineLayout );

imib_ duy 24,2020

Step 4: Allocating the Memory for Descriptor Sets

VkResult
Initt3DescriptorSets( )

VkResult result;

VkDescriptorSetAllocatelnfo
vdsai.sType = VK_STRUCTU
vdsai.pNext = nullpt
vdsai.descriptorPool = DescriptorPool;
vdsai.descriptorSetCount = 4;
vdsai.pSetLayouts = DescriptorSetLayouts;

DESCRIPTOR_SET_ALLOCATE_INFO;

result = i L IN &vdsai, OUT i 13

mib— Juy 24,2020

208

Step 5: Tell the Descriptor Sets where their CPU Data is

This struct links a Descriptor

Setto the buffer it is pointing tto
vwds0.sType = VK_STRUCTURE_TYPE_WRITE_DESCRIPTOR_SET;
vwds0.pNext = nullptr;
vwds0.dstSet = DescriptorSets[0];
Vwds0 dstBinding = 0;
Vwds0 dstArrayElemen
vwds0 descriptorCount = 1
vwds0 descriptorType = VK_DESCRIPTOR_TYPE_UNIFORM_BUFFER;

vwds0.pBufferinfo = IN &vdbi0;
vwds0 plmagelnfo = (VkDescriptorimagelnfo *Jnulptr;
Vwds0. = “nullptr;
This struct links a Descriptor

J/ds 1 Setto the buffer itis pointing tto
VkWriteDescriptorSet vwds1;

vwds1.sType = VK_STRUCTURE_TYPE_WRITE_DESCRIPTOR_SET;

vwds 1 pNext = nullptr;

vwds1 dstSet = DescriptorSets[1];

vwds1 dstBinding = 0;

vwds1.dstArrayElement = 0;

vwds1 descriptorCount

vwds1 descriptorType = VK_DESCRIPTOR_TYPE_UNIFORM_BUFFER;

vwds1 pBufferinfo = IN &vdbi1

vwds1 plmagelnfo = (VkDescriptorimagelnfo “Jnulptr;

vwds1 pTexelBufferView = (VkBufferView *)nullptr;

VKWriteDescriptorSet vwds0;
1/ds0:

mib duy 24,2020
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Step 5: Tell the Descriptor Sets where their data is 21
. This struct links a Descriptor
VKWreDeseriptorSet vwds2; Set to the buffer it is pointing tto
vwds2.sType = VK _ STRUCTURE TYPE_WRITE_DESCRIPTOR_SET;
ides doscnplorTypo VK DESCRIPTOR TYPE_UNIFORM BUFFER;
vwds2.pBufferinfo = wvdbi2;
vwds2.plmagelnfo = (VkDescriptorimagelnfo *)nullptr;
vwds2.pTexelBufferView = (VkBufferView *)nullptr;
This struct links a Descriptor Set
lds3 to the image it is pointing to
VkWriteDescriptorSet
vwds3.sType = VK_ STRUCTURE TVPE WRITE_DESCRIPTOR_SET;
vwds3.pNext = nullptr;
vwds3.stSet = DescriptorSets[3];
vwds3 dstBinding = 0;
vwds3.dstArrayElemer
vwds3.descriptorCount = 1;
vwds3.descriptorType = VK_DESCRIPTOR_TYPE_COMBINED_IMAGE_SAMPLER;
vwds3.pBufferinfo = (VkDescriptorBufferinfo )r\qulr
vwds3 pimagelnfo = IN &vdi0;
vwds3.pTexelBufferView = (VkBufferView *)nullptr;
uint32_t copyCount = 0;
/I this could have been done with one call and an array of VkWriteDescriptorSets:
VkUpdateDescriptorSets( LogicalDevice, 1, IN &vwds0, IN copyCount, (VkCopyDescriptorSet Jnullptr );
vkUpdateDescriptorSets( LogicalDevice, 1, IN &vwds1, IN copyCount, (VkCopyDescriptorSet *)nullptr );
VkUpdateDescriptorSets( LogicalDevice, 1, IN &wds2, IN copyCount, (VkCopyDescriptorSet “Jnulptr );
vkUpdateDescriptorSets( LogicalDevice, 1, IN &vwds3, IN copyCount, (VkCopyDescriptorSet *)nullptr );
SIGGRAPH
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Step 7: Bind Descriptor Sets into the Command Buffer when Drawing

Descriptor Set
[maseon |

[oamicrpaaiaon ] [amermorsecon |

vkCmdBindDescriptorSets() /

(e |

kCmdBi i C
VK_PIPELINE_BIND_POINT_GRAPHICS, GraphicsPipelineLayout,
0, 4, DescriptorSets, 0, (uint32_t *)nullptr );

So, the Pipeline Layout contains the structure of the Descriptor Sets.
Any collection of Descriptor Sets that match that structure can be bound into that pipeline.

SIGGRAPH
L] -y 26,2020

Sidebar: Why Do Descriptor Sets Need to Provide Layout Information 215

to the Pipeline Data Structure?

The pieces of the Pipeline Data Structure are fixed in size — with the exception of the
Descriptor Sets and the Push Constants. Each of these two can be any size,
depending on what you allocate for them. So, the Pipeline Data Structure needs to
know how these two are configured before it can set its own total layout.

Think of the DS layout as being a particular-sized hole in the Pipeline Data Structure.
Any data you have that matches this hole’s shape and size can be plugged in there.

The Pipeline Data Structure

Fixed Pipeline Eleme| Specifie pescriptoi'
1 yout

min Jub 24,2020
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Step 6: Include the Descriptor Set Layout when Creating a Graphics Pipeline 212

VkGraphicsPipelineCreatelnfo
vgpei.sType = VK
vgpci.pNext
vgpei.flags = 0;

#ifdef CHOICES

VK_PIPELINE_CREATE_DISABLE_OPTIMIZATION_BIT

VK_PIPELINE_CREATE_ALLOW_DERIVATIVES_BIT

VK_PIPELINE_CREATE_DERIVATIVE_BIT

#endif

PHICS_PIPELINE_CREATE_INFO;

vgpci.stageCount = 2; I number of staggs in this pipeline
vgpci.pStages = vpssci;
vgpci.pVertexinputState = &vpvisci;
vgpci.pinputAssemblyState = &vpiasci;
vgpei.p = (VkPipeli
vgpci.pViewportState = &vpvsci;
vgpci.pRasterizationState = &vprsci;
vgpci pMultisampleState = &vpmsci;
vgpci.pDepthStencilState = &vpdssci;
vgpcipColorBlendState = &vpcbsc;
vgpci pDynamicSa
vgpci.layout
vgpei. renderPass
vgpci.subpass = I/ subpass number
vgpei. basePlpslmeHand\e (VkPipeline) VK_NULL_HANDLE;
vgpci.basePipelinelndex = 0;

reatd{nfo *)nulptr;

result = vkCreateGraphicsPipelines( LogicalDevice, VK_NULL_HANDLE, 1, IN &vgpci,
PALLOCATOR, OUT &GraphicsPipeline );

[
) SGGRAPH iy e sy

Sidebar: The Entire Collection of Descriptor Set Paths 214
VkDescriptorPoolCreatelnfo

vkCreateDescriptorPool( ) Create the pool of Descriptor

Sets for future use

VkDescriptorSetLayoutBinding
VkDescriptorSetLayoutCreatelnfo
vkCreateDescriptorSetLayout( )
vkCreatePipelineLayout( )

Describe a particular Descriptor
Set layout and use it in a specific
Pipeline layout

VkDescriptorSetAllocatelnfo
vkAllocateDescriptorSets( )

Allocate memory for particular
Descriptor Sets

VkDescriptorBufferinfo Tell a particular
) Descriptor Set where
VkDescriptorimagelnfo its CPU data is Re-write CPU data into a
VkWriteDescriptorSet particular Descriptor Set

vkUpdateDescriptorSets( )

lake a particular Descriptor Set

. . M
2 SIGGRAPH liu vkCmdBindDescriptorSets( ) “current’ for rendering -

Sidebar: Why Do Descriptor Sets Need to Provide Layout Information 216

to the Pipeline Data Structure?

Any set of data that matches the Descriptor Set Layout
can be plugged in there.

) SIGGRAPH
I
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The Basic Idea 218

Texture mapping is a computer graphics operation in which a separate image, referred to as the texture, is
stretched onto a piece of 3D geometry and follows it however it s transformed. This image is also known
as atexture map.

Also, to prevent confusion, the texture pixels are not called pixels. A pixel is a dot in the final screen
image. Adot in the texture image is called a texture element, or texel.

Similarly, to avoid terminology confusion, a texture’s width and height dimensions are not called X and Y.
They are called S and T. A texture map is not generally indexed by its actual resolution coordinates.
Instead, it is indexed by a coordinate system that is resolution-independent. The left side is always S=
the right side is S=1., the bottom is T=0., and the top is T=1. Thus, you do not need to be aware of the
texture’s resolution when you are specifying coordinates that point into it. Think of S and T as a measure
of what fraction of the way you are into the texture.

R

min_ Jub 24,2020

The Basic Idea 219

The mapping between the geometry of the 3D object and the S and T of the texture image works like this:

(X2, ¥2,52,72)
— T=1.
0a,v3, sa‘ﬁ T (X0, Y1, 51,T1) X

i

\ '

\ /

s=0. =
\ 1 - s=1.
L g
(X, 4, 54,74) H /
::;2
(Xo, Y0, 50,T0)

Interpolated (5,T) = (.78, .67)

(0.78,0.67) in S and T = (199.68, 171.52) in texels

You specify an (s,t) pair at each vertex, along with the vertex coordinate. At the same
time that the rasterizer is interpolating the coordinates, colors, etc. inside the polygon, it

In OpenGL terms: assigning an (s,t) to each vertex 220

Enable texture mapping:
glEnable( GL_TEXTURE_2D );
Draw your polygons, specifying s and t at each vertex:
glBegin( GL_POLYGON.);

glTexCoord2f

gINormal3f( nx0, ny0, nz0 );
glVertex3f( x0, y0, 20 );

gITexCoord;
gINormal3f( nx1, nyT, nz1);
glVertex3f(x1, y1,21);
glEnd();
Disable texture mapping:

glDisable( GL_TEXTURE_2D );

is also interpolating the (s,t) coordinates. Then, when it goes to draw each pixel, it uses
SliﬁllPH l;l that pixel’s interpolated (s,t) to lookup a color in the texture image.

1 vy < 2020

Triangles in an Array of Structures 221
2 3

struct vertex

position;
normal;

struct vertex VertexDatal ] =
{

Il triangle 0-2-3: o

min_ Jub 24,2020
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Using a Texture: How do you know what (s,t) to assign to each vertex? 222

The easiest way to figure out what s and t are at a particular vertex is to figure out what
fraction across the object the vertex is living at. For a plane,

x — Xmin

_ Yy —Ymin
~ Ymax - Ymin

s= -
Xmax — Xmin

) SIGGRAPH
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Using a Texture: How do you know what (s,t) to assign to each vertex? 223

Or, for a sphere,

_0-(m
s= 2w
s=(Ing+M_Pl )/(2*M_PI);
t =(lat+M_PI/2.)/ M_PI;

7/26/2020

Using a Texture: How do you know what (s,t) to assign to each vertex?

Uh-oh. Now what? Here's where it gets tougher...,

imib_ duy 24,2020

224

You really are at the mercy of whoever did the modeling... 225

Be careful where s abruptly transitions from 1. back to 0.

mio— Juy 26,2020
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226

Memory Types 227
CPU Memory GPU Memory
Host Device
Visible Local
GPU Memory GPU Memory
— — |
memepy( ) vkCmdCopyimage() o ¢ o
Sampling
Hardware
RGBA to
the Shader

min Jub 24,2020

Memory Types

NVIDIA Discrete Graphics:

11 Memory Types:

Memory

Memory 1

Memory 2:

Memory 3:

Memory 4:

Memory 5:

Memory 6:

Memory 7: DeviceLocal

Memory 8: DeviceLocal

Memory 9: HostVisible HostCoherent
Memory 10: HostVisible HostCoherent HostCached

Intel Integrated Graphics:

3 Memory Types:
Memory 0: DeviceLocal

Memory 1: Devicelocal HostVisible HostCoherent

Memory 2: DevicelLocal HostVisible HostCoherent HostCached

228

Jy 24,2020
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Texture Sampling Parameters 229 Textures’ Undersampling Artifacts 230

As an object gets farther away and covers a smaller and smaller part of the screen, the
texels : pixels ratio used in the coverage becomes larger and larger. This means that
there are pieces of the texture leftover in between the pixels that are being drawn into, so
gg:"g:::zg‘: g:: EEHEE gg gt EEBEE \I\/‘AIEQPF;:’_T%LR T}EPENE)AR) that some of the texture image is not being taken into account in the final image. This
X i S " d .
giTexParameteril GL_TEXTURE 2D, GL_TEXTURE MIN. FILTER, GLLINEAR )’ :zzzz?etg?;?:etex!ure is being undersampled and could end up producing artifacts in the

OpenGL
giTexParameteri( GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_REPEAT );, "o

Texels

Vulkan

VkSamplerCreatelnfo
vsci.magFilter = VK_FILTER_LINEAR
vsci.minFilter = VK_FILTER_LINEAR|

vsci. mipmapMode K_SAMPLER |MIPMAP_MODE_LINEAR; Consider a texture that consists of one red texel and all the rest white. It is easy to
vsci.addressModeU = VK_SAMPLER |ADDRESS_MODE_REPEAT;

vsci.addressModeV = VK_SAMPLER |ADDRESS_MODE_REPEAT: 'r:"a.g'"e an °bée°t r‘?"‘:eée‘: ‘."”Thm?' tTXt“re as.ﬁ"‘d'”gl ""’.’ all Wlh"e' W':h Ilhe red te):e:.
vsci addressModeW = VK_SAMPLER ADDRESS MODE_REPEAT. aving never been included in the final image. The solution is to create lower-resolutions
of the same texture so that the red texel gets included somehow in all resolution-level
textures.

result = vkCreateSampler( LogicalDevice, IN &vsci, PALLOCATOR, pTextureSampler );

2 SIGGRAPH 2 SIGGRAPH
] i July 24,2020 ] mib_ Juy 24,2020

Texture Mip*-mapping 231 232

Rosult
07 TextureSampler( MyTexture * pMyTexture )

Average 4 pixels to [

make a new one

Visampercrestito
R_CREATE_INFO;

RGBA, RGBA|RGBA, RGBA, RGBA, Average 4 piels o Y < VK SAMPLER-ADDRESS MODE-REPEAT
RGBA, RGBA,|RGBA, RGBA, RGBA,
RGBA, RGBARGBA, RGBA, RGBA,
RGBA, RGBA, RGBA, RGBA, RGBA,

idef CHOICES
VK SAMPLER_ADDRESS_MODE_REPEAT

RGBA, RGBA, RGBA, RGBA, RGBA, Average 4 pets o UK SANpLER ADORESS HODE LA TO

RGBA, RGBA,RGBA, RGBA, RGBA, makeanow ane os swmw ADORESS ODE WRRGR, GLAMA 1o, E0GE
RGBA, RGBA, RGBA, RGBA, RGBA, pLostias =0

RGBA, RGBA, RGBA, RGBA, RGBA, e e ooy s

RGBA, RGBA, RGBA, RGBA, RGBA, ﬁ e compareEna

Total texture storage is ~ 2x what it was without mip-mapping

Graphics hardware determines which level to use based on the texels : pixels ratio.

In addition to just picking one mip-map level, the rendering system can sample from two of

_BORDER_COLOR_F|OAT OPAQUE BLACK:

them, one less that the T:P ratio and one more, and then blend the two RGBASs returned. I AOHOER, COLOR_FLOAT TRANSPARENT BLAFK
This is known as VK_SAMPLER_MIPMAP_MODE_LINEAR. VK_BORDER_COLOR_INT_TRANSPARENT_BLACK|

VK_BORDER_COLOR_FLOAT_OPAQUE BLACK

VK_BORDER_COLOR_INT_OPAQUE_BLACK

VK_BORDER_COLOR_FLOAT OPAGUE WHITE

VK BORDER_COLOR_INT_OFAGUE_WHITE
il

vsc unnomalizedCaordinates = VK_FALSE:| 1/ VK_TRUE means we aro use raw exss a3 the ndex.

* Latin: multim in parvo, “many things in a small place” J1VICPALSE foans wo ro usng th usal 0. 1
SIGGRAPH result = vkCreateSampler{ LoglcalDevic, IN &vsci, PALLOCATOR, OUT &phyTexture->texSampler );
L] mib — July 24, 2020 iy 24, 2020

233 oaforoices 234
kResult (K MAGE (AYoUT UNDEFNED
Init07TextureBuffer( INOUT MyTexture * pMyTexture) VK_INAGE_LAYOUT_PREINITIALIZED
et

Viesut resut Ve aueueFamiyindorCount -

e amnaces = onet . ot
32 texicth = oy Textur->widt; . gttt et
int32_t texHeight = pMyTexture->height: " IN i, PALLOGATOR, OUT. flocates, bt ot e
Unsighad cha xur = pMyTexure el Wtmoneiomerts
ViDevicsSiz textureSize = texWidih- texHeght* 4 11gba, 1 by sach “GatmapeomeryRecuraments(LogcaDovco, N saginimage, OUT &)
Vidmage stagingimage i Vorbose)
Vidmage textursimage

D e s =, i

fp(pDebug. “mage v skmont = Akt vt st

5§ bOabu, hage v mamayTypoBHs - DKGBA: v memonyTypeBHs):
[ — fefpDobu s oo e

1]
ViimageCraatanto oo Gy
i Typo = VK_STRUC . IMAGE_CREATE_INFO; T Tive ¢ STRUCNEE TSR VEMORY.ALLOCATE INFO,
e e iatio 4
et alocaonsi = mesize

vicl imageType = VK_IMAGE_TYPE_2D; v
ot \K_FORMAT FoCa35,UNORM —— Cod N

L oo §
il

i, PALLOCATOR, OUT &utim)

st = wBindmagoMemory( LogicaDevice, IN siagngimage. I vem, 0) /0 = ofsel

+
K_SAMPLE_COUNT.

it ting = VK_IMAGE TILING_LINER T —
#idefCHOICES W ecthas sk VK_IMAC petT OR BIT;
UK IAGE TLING_ OPTIMAL

VICHIAGE TILING_LINEAR

ond

11w have now created th siaging mage -l i the pise data

viciusage = VK_IMAGE_USAGE_TRANSFER_SRC_BIT: e
owsabrssourcaLeyout( LogcaDoves, sagngimage. N s, OUT s

VK_IAGE_USAGE_TRANSFER_SRC_BIT

VK INAGE USAGE_TRANSFER_DST BIT f(verbose)
VK_IIAGE_USAGE_SAMPLED_BIT IrFpDubu, “Sbrosoucs Loyt
VK IIMAGE USAGE_STORAGE_BIT

VK IfAGE_USAGE_COLOR_ATTACHMENT BIT

VK IAGE USAGE_DEPTH_STENGIL_ATTACHMENT_BIT
VK_IIHAGE_USAGE_TRANSIENT_ATTACHMENT_BIT

VK IAGE_USAGE_INPUT_ATTACHMENT_BIT fprf(FpDebug, “wdephPich = %I, el depthPich):

o Aush(FoDebug):
Vi sharinghode = VK_SHARING_MODE_EXCLUSIVE:
mib duly 26,2020

iy 24,2020
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Vi * gpublent
Vimaphomory( Logcalbevic,uim 0, VKL WHOLE SIZE, 0, OUT gputlomony
1/0:and 0 = offset and memory map flags

if (vslrowPitch

* texWictn)

memcpy(gpuemory, (void *lexture, (size_tjtextureSize):
else
{

unsigned char “gpuByles = (unsigned char *Jgpubemory;
for unsigned inty = 0;y < texHeight: y++)

memepy(8gpuBytesy * vslrowPiich] Stexture{4 " y * texWidth,(size_(4*texWicth) ).
)

VKUnmapMemory( LogicalDevice, vdm),

235

min_ Ju 24,2020
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1 copy pixels from the staging Image o the texture:

VkCommandBufferBegininfo

veobilflags = VK_COMMAND_BUFFER_USAGENQNE_TIME_SUBMIT_BIT:
obi

IN 8vcbbi);

Jitransition the staging buffer layout

VkimageSubresourceRange
f_COLOR 8IT;

levelCour
Vi basenyLayor =0;
vit layerCount = 1;

ViimageMemoryBartier
VK

T_TRANSFER_SRC_OPTIMAL
Vimb e " GUEUE.FAMILY IGNORED:
Vimb.dsiQueueF amiyingex - JK_QUEUE_FAMILY IGNORE

0 (dhtemaysamer it
T Navms):

237

mio— Juy 26,2020

J11tis second (.} 1 create the actual texture image:

ViimageCreateinfo
Vi sType = VK_STRUC
ol

E_IMAGE_CREATE_INFO.

i pavosoF amiindico - (ot itz
fesult = vkCrestalmagelLogicalDevice, IN &ici, PALLOCATOR, OUT Stexturelmage): ! allocated, but no filed

ViiemonyRequrements
VkGeimagetiamoryRequirements( LogicaDevic, N exainage, OUT v

if(Veroose )
fprint{ FpDebug, “Texture vnr.size = %lcin”, v size )
fpiti( FpDebug, “Texture vn.algnment = i, v aignment ;.
fprint FpDobug. 0BT, X
fush( FaDebug )

VittemoryAllcatelnfo Comai)
vmai sTypo = VK_STRUCTORE-CTPE_MEMORY_ALLOCATE_INFO,

i pNext = nulptr;
vma allocatonSize = e size

); 1 becauso it

VKDeviceMemory

result = vkBindimageMemory( LogicalDevice, IN textureimage, IN%em, 0 ); /10 = offset

236
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238

239

vimageCopy

jc.dstOffset = vo3,
vic.extent = ved;
vkCmdCopyimaga(TaxtireCommandguter,

stagingimage, VIC_I RANSFER_SRC_OPTIMAL,
ovirmage VK MAGE TAYOUT TRANSFER DST OPTIAL 1. N v

min Jub 24,2020

1 ransiton the texture buffer layout

vis layerC

imb.s IAGE_MEMORY_BARRIER:
imb

o AYOUT_PREINITIALIZED;

vimb.new A " TRANSFER_DST_OPTIMAL;
Vi oo i K QUEUE FAMLY,IGNORED,

vimb dstQueveFail K_QUEUE_FAMILY_IGNORED;

vimb image = textu

vimb srcAccess

i dsnecosstybe - vk CESS TRANSFER_WRITE BIT;

vCmPipainaBrer TotureConmandButer
VK (E_STAGE_TOP_OF_PIPE_BIT, VK_PIPELINE_STAGE_TRANSFER_BIT, 0,
o e e

MemoryBarier “Julptr

1. IN 8vimb);

1 now do the inalimage transfer:
vimsgesuesauceLayers

vist;
o aspecivask - VK IMAGE_ASPECT_COLOR BT
Vel oesearnepiomer 0

vis mipLevel
vislayerCount

VKOffset3D Vo3,
Vo3

texwidth:
texHoight;

Il transition the texture buffer layout a second time:

VumagesuresaurceRangs

VK_IMAGE X

wsrhaseMlpLevel o
st levelCour

Vit baseAmeyLayer =0;
vistlayerCount =

"_COLOR BIT;

VKimageMemoryBarrier
vimb.SType = VK_STI

1, IN guimb);

fesult = VKEndCommandBuffer( TextureCommandBufier )

VkSubmitinfo

ueSubrmit( Queue, 1, IN 8si, VK_NULL_HANDLE )
etk A uasoaria Cuoos

240
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241 Reading in a Texture from a BMP File 242

I/ create an image view for the texture image: ;ypede' struct MyTexture

/I (an “image view" is used to indirectly access an il e) uint32_t width;
uint32_t height;
Vkimage teximage;
_COLOR BIT; VKimageView teximageView;
VkSampler texSampler;
Access to Imvage The Actual VkDeviceMemory  vdm:
vist layerCount = 1; an Image View Image Data } MyTexture;

VkimageViewCreatelnfo
viveisType = VK_STRUCT!
vivei pNext = nullptr;

vi o

E_IMAGE_VIEW_CREATE_INFO;
MyTexture  MyPuppyTexture;

o
uiciviewType = VK_IMAGE JVIEW_PE_20;
8G8E8Ag_UNORM; +—] B bits Red | 8 bits Green | 8bits Blue | 8 bits Alpha

COMPONENT\SWIZZLE R;
mponents. - VI_CQMPONENT \SWIZZLE_G; pa—

3 3 ile (“puppy.bmp”, &MyTexturePuppy);
COMPONENT_SWIZZLE_A; Init06 &MyPuppyTexture. )

vivei.components.a
vivei.subresourceRang

result = vkCreatelmageView( LogicalDevice, IN &vivci, PALLOCATOR, OUT &pMyTexture->teximageView);
This function can be found in the sample.cpp file. The BMP file needs to be created by something that

retum result; writes uncompressed 24-bit color BMP files, or was converted to the uncompressed BMP format by a
tool such as ImageMagick’s convert, Adobe Photoshop, or GNU'’s GIMP..

l Note that, at this point, the Staging Buffer is no longer needed, and can be destroyed.

W
SIGGRAPH 57 2 SIGERAPH 5

243 Vulkan: Overall Block Diagram 244

Wuilkan.

Queues and Command Buffers

Application

. N Physical Physical Physical
Mike Bailey Device Device
mjb@cs.oregonstate.edu / \ l / \

Logical Logical
Device Device

Logical
Device

Logical Logical
Device Device

Command Buffer

Command Buffer
Command Buffer

| http://cs.oregonstate.edu/~mijb/vulkan
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245 Vulkan Queues and Command Buffers 246

Graphics commands are recorded in command buffers, e.g., vkCmdDoSomething( cmdBuffer, ... );

You can have as many simultaneous Command Buffers as you want
« Each command buffer can be filled from a different thread

Command Buffers record commands, but no work takes place until a Command Buffer is submitted

to a Queue
oo |

+ Wedon't create Queues — the Logical Device has them already Lt

Pywiest

ey

Each Queue belongs to a Queue Family

* Wedon't create Queue Families — the Physical Device already has them

cruthread | [ J[ J[ ][ | Ccmdbuffer] —=p queue
[euthread | [ ][] Cmd buffer | == | queue |

[cPuhread | [ Cmd butfer| == [ queve |

[ crabuer] = [____aueue]

Command Buffer
Command Buffer
Command Buffer

CPU Thread

min Jul 24,2020

sy 26 2020 |
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Querying what Queue Families are Available

247

uint32_t count;

ilyProperties( IN PhysicalDevice, &count, OUT (VkQueueFamilyProperties *) nullptr );

“vafp = new VkQ

VkQu [ count ;
VkGetPhysicalDeviceFamilyProperties( PhysicalDevice, &count, OUT &vfp, );
for( unsigned int = 0; i < count; i++ )

fprintf( FpDebug, "\t%d: Queue Family Count = %2d : ", i, vafplil.queueCount );
if( ( vafplil.queueFlags & VK_QUEUE_GRAPHICS_BIT)1=0)  fprintf( FpDebug, " Graphics" );
if( ( vafplil.queueFlags & VK_QUEUE_COMPUTE BIT )!=0)  fprintf( FpDebug, * Compute
if( ( vqfplil.queueFlags & VK_QUEUE_TRANSFER_BIT)1=0)  fprintf( FpDebug, * Transfer"
fprintf(FpDebug, "n");

Found 3 Queue Families:

Graphics Compute Transfer
i Transfer
2: Queue Family Count= 8 ; Compute

min_ Ju 24,2020

Creating a Logical Device Needs to Know Queue Family Information

249

vdqci

dqil

dqi

iy ThatD )

dqil

dqil

uint32_t
uint32_t

result =

11 # of device queues wanted
Il array of VkDeviceQueueCreatelnfo's

I sizeof(char *);

vdi = IN &PhysicalDex ;  /l already created

result = vkCreateLogicalDevice( PhysicalDevice, IN &vdci, PALLOCATOR, OUT &LogicalDevice );

VkQueue Queue;

= FindQ ThatD )
queuelndex = 0;

Queue ( LogicalDevice, q i ) OUT &Queue );

mio— Juy 26,2020

Creating the Command Buffers

251

VkResult
Inito6CommandBuffers()

VkResult result;

I allocate 2 command buffers for the double-buffered rendering:

\/kCnmmzndEuWerAHecaieWo
vebai sType = VK_STRUCTURE_TYPE

o et = nulptr;
vebai.commandPool = CommandPool;

vebatloval VK_COMMAND_BUFFER_LEVEL_PRIMARY;

vebai.commandBufferCount=2; /] 2, because &{ double-buffering

result= LogicalD IN &vebai, OUT &Ct

IAND_BUFFER_ALLOCATE_INFO;

Il allocate 1 command buffer for the transferring pixels from a staging buffer to a texture buffer:

VkCommandBufferAllocatelnfo
vobai.sType = VK_STRUCTURE_TYP
vobai,pNext = nullptr;
vebai.commandPool = CommandPool;
vebailevel = VK_COMMAND_BUFFER_LEVEL_PRIMARY;
vebai.commandBufferCount = 1;

result= LogicalD IN &vebai, OUT &TextureCx

AND_BUFFER_ALLOCATE_INFO;

return result;

min Jub 24,2020
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Similarly, we Can Write a Function that Finds the Proper Queue Family 248

int
FindQueueFamilyThatDoesGraphics( )
{

uint32_t count =-1;
VkGetPhysicalDeviceQueueF amilyProperties( IN PhysicalDevice, OUT &count, OUT (VkQueueF amilyProperties *)nullptr );

Vka ilyPropertiés vafp Jnew ntJ; 1
vkGetPhysicalDeviceQu6ua] am\\meperlles( IN PhyslcalDevlce IN &coum OUT vafp );
for( unsigned int £ 0; i < count; i++ )

if(  vafpl i ].queueFlags & VK_QUEUE_GRAPHICS_BIT) 1=0)
return i;

}
retum -1;

> SIGGRAPH 1%,

Creating the Command Pool as part of the Logical Device 250

esult
6CommandPool()

VkResult result;

VkCommandPoolCreatelnfo Cvopci >

vepeisType = VK_STRUCTURE_TY MMAND_POOL_CREATE_INFO;

vepei pNext = nuliptr;

vepeifiags=  VK_COMMAND_POOL_QREATE_RESET_COMMAND_BUFFER_BIT
| VK_COMMAND_POOL_QREATE_TRANSIENT_BIT;

#ifdef CHOICES
VK_COMMAND_POOL_CREATE_TRANSIENT_BIT
VK_COMMAND_POOL_CREATE_RESET_COMMAND
trendif

UFFER_BIT

vopei ilyindex = FindQ iyThal )
result = vkCreateCommandPool( LogicalDevice, IN &vcpci, PALLOCATOR, OUT &CommandPool );

return result;

SIGGRAPH 2,

Beginning a Command Buffer — One per Image 252
VkSemaphoreCreatelnfo VSCi;
sci.sType = VK_STRUCTURE_ EMAPHORE_CREATE_INFO;

vsci.pNext
vsciflags

uliptr;

VkSemaphore imageReadySemaphore;
result = vkCreateSemaphore( LogicalDevice, IN &vSci, PALLOCATOR, O

ageReadySemaphore >

uint32_t nextimagelndex;
vkAcquireNextimageKHR( Log\ca\Dewce IN SwapGhainrT UINT64_MAX,
IN imageReadySémaphore, IN VK_NULL_HANDLE, OUZ

VkCommandBufferBegininfo  ( vebbi, )
chbisType = VK_STRUC
vebbi.pNext = nuliptr;
vebbiflags = VK_COMMAND_BUFFER_USAGI :_TIMESUBMIT_BIT;
chbi = (VKC e nulptr;

Znextimagelndex ).

COMMAND_BUFFER_BEG_INFO;

result = i C IN &vebbi );

Iﬁa‘u “ ™ mib— Juy 24,2020
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Beginning a Command Buffer 253 These are the Commands that could be entered into the Command Buffer, | 254

vkCmdBeginQuery( commandBuffer, flags );

VkCommandBufferPooiCreatelnfo

0y
VkCmdBindindexBuffer( commandBufer, indexType )
VKCmdBindPipeline( commandBuffer, pipeline );
vkCmdBindVertexBuffers( commandBuffer, frstBinding, bindingCount, const pOffsets );
vCiaBiimagel commandBufe, ler )

VkCreateCommandBufferPool( )

constpRects );

KCmdCleaColomagelcommandute pRanges).

VkCmdClearDepthStencilmage( commandBuffer, pRanges )

VKCmdCopyBuffer( commandBer, pRegions

VKCmdCopyBufferTolmage( commandBuffer, pRegions )

VkCmdCopylmage{ commandBuffer, pRegions )

VkCmdCopylmageToBufer( commandBuffer, pRegions )

] [ )] vkCmdCopyQueryPoolResults( commandBuffer, flags );
KCmdDebugMarkerBeginEXT( commandBuffer, pMarkerinfo )

VKCmdDebugMarkerEndEXT( commandBufer )

XT(

VkCommandBufferAlocatelnfo

Markerinfo):
wkCmdDispatch( commandBuffer, groupCouniX, groupCounty, groupCounz );
VkBeginCommandBuffer() KCmdDispatchindirect{ commandBufer,offset )
WkCmdDraw(commandSier,vriexCoun, nsanceCount. frsVertex fsinsiance
ini32_tvertexOffset, firstinstance )

vkCmdDrawindexedindirect( ommandBufer ands )
{AMD(

stride );
vkCmdDrawindirect( commandBuffer, stride );
tride );
'vkCmdEndQuery( commandBuffer, quary)
VKCmdEndRenderPass| commandBufier )
»
iy 24,2020 mi iy 24,2020

These are the Commands that could be entered into the Command Buffer, Il 255 256

vkCmdFillBufer( commandBufer, dstBuffer, dstOffset,size, data ); RenderScene()
vkCmdNextSubpass( commandBfer, contents ); (

dependencyF| VkResult result;

VkSemaphoreCreatelnfo @

vscisType = VK_STRUCTURE MAPHORE_CREATE_INFO;

3
VKCmdPushConstants( commandBuffer, layout, stageFlags, offset, size, pValues );

o Tayout, set, ) vsci.pNext tr;
vkCmdPushDy layout, set, pData ); vsci.flags = 0;
%
vkCmdResetEvent( commandBuffer, event, stageMask ); VkSemaphore imageReadySemaphore;
vkCmdReselQueryFool( commandﬂu"er queryPﬂoI ns«ouery, querycoun X result = vkCreateSemaphore( LogicalDevice, IN &vsci, PALLOCATOR, OUT &imageReadySemaphore );

1, dstimage, dstimageLayout, regionCount, pRegions );

ot uint32_t nextimagelndex;

: depihBiasCl p % vkAcquireNextimageKHR( LogicalDevice, IN SwapChain, IN UINT64_M K_NULL_HANDLE,
VkCmdSetDeviceMaskKHX( commandBuffer, deviceMask ; ) IRV NULL HANDLE, OUieximageider
i3
vkCmdSetEvent( commandBuffer, event, stageMask ) VkCDmma"dsu"EfBEwN"‘U
vkCmdSelLinaWih{commandufer, ineWith . VebbiSTyp: s QMMAND_BUFFER BEGIN_INFO;
C: X vebbi pNext
3 % vebbifags = VK CQMMAND BUFFER_USAGE_ON ©_SUBMIT_BIT;
vkCmaSetStencilReference( commandBuffer, faceMask, reference ) p

VKCmSetStenciWleMask( commandBufer, aceMask, risMask )

firstViewport, tCount, pViewports ) result = c IN &vebbi );
tViewport, %
dstBuffer, dstOffset, dat: Data ).

eventCount, pEvents,

lineStage, queryPool, query );

SIGRAPH 2%,
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VkClearColorValue 8 .
veov.floal32(0] (loat)Width,
voov.float32[1] (float)Height,
veevfoatd2(2) = 0, J minDepth
voov.floatd2[3] = 1 1 Jl maxDepth

VkClearDepthStencilValue
o th=1.;

o 0,1,IN &lewport); /1 0=firstViewport,

jiewporiCount
vedsv.stencil

VkClearValue
vov[0].color = veov;
vov[1] depthStencil ,

Height

Vko«seuznuzd {0,0% ¥
VKExtent
Mo 0,1, IN 8scissor )
VkRenderPassB\gininfo s VK_PIPELINE_BIND_POINT_GRAPHICS,
raphicsPipelineLayout, 0, 4, DescriptorSets, 0, (int32_t Jaullptr )
vrpbisType NDER_PASS_BEGIN_INFO; jymamic offsel count, dynamic offsets
Vrpbi.pNext c PipelineLayout, VK_SHADER_STAGE_ALL, offset, size, void *values )
Vrpbi.renderPas!
rpbi VKBufer buffers{1] = { MyVertexDataBuffer.buffer };
\bironderaroa= 26;
vrpbi.clearValueCount  2; VKDeviceSize offsets{1]= {0 };
Vrpbi.pClearValues = vov; 1/ used for VK_ATTACHMENT_LOAD_OP_CLEAR
0,1, buffers, offsets ); 10,1 = firstBinding, bindingCount
c IN 8vrpbi, IN VK_SUBPASS_CONTENTS_INLINE ); constuin2
const uint32_tinstanceCount = 1;
const uint32_tfirstVertex = 0;
const uint32_tfrstinstance = 0
VKCmdDraw( HexCount inst W, frstVertex, firstinstance );

SRR E . =
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Submitting a Command Buffer to a Queue for Execution

VkSubmitinfo vsi;
vsisType = VK_STRUCTURE_TYPE_SUBMIT_INFO;
vsi.pNext = nullptr;

vsi.commandBufferCount = 1;

vsi pCommandBuffers = &CommandBuffer;

vsi waitSemaphoreCount = 1;

vsi signalSemaphoreCount = 0;
vsi pSignalSemaphores = (VkSemaphore *)nulptr;
i ipeli igs *)nullptr;

min_ Ju 24,2020
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What Happens After a Queue has Been Submitted?

As the Vulkan 1.1 Specification says:

“Command buffer submissions to a single queue respect submission order and
other implicit ordering guarantees, but otherwise may overlap or execute out of
order. Other types of batches and queue submissions against a single queue

(e.g. sparse memory binding) have no implicit ordering constraints with any
other queue submission or batch. Additional explicit ordering constraints
between queue submissions and individual batches can be expressed with
semaphores and fences.”

261

buffer in the order in which they were put there.

to execute commands between buffers in-order or out-of-order or overlapped-order,
depending on what it thinks it can get away with.

when one command depends on a previous command reaching a certain state first.

In other words, the Vulkan driver on your system will execute the commands in a single

But, between different command buffers submitted to different queues, the driver is allowed

The message here is, | think, always consider using some sort of Vulkan synchronization

mio— Juy 26,2020

How OpenGL Thinks of Framebuffers
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The Entire Submission / Wait / Display Process 260
ViFenceCreatelnio
Vici.SType = VK_STRUCTORE=JYPE_FENCE_CREATE_INFO;
Vi pNext = nulpir;
Vic lags = 0

VkFence renderFence;
vkCreateFence( LogicalDevice, IN &ici, PALLOCATOR, O
result= VK_SUCCESS;

VkPipelineStageFlags waitAtBottom = VK_PIPELINE_STAGE_BOTfOM_OF_PIPE_BIT;
VkQueue presentQueue;
LogicalDe ).0,0UT n

110=, quevelndex

VkSubmitinfo

vsi.commandBufferCount =

oo
i SgraSamapnorecant=0 ]

result = vkQueueSubmit( presentQueue, 1, IN &vsi, IN renderFence ): /1= submitCount
result = vkWaitForFences( LogicalDevice, 1, IN &renderFence, VK_TRUE, UINT64_MAX ); ~ // waitAll, timeout

vkDestroyFence( LogicalDevice, renderFence, PALLOCATOR );

VkPresentinfokHR

vpi.pWaitSemaphore:
vpi.swapchainCount = 1;
vpi.pSwapchains = 8SwapChain;

t=

vpi.plmagelndices = &nextimageindex;
Vpi.pResults = (VkResult )nullptr;

result = vkQueuePresentKHR( presentQueue, IN &vpi );
iy 24,2020
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Wulkan.

The Swap Chain

Mike Bailey

mjb@cs.oregonstate.edu

| http://cs.oregonstate.edu/~mjb/vulkan
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How Vulkan Thinks of Framebuffers — the Swap Chain

Update

Depth

min Jul 24,2020
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What is a Swap Chain?

Vulkan does not use the idea of a “back buffer”. So, we need a place to render into
before moving an image into place for viewing. The is called the Swap Chain.

In essence, the Swap Chain manages one or more image objects that form a sequence
of images that can be drawn into and then given to the Surface to be presented to the
user for viewing.

Swap Chains are arranged as a ring buffer ———

Swap Chains are tightly coupled to the window system.
After creating the Swap Chain in the first place, the process for using the Swap Chain is:

Ask the Swap Chain for an image

Render into it via the Command Buffer and a Queue
Return the image to the Swap Chain for presentation
Present the image to the viewer (copy to “front buffer”)

HPON

265
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We Need to Find Out What our Display Capabilities Are

266

VkSurfaceCapabiliieskHR

PhysicalDevi

VKExtent2D surfaceRes = vsc.currentExtent;
fprintf( FpDebug, " i n');

VKBool32 supported;
result = vkGetPhysicalDeviceSurfaceSupportkHR( PhysicalDevice, FindQ: yThatD ). Surface,

if( supported == VK_TRUE )
forintf( FpDebug, *** This Surface is supported by the Graphics Queue *n" );

uint32_t formatCount;

vkGetPhysicalDeviceSurfaceFormatskKHR( PhysicalDevice, Surface, &formatCount, (VkSurfaceFormatkHR *) nullptr );
. = new [ formatCount J;

vkGetPhysicalDeviceSurfaceFormatskHR( PhysicalDevice, Surface, &formatCount, surfaceFormats );

fprintf( FpDebug, "\nFound %d Surface Formats:\n’, formatCount )

uint32_t presentModeCount;

ried );

( PhysicalDevice, Surface, t, *) nullptr );

=new [ t);
( i ice, Surface, unt, )
fprintf( FpDebug, "\nFound %d Present Modes:\n", presentModeCount );

We Need to Find Out What our Display Capabilities Are

VulkanDebug.txt output:

267

VvkGetPhysicalDeviceSurfaceCapabiltieskHR:
‘minlmageCount = 2 ; maximageCount = 8
currentExtent = 1024 x 1024
minlmageExtent = 1024 x 1024
maximageExtent = 1024 x 1024
maximageArrayLayers = 1
supportedTransforms = 0x0001
currentTransform = 0x0001
supportedCompositeAlpha = 0x0001
supportedUsageFlags = 0x009f

** This Surface is supported by the Graphics Queue **

Found 2 Surface Formats:
0 44 0 ( VK_FORMAT_BBG8R8A8_UNORM, VK_COLOR_SPACE_SRGB_NONLINEAR_KHR )

150 0 (VK_FORMAT_BBGBRBAB_SRGB, ~VK_COLOR_SPACE_SRGB_NONLINEAR_KHR )

Found 3 Present Modes:
o 2 (VK_PRESENT_MODE_FIFO_KHR )

103 ( VK_PRESENT_MODE_FIFO_RELAXED_KHR )

21 ( VK_PRESENT_MODE_MAILBOX_KHR )

mio— Juy 26,2020
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Creating a Swap Chain

iF 53

( PhysicalDevice, Surface, OUT &vsc );
VkExtent2D surfaceRes = vsc.currentExtent;

VkSwapchainCreatelnfoKkHR
VK_STRUCTUR 'YPE_SWAPCHAIN_CREATE_INFO_KHR;

vscciflags = 0;

vsceisurface = Surface;

vscei.minimageCount = 2; Il double buffering

vscci.imageFormat = VK_FORMAT_B8GBR8AS_UNORM;

vscei.imageColorSpace = VK_COLORSPACE_SRGB_NONLINEAR_KHR;
wi

cci height = :
vscei.imageUsage = VK_IMAGE_USAGE_COLOR_ATTACHMENT_BIT;
vscci.preTransform = VK_SURFACE_TRANSFORM_IDENTITY_BIT_KHR;
vscei.compositeAlpha = VK_COMPOSITE, ALPHA_OPAQUE_BIT_KHR;
vscel.imageArrayLayers = 1
vscoi.imageSharingMode = VK_SHARING_\MODE_EXCLUSIVE;
vscei.queueFamilyindexCount = 0;
vscci.pQueueFamilyindices = (const uint32_{*)nullptr;
vscei.presentMode = VK_PRESENT_MODE_MAILBOX_KHR;
vscei.oldSwapchain = VK_NULL_HANDLE;
vscei.clipped = VK_TRUI

result = vkCreateSwapchainKHR( LogicalDevice, IN &vscci, PALLOCATOR, OUT &SwapChain );

IGERAPH
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Creating a Swap Chain

vkGetDevicePhysicalSurfaceCapabilities( )

VkSurfaceCapabilities

minimageCount
imageFormat maximageCount
imageColorSpace | ———— cureniExtent
imageExtent «——1 minimageExtent
imageArrayLayers maximageExtent

imageUsage maximageArrayLayers
imageSharingMode supportedTransforms
preTransform currentTransform
compositeAlpha supportedCompositeAlpha
presenthode,
cipped\

VkSwapchainCreatelnfo

VvkCreateSwapchain( )

VkGetswapChainimages( )
vKCreatelmageView( )

mib— Juy 24,2020
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Creating the Swap Chain Images and Image Views

270

uint32_t imageCount; I/# of display buffers —2? 37
result = vkGetSwapchainimageskHR( LogicalDevice, IN SwapChain, OUT &imageCount, (Vkimage *)nullptr )

Presentimages = new Vklmage[ imageCount J;
result = vkGetSwapchainimagesKHR( LogicalDevice, SwapChain, OUT &imageCount, Presentimages );

1l present views for the double-buffering:

= new ew i I

for( unsigned inti = 0; i < imageCount; i++ )

VkimageViewCreatelnfo
vivei.sType = VK_STRU(
vivei.pNext = nullptr;

v =0;

vivei subresourceRange.aspectMask =
vivei.subresourceRange.baseMipLevel
vivei.subresourceRange.levelCount = 1;
vivei.subresourceRange baseArrayLayer
vivei.subresourceRange.layerCount = 1;
vivci.image = Presentimages[ i J;

result = vkCreatelmageView( LogicalDevice, IN &vivci, PALLOCATOR, OUT &PresentlmageViews[i] ):
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Rendering into the Swap Chain, | 271

VkSemaphoreCreatelnfo
vsci.sType = VK_STRUCTURI
vsci.pNext = nullptr;
vsciflags = 0;

YRE_SEMAPHORE_CREATE_INFO;

VkSemaphore imageReadySemaphore;
result = vkCreateSemaphore( LogicalDevice, IN &vsci, PALLOCATOR, OUT &imageReadySemaphore );

uint32_t nextimagelndex;

uint6d_t tmeout = UINTB4_MAX;

vkAcquireNextimageKHR( LogicalDevice, N SwapChain, IN timeout, IN i )
IN VK_NULL_HANDLE, OUT &nextimagelndex );

result = vkBeginC C 1, IN &vebbi );
vkC i [ IN &vrpbi,
IN VK_SUBPASS_CONTENTS_INLINE );
KC ipeline( C VK_PIPELINE_BIND_POINT_GRAPHICS, GraphicsPipeline );
vkC (C 1)
c 1)

min_ Ju 24,2020

Rendering into the Swap Chain, Il 273

result = vkWaitForFences( LogicalDevice, 1, IN &renderFence, VK_TRUE, UINT64_MAX );

VkPresentinfoKHR

=VK_STRUCTURI \YPE_PRESENT_INFO_KHR;

vpi.swapchainCount = 1;
vpi.pSwapchains = &SwapChain;
P ins = &3

i =
vpi.pResults = (VkResult *) nullptr;

result = vkQueuePresentKHR( presentQueue, IN &vpi );

mio— Juy 26,2020

Push Constants 275

In an effort to expand flexibility and retain efficiency, Vulkan provides something called
Push Constants. Like the name implies, these let you “push” constant values out to
the shaders. These are typically used for small, frequently-updated data values. This
is good, since Vulkan, at times, makes it cumbersome to send changes to the
graphics.

By “small”, Vulkan specifies that these must be at least 128 bytes in size, although
they can be larger. For example, the maximum size is 256 bytes on the NVIDIA 1080ti.
(You can query this limit by looking at the maxPushConstantSize parameter in the
VkPhysicalDeviceLimits structure.) Unlike uniform buffers and vertex buffers, these
are not backed by memory. They are actually part of the Vulkan pipeline.

min Jub 24,2020
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Rendering into the Swap Chain, Il 272

VkFenceCreatelnfo
Vici.sType
vici.pNext
vici.flags = 0;

= VK_STRUCTURE_TYPE_FENCE_CREATE_INFO;
uliptr;

VkFence renderFence;
vkCreateFence( LogicalDevice, &vfci, PALLOCATOR, OUT &renderFence );

VkQueue presentQueue;
vkGetDeviceQueue( LogicalDevice, FindQueueFamilyThatDoesGraphics(), 0,
OUT &presentQueue );

VkSubmitinfo
vsi.sType = VK_STRU
vsi.pNext = nullptr;
vsi.waitSemaphoreCount

=8

vsi.p
vsi.pWaitDstStageMask = &waigAtBottom;
vsi.commandBufferCount = 1

vsi.pC = &C i3
vsi.signalSemaphoreCoul

URE_TYPE_SUBMIT_INFO;

apt inished;

result = vkQueueSubmit( presentQueue, 1, IN &vsi, IN renderFence );  // 1 = submitCount

W
@ SIGGRAPH 5,

Wulkan.

Push Constants

Mike Bailey

mjb@cs.oregonstate.edu

| http://cs.oregonstate.edu/~mjb/vulkan
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Descriptor Set
Layouts

Creating a Pipeline 276

comtie
[oronsoms esroc ey |

VkPipelineShaderStageCreatelnfo

binding
stride
inputRate

Tocation

ViPipeline\ertexinputstateCreatelnfo

e i
g

Tesselation State
Viewport State 4—
Rasterization State <

MuliSample State
-

s N

basePipelineindex

! b
cmesPraneaen, | s
s

blendEnable.

srcColorBlendFactor

dstColorBlendFactor
colorBlendOp

portStateCreatelnfo

polygontode
fronlFace
lineWidth

[[CreateGraphicsPipetine() |

X alphaslendOp

\
¥ Graphics Pipeline |
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Push Constants 277

On the shader side, if, for example, you are sending a 4x4 matrix, the use of push
constants in the shader looks like this:

layout( push_constant ) uniform matrix

mat4 modelMatrix;
} Matrix;

On the application side, push constants are pushed at the shaders by binding them to
the Vulkan Command Buffer:

vkCmdPushConstants( CommandBuffer, PipelineLayout, stageFlags,
offset, size, pValues );

where:
stageFlags are or'ed bits of VK_PIPELINE_STAGE_VERTEX_SHADER_BIT,
VK_PIPELINE_STAGE_FRAGMENT_SHADER_BIT, etc.

size is in bytes
pValues is a void * pointer to the data, which, in this 4x4 matrix example, would be of

type gim::mat4.
I

min_ Ju 24,2020
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Setting up the Push Constants for the Pipeline Structure 278

Prior to that, however, the pipeline layout needs to be told about the Push Constants:

VkPushConstantRange
vpcr{0].stageFlags =
VK_PIPELINE_STAGE_VERTEX_SHADER_BIT
| VK_PIPELINE_STAGE_FRAGMENT_SHADER_BIT;
vper[0].offset = 0;
vper[0].size = sizeof( glm::mat4 );

VkPipelineLayoutCreatelnfo
vplci.sType = VK_STRUCTURE_TYPE_PIPh
vplci.pNext = nullptr;
vplci.flags = 0;
vplci.setLayoutCount = 4;
vplci.pSetLayouts = DescriptorSefLayouts;
vplci.pushConstantRangeCount 5 1;
vplci.pPushConstantRanges = vpcr;

TNE_LAYOUT_CREATE_INFO;

result = vkCreatePipelineLayout( LogicalDevice, IN &vplci, PALLOCATOR,
OUT &GraphicsPipelineLayout );

An Robotic Example using Push Constants 279

A robotic animation (i.e., a hierarchical transformation system)

Where each arm is represented by:

struct arm

glm:mat4 armMatrix;
glm::vec3 armColor;
float armScale; // scale factor in x

h

struct armArm1;
struct armArm2;
struct armArm3;

mio— Juy 24,2020

Forward Kinematics: 281
Hook the Pieces Together, Change Parameters, and Things Move
(All Young Children Understand This)

min Jub 24,2020
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Forward Kinematics: 280
You Start with Separate Pieces, all Defined in their Own Local Coordinate System

@ ‘ >
= duy 24, 2020
Forward Kinematics: 282

Given the Lengths and Angles, Where do the Pieces Move To?

Locations?

Ground

mib duy 24,2020
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283
Positioning Part #1 With Respect to Ground

1. Rotate by ©1
2. Translate by Ty

Write it

[MUG]:[Tl/G]*[Rm]

Say it

€ SIG6RAPH
i o

285
Positioning Part #2 With Respect to Ground
1. Rotate by ©2
2. Translate the length of part 1
3. Rotate by © 1
4. Translate by T
¥ e Write it
[M 2/G ] —--.[TI/G ] [Rﬂl] - T2/1 ] [R6’2_ k
— *
[M2/G] - [Ml/G] [MZ/I]
Say it
IGBRAPH Iy —
In the Reset Function 287
struct arm Arm1;
struct arm Arm2;
struct arm Arm3;

Arm1.armMatrix = gim::mat4( 1. );
Arm1.armColor = gim:vec3( 0.f, 1.f,
Arm1.armScale =6.f;

Arm2.armMatrix = gim::matd( 1. )\

Arm2.armColor = glm::vec3( 1.f, 0.f, 0.f); >The constructor glm::mat4( 1. )
Arm2.armScale =4.f; produces an identity matrix. The
actual transformation matrices
Arm3.armMatrix = glm::mat4( 1. ); will be set in UpdateScene( ).
Arm3.armColor = glm::vec3( 0.f, 0.f, 1.f);
Arm3.armScale =2f;

k]
@ SIGGRAPH %,
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284
Why Do We Say it Right-to-Left?

i

ol = [Tl * 1By ]

=rr
_ _ 1 [4 B ¢ D] [x

We adopt the convention that the coordinates , B .
are multiplied on the right side of the matrix: ¥ E F G H| |y
z I J K L||=z
1] o o o 1|1

So the right-most transformation in the
sequence multiplies the (x,y,z,1) first and
the left-most transformation multiples it last

imib_ duy 24,2020
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Positioning Part #3 With Respect to Ground

1. Rotate by ©3
2. Translate the length of part 2
3. Rotate by ©2
4. Translate the length of part 1
5. Rotate by ©1
6. Translate by T, 5
Write it

[Ms/e]:[M1/G]*[M2/1]*[M3/2]

SBGII.PII"' Say it
L] mjb— July 24, 2020

Setup the Push Constant for the Pipeline Structure 288

VkPushConstantRange
vpcr{0].stageFlags =
VK_PIPELINE_STAGE| VERTEX_SHADER_BIT
| VK_PIPELINE_STAGE|FRAGMENT_SHADER BIT;
vplci.flags = 0;

vpcr[0].offset = 0;
vpcr[0].size = sizeof( struct arm ).

Y!! ' PELINE_LAYOUT_CREATE_INFO;
vplci.setLayoutCount = 4;
vplci.pSetLayouts = DescriptorSetLayouts;!
vplci.pushConstantRangeCount
vplci.pPushConstantRanges = vpcr;

VkPipelineLayoutCreatelnfo
vplci.sType = VK_STRUCTURE_]
vplci.pNext = nullptr;

result = vkCreatePipelineLayout( LogicalDevice, IN &vplci, PALLOCATOR,
OUT &GraphicsPipelineLayout );

k]
@ SIGGRAPH %,
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In the UpdateScene Functiom 289

float rot1 = (float)Time;

float rot2 = 2.f * rot1;

float rot3 = 2. * rot2;

glm:vec3 zaxis = glm:vec3(0., 0., 1.);

glm::mat4 m1g = glm::mat4( 1.); // identity

m1g = glm::translate(m1g, glm::vec3(0., 0., 0.));

m1g = glm::rotate(m1g, rot1, zaxis); HTIR]

glm:mat4 m21 = gim::mat4( 1. ); // identity

m21 =gl anslate(m21, gim::vec3(2.*Arm1.armScale, 0., 0.));

m21 = glm::rotate(m21, rot2, zaxis); HTIR]

m21 = gim::translate(m21, gim::vec3(0., 0., 2.));  // z-offset from previous arm

glm::mat4 m32 = gim::mat4( 1. ); // identity

m32 =g anslate(m32, gim::vec3(2.*Arm2.armScale, 0., 0.));

m32 = glm::rotate(m32, rot3, zaxis); HITIR]

m32 = glm::translate(m32, gim::vec3(0., 0., 2.));  // z-offset from previous arm
Arm1.armMatrix = m1g; II'm1g

Arm2.armMatrix = m1g * m21; 1 m2g

Arm3.armMatrix = m1g * m21 *m32; // m3g
=T
b iy 26,2020

In the Vertex Shader 291

layout( push_constant ) uniform arm

mat4 armMatrix;

vec3 armColor;

float armScale;
} RobotArm;

11 scale factor in x

layout( location = 0 ) in vec3 aVertex;

vec3 bVertex = aVertex;
bVertex.x += 1.; I now is [0., 2.]
bVertex.x /= 2.; Il now is [0., 1.]
bVertex.x *= (RobotArm.armScale ); 1/l now is [0., RobotArm.armScale]
bVertex = vec3( RobotArm.armMatrix * vecd( bVertex, 1.) );

//'arm coordinate system is [-1., 1.]in X

N

gl_Position = PVM * vecd( bVertex, 1. ); I Projection * Viewing * Modeling matrices

mio— Juy 26,2020

Physical Devices

Mike Bailey

mjb@cs.oregonstate.edu
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License

| http://cs.oregonstate.edu/~mjb/vulkan
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In the RenderScene Function

290

VkBuffer buffers[1] = { MyVertexDataBuffer.buffer };

kC iffers( Ci

0,1, buffers, offsets );

vkCmdPushConstants( C pl ipelineLayout,
VK_SHADER_STAGE_ALL, 0, sizeof(struct arm), (void *)& ;
vkCmdDraw( Ct vertexCount, il firstVertex,

3

vkCmdPushConstants( Ci J, Grapl ayout,
VK_SHADER_STAGE_ALL, 0, sizeof(struct arm), (void *)&Arm2 );

vkCmdPushConstants( CommandBuffers[nextimagelndex], GraphicsPipelinel\ayout,
VK_SHADER_STAGE_ALL, 0, sizeof(struct arm), (void *)&
vkCmdDraw( CommandBuffers[nextimagelndex], vertexCount, instance

The strategy is to draw each link using the
same vertex buffer, but modified with a unique
color, length, and matrix transformation

vkCmdDraw( CommandBuffers[nextimagelndex], vertexCount, instanceColint, firstVertex, firstinstance );

stVertex, firstinstance );

imib_ duy 24,2020
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Vulkan: Overall Block Diagram

Physical Physical Physical
Device Device Device
Logical Logical Logical Logical Logical
Device Device Device Device Device

Command Buffer

Command Buffer
Command Buffer

294
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Vulkan: a More Typical (and Simplified) Block Diagram
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Vulkan: Identifying the Physical Devices 297

VkResult result = VK_SUCCESS;

result = vkEnumeratePhysicalDevices( Instance, OUT &Physu:alDevu:eCounl (VkPhysicalDevice *nullptr );
if( result 1= VK_SUCCESS || PhysicalDeviceCount <=0 )

fprint( FpDebug, *Could not count the physical devices\n" );

return VK_SHOULD_EXIT;
fprintf(FpDebug, "\n%d physical devices found \n", PhysicalDeviceCount);
VkPhysicalDevice * physicalDevices = new VkPhysicalDevice] PhysicalDeviceCount

result = vkEnumeratePhysicalDevices( Instance, OUT &PhysicalDeviceCount, OUT physicalDevices );
if( result 1= VK_SUCCESS )

fprintf( FpDebug, "Could not enumerate the % physical devices\n", PhysicalDeviceCount )
return VK_SHOULD_EXIT;

Querying the Number of Physical Devices 2%
uint32_t count;
result = vkEnumeratePhysicalDevices( Instance, OUT &count, OUT (VkPhysicalDevice *)nullptr );
VkPhysicalDevice * physicalDevices = new VkPhysicalDevice[ count J;
result = vkEnumeratePhysicalDevices( Instance, OUT &count, OUT physicalDevices );
This way of querying information is a recurring OpenCL and Vulkan pattern (get used to it):
How many total Where to
there are put them
result = vkEnumeratePhysicalDevices( Instance, ~&count, nullptr );
result = vkEnumeratePhysicalDevices( Instance, ~&count, physicalDevices );
IGGRAPH ———
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Which Physical Device to Use, |

int discreteSelect
int integratedSelect = -1;
for( unsigned inti = 0; i < PhysicalDeviceCount; i++)

VkPhysicalDeviceProperties vpd
vkGetPhysicalDeviceProperties( i physicalDevices{i], OUT &vpdp );
if( result 1= VK_SUCCESS )

fornt( FpDebug, ‘Could not get the physical device properties of device %d\n’, i );
return VK_SHOULD_E:

}

fprintf( FpDebug, * \ninDevice %2d:n", i );

fprinti( FpDebug, “WAP! version: %d\n", vpdp.apiVersion )

fprintf( FpDebug, "\tDriver version: %d\n", vpdp.apiVersion );

fprinti( FpDebug, "\tVendor ID: 0x%04x\n", vpdp.vendoriD );

fprintf( FpDebug, "\tDevice ID: 0x%04x\n", vpdp.devicelD );

fprintf( FpDebug, "\tPhysical Device Type: %d =", vpdp.deviceType );

if( vpdp.deviceType == VK_PHYSICAL_DEVICE_TYPE_DISCRETE_GPU) fprintf( FpDebug, * (Discrete GPU)\n" )
if( vpdp.deviceType == VK_PHYSICAL_DEVICE_TYPE_INTEGRATED_GPU ) fprinti( FpDebug, " (Integrated GPU)\
if( vpdp.deviceType == VK_PHYSICAL_DEVICE_TYPE_VIRTUAL_GPU)  fprintf( FpDebug, * (Virtual GPU)n" );
if( vpdp.deviceType == VK_PHYSICAL_DEVICE_TYPE_CPU) fprintf( FpDebug, * (CPU)n" );

fprinti( FpDebug, “\tDevice Name: %s\n", vpdp.deviceName );
fprintf( FpDebug, “\tPipeline Cache Size: %d\n", vpdp.pipelineCacheUUID[0] );

mio— Juy 26,2020

Which Physical Device to Use, Il 299

I/ need some logical here to decide which physical device to select:

if( vpdp.deviceType == VK_PHYSICAL_DEVICE_TYPE_DISCRETE_GPU )
discreteSelect

if( vpdp.deviceType
integratedSelect

VK_PHYSICAL_DEVICE_TYPE_INTEGRATED_GPU )

}

int which
if( dlscreteSelec( >=0)

which = discreteSelect;
PhysicalDevice = physicalDeviceswhich];

else if{ integratedSelect >= 0 )

which = integratedSelect;
PhysicalDevice = physicalDevices{which];

else

fprintf( FpDebug, “Could not select a Physical Device\n® );
return VK_SHOULD_EXIT;

min Jub 24,2020

mib— Juy 24,2020

Asking About the Physical Device’s Features 300

icalDe
vaelF’hys\calDevlceFea(ures( \N PhyslcalDewce OUT &PhysicalDeviceFeatures );

fprintf( FpDebug, "\nPhysical Device Features:\n");

fprintf( FpDebug, "geometryShader = %2d\n", PhysicalDeviceFeatures.geometryShader);

fprintf( FpDebug, "tessellationShader = %2d\n", PhysicalDeviceFeatures.tessellationShader );

fprintf( FpDebug, "multiDrawindirect = %2d\n", PhysicalDeviceFeatures.multiDrawlndirect );

fprintf( FpDebug, "wideLines = %2d\n", PhysicalDeviceFeatures.wideLines );

fprintf( FpDebug, "largePoints = %2d\n", PhysicalDeviceFeatures.largePoints );

fprintf( FpDebug, "multiViewport = %2d\n", PhysicalDeviceFeatures.multiViewport );

fprintf( FpDebug, "occlusionQueryPrecise = %2d\n", PhysicalDeviceFeatures.occlusionQueryPrecise );
fprintf( FpDebug, "pipelineStatisticsQuery = %2d\n", PhysicalDeviceFeatures.pipelineStatisticsQuery );
fprintf( FpDebug, "shaderFloat64 = %2d\n", PhysicalDeviceFeatures.shaderFloat64 );

fprintf( FpDebug, "shaderint64 = %2d\n", PhysicalDeviceFeatures.shaderint64 );

fprintf( FpDebug, "shaderInt16 = %2d\n", PhysicalDeviceFeatures.shaderInt16 );
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Here’s What the NVIDIA RTX 2080 Ti Produced 301 Here’s What the Intel HD Graphics 520 Produced 302
vkEnumeratePhysicalDevices: vkEnumeratePhysicalDevices:
Device 0: Device 0:
API version: 4198499 API version: 4194360
Driver version: 4198499 Driver version: 4194360
Vendor ID: 0x10de Vendor ID: 0x8086
Device ID: 0x1e04 Device ID: 0x1916
Physical Device Type: 2 = (Discrete GPU) Physical Device Type: 1 = (Integrated GPU)
Device Name: RTX 2080 Ti Device Name: Intel(R) HD Graphics 520
Pipeline Cache Size: 206 Pipeline Cache Size: 213
Device #0 selected (‘RTX 2080 Ti") Device #0 selected ('Intel(R) HD Graphics 520°)
Physical Device Features: Physical Device Features:
geometryShader = 1 geometryShader = 1
tessellationShader = 1 tessellationShader = 1
multiDrawindirect = 1 multiDrawindirect = 1
wideLines = 1 wideLines
largePoints = 1 largePoints = 1
multiViewport = 1 multiViewpor
occlusionQueryPrecise = 1 occlusionQueryPrecise = 1
pipelineStatisticsQuery = 1 pipelineStatisticsQuery = 1
shaderFloat64 = 1 shaderFloat64 = 1
shaderint64 = 1 shaderint64 = 1
shaderint16= 1 shaderint16 = 1

min_ Ju 24,2020
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Asking About the Physical Device’s Different Memories 303 Here’s What | Got 304

VkPhysicalDeviceMemoryProperties vpdmp;
P PhysicalDevice, OUT &vpdmp );

fprintf( FpDebug, "\n%d Memory Types:\n*, vpdmp.memoryTypeCount ); 11 Memory Types:

for(unsigned int <vpdmp.memoryTypeCount;i++ ) 0
VkMemoryType vmt = vpdmp. memoryTypssn, Memory 1:
fprintf( FpDebug, "Memory %2d: ", i ); Memory 2:
if( (vmt propertyFlags & VK_MEMORY_PROPERTY_DEVICE_LOCAL_BIT  )1=0) fprintf( FpDebug, " DeviceLocal" )

if( (vt propertyFlags & VK_MEMORY_PROPERTY_HOST_VISIBLE BIT  )1=0) fprintf( FpDebug, " HostVisible" )

if{ ( vt propertyFlags & VK_MEMORY_PROPERTY_HOST_COHERENT BIT )1=0) fprintf( FpDebug, " HostCoherent");
if( ( vt propertyFlags & VK_MEMORY_PROPERTY_HOST_CACHED_BIT ) forintf( FpDebug hed" ),

if{ (vt propertyFlags & VK_MEMORY_PROPERTY_LAZILY_ALLOCATED_BIT )!=0) fprintf( FpDebug, " LazilyAllocated" );

=
5
3
3
<
IS

fprintf(FpDebug, "\n"); Memory 7: Devicelocal
} Memory 8: Devicelocal
fprintf( FpDebug, "\n%d Memory Heaps:\n", vpdmp.memoryHeapCount ); Memory 9: HostVisible HostCoherent
for( unsigned int i = 0; i < vpdmp.memoryHeapCount; i++ ) Memory 10: HostVisible HostCoherent HostCached
{
fprinti(FpDebug, "Heap %d: ", i) §
VkMemoryHeap v h = vpdmp.memoryHeapsfi; 2 Memory Heaps: .
fprintf( FpDebug, " size = 0x%08Ix", (unsigned long intjvmh.size ); Heap 0: size = 0xb7c00000 DevicelLocal
if( (vmh.flags & VK_MEMORY_HEAP_DEVICE_LOCAL BIT )I=0) fprintf( FpDebug, " DeviceLocal"); ~ //only one n use Heap 1: size = 0xfac00000

fprinti(FpDebug, "n");

mio— Juy 26,2020 mib— Juy 24,2020

Asking About the Physical Device’s Queue Families 305 Here’s What | Got 306

Found 3 Queue Families:
C

uint32_t count ;  Graphics Compute Transfer
vkGetPhysicalDeviceQueueFamilyProperties( IN PhysicalDevice, &count, OUT (VkQueueFamilyProperties *)nullptr ) i Transfer
fprintf( FpDebug, "\nFound %d Queue Families:\n", count ); 2: queueCount= 8 ; Compute

VkQu *vafp = new VkQu i countJ;
VKGetPhysicalDeviceQueueFamiyProperties IN PhysicalDevice, &count, OUT vafp )
for( unsigned inti = 0; i < count; i++ )

fprintf( FpDebug, "\t%d: queueCount = %2d ; ", i, vafpli].queueCount );
if( ( vafplil.queueFlags & VK_QUEUE_GRAPHICS_BIT )1=0) fprintf( FpDebug, " Graphics" )
if( ( vafplil.queueFlags & VK_QUEUE_COMPUTE_BIT )1=0)  fprintf( FpDebug, " Compute "
if( ( vqfplil.queueFlags & VK_QUEUE_TRANSFER_BIT)1=0) fprintf( FpDebug, " Transfer");
fprintf(FpDebug, “n");
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Vulkan: a More Typical (and Simplified) Block Diagram

Application

Command Buffer
Command Buffer
Command Buffer

-y 26 2020 |

Looking to See What Device Extensions are Available

3N

Il see what device extensions are available:

uint32_t extensionCount;
i i Device, deviceLayersi].

& ionCount, (" ionProperties *)nullptr);

operties * =new perti ionCount];

result = i i i Device, deviceLayers]i] '
&extensionCount, deviceExtensions);
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Vulkan: Overall Block Diagram

Physical Physical Physical
Device Device Device
Logical Logical Logical Logical Logical
Device Device Device Device Device
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Command Buffer

Command Buffer
Command Buffer
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Looking to See What Device Layers are Available 310
const char * myDeviceLayers[ ] =
/I "VK_LAYER_LUNARG _api_dump",
/I"VK_LAYER_LUNARG_core_validation",
11 "VK_LAYER_LUNARG_image",
"VK_LAYER_LUNARG_object_tracker",
"VK_LAYER_LUNARG_parameter_validation",
11"VK_LAYER_NV_optimus"
¥
const char * myDeviceExtensions] ] =
"VK_KHR_surface",
"VK_KHR_win32_surface",
"VK_EXT_debug_report"
11"VK_KHR_swapchains”
%
I see what device layers are available:
uint32_t layerCount;
Devicel roperties(P} IDevice, &layerCount, (VkLayerProperties *)nullptr);
VkLayerProperties * deviceLayers = new VkLayerProperties(layerCount];
result = Devicel roperties( PhysicalDevice, &layerCount, devicel ayers):
SIGGRAPH
Li mib— Juy 24,2020
312

What Device Layers and Extensions are Available

4 physical device layers enumerated:

0x00401063 1 'VK_LAYER_NV_optimus' 'NVIDIA Optimus layer'
0 device extensions enumerated for 'VK_LAYER_NV_optimus':

0x00401072 1 'VK_LAYER_LUNARG_core_validation' 'LunarG Validation Layer"
2 device extensions enumerated for VK_LAYER_LUNARG_core_validation':
0x00000001 'VK_EXT _validation_cache'
0x00000004 'VK_EXT_debug_marker’

0x00401072 1 'VK_LAYER_LUNARG_object_tracker' 'LunarG Validation Layer"
2 device extensions enumerated for 'VK_LAYER_LUNARG_object_tracker":
0x00000001 'VK_EXT_validation_cache'
0x00000004 'VK_EXT_debug_marker'

0x00401072 1 'VK_LAYER_LUNARG_parameter_validation’ "LunarG Validation Layer
2 device extensions enumerated for 'VK_LAYER_LUNARG_parameter_validation':
0x00000001 'VK_EXT_validation_cache'

0x00000004 'VK_EXT_debug_marker’

IGGRAPH
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Vulkan: Creating a Logical Device 313

float queuePriorities[1] =
1.

%

VkDeviceQueueCreatelnfo,
vdqci.sType = VK_STR
vdgqci.pNext = nullptr;
vdqi.flags = 0;
vdqci.queueFamiltylndex = §;
vdqci.queueCount = 1;
vdqei.pQueueProperties = qué

11 # of device queues
Il array of VkDeviceQueueCreatelnfo's
of(myDeviceLayers) / sizeof(char *);

vdci.enabledLayerCount = 0;

vdci. i ayers;

vdci.enabledExtensionCount =

vdci.ppEnabledExtensionNames = (const char **)nullptr; /I no extensons
dci i unt = i ions) / si )

dci ionName: D i

dei atures = IN &PhysicalDevicePeatures;

Vulkan: Creating the Logical Device’s Queue 314

1 get the queue for this logical device:

vkGetDeviceQueue( LogicalDevice, 0, 0, OUT &Queue ); 110, 0 = queueFamilylndex, queuelndex

result = vkCreateLogicalDevice( PhysicalDevice, IN &vdci, PALLOCATOR, OUT &LogicalDevice );
&
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Creating a Pipeline 317

which stage (VERTEX, etc)

stride
ioputRate ocation

‘ binding

VkVerlexinputAtibuteDescription

VkPipelineShaderStageCreatelnfo

ViPipelineVertexinpulStateCreatelnfo Topology
e
Shader stages
Vartexinput Sate 4| Xy, w.h,

Viewport State 4— maxDept

Scissor
offsel
extent

MuliSample State

cullode
polygontiode

Oynanic Stae Pl

Pipeine layout o

RenderPass [neWidtn
basoPipelnaHandie

basePipalinelndex

SennGamaredn
ey A
il

blendEnable

srcColorBlendFactor

astColorBlendFactor
ColorBlendOp.

srcAphaBlendFactor

VkPipelineDynamicStateCreateinfo alphaBlendOp.
colorWriteMask

[EErTyrreTye—|

[createsrapnicsPipoinet) |
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Creating a Pipeline with Dynamically Changeable State Variables 316

The graphics pipeline data structure is full of state information, and, as
previously-discussed, is largely immutable, that is, the information contained
inside it is fixed, and can only be changed by creating a new graphics pipeline
data structure with new information.

That isn’t quite true. To a certain extent, Vulkan allows you to declare parts of
the pipeline state changeable. This allows you to alter pipeline state
information on the fly.

This is useful for managing state information that needs to change frequently.
This also creates possible optimization opportunities for the Vulkan driver.

W
SIGGRAPH L] mib— Juy 24,2020

Which Pipeline State Variables can be Changed Dynamically 318

The possible dynamic variables are shown in the VkDynamicState enum:

VK_DYNAMIC_STATE_VIEWPORT
VK_DYNAMIC_STATE_SCISSOR
VK_DYNAMIC_STATE_LINE_WIDTH
VK_DYNAMIC_STATE_DEPTH_BIAS
VK_DYNAMIC_STATE_BLEND_CONSTANTS
VK_DYNAMIC_STATE_DEPTH_BOUNDS
VK_DYNAMIC_STATE_STENCIL_COMPARE_MASK
VK_DYNAMIC_STATE_STENCIL_WRITE_MASK
VK_DYNAMIC_STATE_STENCIL_REFERENCE
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Creating a Pipeline 319 Filling the Dynamic State Variables in the Command Buffer 320
VkDynamicState First call:
VK_DYNAMIC_STATE_VIEWPORT, vkCmdBindPipeline( ... );
VK_DYNAMIC_STATE_LINE_WIDTH
b
Then, the command buffer-bound function calls to set these dynamic states are:
VkPipelineDynamicStateCreatelnfo
vpdsci.sType = VK_STRUCTUR/ PELINE_DYNAMIC_STATE_CREATE_INFO; kCi P iewport, viewportCount, pViewports );
vpdsci.pNext = nullptr; kCi i i scissorCount, pScissors );
vpdsci.flags = 0; vkCmdSetLineWidth( commandBuffer, linewidth );
vpdsci.dynamicStateCount =Aizeof(vgs) / sizeof(VkDynamicState); Ilie.,2 vkCmdSetDepthBias( actor, i lamp, i actor );
vpdsci.pDynamicStates = &Vds; kCi onstants( blendC 1)
kCmdSetDe minD maxD: )
kCi i iffer, faceMask, )
VkGraphicsPipelineCreatelnfo KCi ( faceMask, wri %
on @ kCi i ( faceMask, reference );
vgpci.pDynamicState = &vpdsci;
vkCreateGraphicsPipelines( LogicalDevice, pipelineCache, 1, &vgpci, PALLOCATOR, &GraphicsPipeline );
If you declare certain state variables to be dynamic like this, then you
- must fill them in the command buffer! Otherwise, they are undefined. =
2 SIGGRAPH %, e ] i by 24,2020
321 Setting up Query Pools 322
« There are 3 types of Queries: Occlusion, Pipeline Statistics, and Timestamp
Getting Information Back from the Graphics System ) ) ; ., "
« Vulkan requires you to first setup “Query Pools”, one for each specific type
« This indicates that Vulkan thinks that Queries are time-consuming (relatively) to setup,
. . and thus better to set them up in program-setup than in program-runtime
Mike Bailey

mjb@cs.oregonstate.edu

‘This work is licensed ur

| http://cs.oregonstate.edu/~mijb/vulkan
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323 Resetting, Filling, and Examining a Query Pool 324
. vkCmdResetQueryPool( CommandBuffer, occlusionQueryPool, 0, 1 );
vagpci.queryType = << one of: >> [
VK_QUERY_TYPE_OCCL! ION kCmdBeginQuery( C ffe i yPool, 0, VK_QUERY_CONTROL_PRECISE_BIT);
VK_QUERY_TYPE_PIPELI \| -_STATISTICS
VK_QUERY_TYPE_TIMES TAMP . ind b
vapci.queryCount = 1; “ query index number
vpci pipelineStatistics = 0; +—— | bitmask of what stats you are querying for ifyou vkCmdEndQuery( C i yPool, 0 ;
({lpre doing a pipeline stastcs query
VK_QUERY_PIPELINE_STATISTIC_INPUT_ASSEMBLY NERTICES BIT #define DATASIZE 128
VK_QUERY_PIPELINE_STATISTIC_INPUT_ASSEMBLY HRIMITIVES BIT N
VK_QUERY_PIPELINE_STATISTIC_VERTEX__SHADER_{\JOCATIONS._BIT uint32_t  data[DATASIZE],
VK_QUERY_PIPELINE_STATISTIC_GEOMETRY_SHADEH INVOCATIONS BIT
VK_QUERY_PIPELINE_STATISTIC_GEOMETRY_SHADER PRIMITIVES_BIT result = vkGetQu LogicalDevice, i ,0, 1, DATASIZE _t), data, stride, flags );
VK_QUERY_PIPELINE_STATISTIC_CLIPPING_INVOCAT|ANS_BIT I/ or'ed combinations of:
VK_QUERY_PIPELINE_STATISTIC_CLIPPING_PRIMITIVES IBIT
'VK_QUERY_PIPELINE_STATISTIC_FRAGMENT_SHADER |INVOCATIONS_BIT /I VK_QUERY_RESULT_64_BIT
VK_QUERY_PIPELINE_STATISTIC_TESSELLATION_CONTRPL_SHADER_PATCHES_BIT /I VK_QUERY_RESULT_WAIT_BIT
VK_QUERY_PIPELINE_STATISTIC_TESSELLATION_EVA| JATION_SHADER_INVOCATIONS_BIT /I VK_QUERY_RESULT_WITH_AVAILABILTY_BIT
VK_QUERY_PIPELINE_STATISTIC_COMPUTE_SHADER INVOCATIONS BIT J/ VK_QUERY RESULT PARTIAL BIT -
Il stride is # of bytes in between each result
VkQueryPool occlusionQueryPool; W
result = vkCreateQueryPool( LogicalDevice, IN 8vgpci, PALLOCATOR, OUT &occlusionQueryPool );
VkQueryPool statisticsQueryPool;
result = vkCreateQueryPool( LogicalDevice, IN &)qpci, PALLOCATOR, OUT &statisticsQueryPool );
VkQueryPool timestampQueryPool;
result = vkCreateQueryPool( LogicalDevice, IN &vqpci, PALLOCATOR, OUT &timestampQueryPool

54



Occlusion Query 325
Occlusion Queries count the number of fragments drawn between the vkCmdBeginQuery and the
vkCmdEndQuery that pass both the Depth and Stencil tests
This is commonly used to see what level-of-detail should be used when drawing a complicated object

Some hints:

Don't draw the whole scene — just draw the object(s) you are interested in

Don't draw the whole object — just draw a simple bounding volume at least as big as the object(s)

Don't draw the whole bounding volume — cull away the back faces (two reasons: time and correctness)

Don't draw the colors — just draw the depths (especially if the fragment shader is time-consuming)

uint32_t fragmentCount;
result = vkGetQueryPoolResults( LogicalDevice, occlusionQueryPool, 0, 1,
sizeof(uint32_t), &fragmentCount, 0, VK_QUERY_RESULT_WAIT_BIT );

€ SIGBRAPH
R

Timestamp Query 327

Timestamp Queries count how many nanoseconds of time elapsed between the vkCmdBeginQuery and
the vkCmdEndQuery.

uinté4_t nanosecondsCount;
result = vkGetQueryPoolResuits( LogicalDevice, timestampQueryPool, 0, 1,
a

ount, 0,

4_t),
VK. QUERY RESULT_64_BIT | VK_QUERY_RESULT_WAIT_BIT);
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Pipeline Statistics Query 326

Pipeline Statistics Queries count how many of various things get done between the vkCmdBeginQuery
and the vkCmdEndQuery

uint32_t counts[NUM_STATS];
result = vkGetQueryPoolResults( LogicalDevice, statisticsQueryPool, 0, 1
NUM_STATS *sizeof(uint32._t), counts, 0, VK_QUERY_RESULT WAIT_BIT);

1 vapci.pipelineStatistics = or'ed bits of:;

/I VK_QUERY_PIPELINE_STATISTIC_INPUT_ASSEMBLY_VERTICES_BIT

/I VK_QUERY_PIPELINE_STATISTIC_INPUT_ASSEMBLY_PRIMITIVES_BIT

/I VK_QUERY_PIPELINE_STATISTIC_VERTEX_SHADER_INVOCATIONS_BIT

/I VK_QUERY_PIPELINE_STATISTIC_GEOMETRY_SHADER_INVOCATIONS_BIT

/I VK_QUERY_PIPELINE_STATISTIC_GEOMETRY_SHADER_PRIMITIVES_BIT

/I VK_QUERY_PIPELINE_STATISTIC_CLIPPING_INVOCATIONS_BIT

/I VK_QUERY_PIPELINE_STATISTIC_CLIPPING_PRIMITIVES_BIT

/I VK_QUERY_PIPELINE_STATISTIC_| FRAGMENT SHADER_INVOCATIONS_BIT

/I VK_QUERY_PIPELINE_STATISTIC_TESSELLATION_CONTROL_SHADER _| PATCHES BIT
/I VK_QUERY_PIPELINE_STATISTIC_TESSELLATION_EVALUATION_SHADER_INVOCATIONS_BIT
/I VK_QUERY_PIPELINE_STATISTIC_COMPUTE_SHADER_INVOCATIONS_BIT

W
@ SIGGRAPH 5,

Timestamp Query 328

The vkCmdWrite TimeStamp( ) function produces the time between when this function is called and when
the first thing reaches the specified pipeline stage.

Even though the stages are “bits”, you are supposed to only specify one of them, not “or” multiple ones

together
vkCmdWriteTi C ipeli i yPool, 0 );
/I VK_PIPELINE_STAGE_TOP_OF PIPE_BIT /

/I VK_PIPELINE_STAGE_DRAW_INDIRECT_BIT

/I VK_PIPELINE_STAGE_VERTEX_INPUT_BIT

1/ VK_PIPELINE_STAGE_VERTEX_SHADER_BIT

1/ VK_PIPELINE_STAGE_TESSELLATION_CONTROL_SHADER_BIT,

/I VK_PIPELINE_STAGE_TESSELLATION_EVALUATION_SHADER_BIT

1/ VK_PIPELINE_STAGE_GEOMETRY_SHADER_BIT,

1/ VK_PIPELINE_STAGE_FRAGMENT_SHADER_BIT VK_PIPELINE_STAGE_EARLY_FRAGMENT_TESTS_BIT
I/ VK_PIPELINE_STAGE_LATE_FRAGMENT_TESTS_BIT VK_PIPELINE_STAGE_COLOR_ATTACHMENT_OUTPUT_BIT
1/ VK_PIPELINE_STAGE_COMPUTE_SHADER_BIT

/I VK_PIPELINE_STAGE_TRANSFER_BIT

/I VK_PIPELINE_STAGE_BOTTOM_OF_PIPE_BIT

I/ VK_PIPELINE_STAGE_HOST_BIT

w
SIGGRAPH 2,

The Example We Are Going to Use Here is a Particle System 330

}

i
|
|

‘ The Compute Shader Moves the Particles by | )

Recomputing the Position and Velocity Buffers

\
:

The Rendering Draws the Particles by E
Reading the Position and Color Buffers !

i 1
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The Data in your C/C++ Program will look like This 331 The Data in your Compute Shader will look like This 332

This is a Particle System application, so we need Positions, Velocities, and (possibly) Colors

#define NUM_PARTICLES (1024*1024)  // total number of particles to move
#define NUM_WORK_ITEMS_PER_GROUP 64 // # work-items per work-group
#define NUM_X_WORK_GROUPS ( NUM_PARTICLES / NUM_WORK_ITEMS_PER_GROUP ) —
layout( std140, set = 0, binding =0 ) buffer Pos
{
struct pos El vec4 Positions[ J; 1/ array of structures
{ ¥
glm::vec4; // positions You can use the empty brackets,
k -0 binding = but only on the last element of the
layout( std140, set = 0, binding = 1) buffer Vel buffer. The actual dimension will
struct vel ™ be determined for you when
vec4 Velocities[ J; Vulkan examines the size of this
glm::vec4; // velocities g buffer’s data store.
k
layout( std140, set = 0, binding =
struct col El
gim::vecd; 1/ colors . vec4 Colors[ 1; Il array of structures
I g

Note that .w and .vw are not actually needed. But, by making these structure sizes a multiple of 4 floats, it
doesn’t matter if they are declared with the std140 or the std430 qualifier. | think this is a good thing.

2 SIGGRAPH
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Descrpto et the Graphics Pipeline Data Structure? 333 334
youts

Push Constants.

Here is how you create a Compute Pipeline Data Structure

‘which stage (VERTEX, etc. inding Deecriptor Sst

format
offset

]

ViPipelineShaderStageCreatelnio

VkCreatePipelineLayout()

VkPipelineShaderStageCreatelnfo

VkVerlexinputAtibuteDescription

ViPipeline VertexinpulStateCreatelnfo E—

Feaeton Ste VelevporSiaeGreaio miDep

Viewport State +— maxDepth

offset
extent

Highlighted boxes are ones
that the Compute Pipeline
Data Structure also has

Highlighted boxes are ones that the Graphics

Scissor Pipeline Data Structure also has

3
sremasie N

el
Vineappamecreaan, | ST
i i

blendEnable

srcColorBlendFactor

dstColorBlendFactor
colorBlendOp

cullvode
polygoniiode

Pipeling layout
basePipelneHandle
basePipelineindex

Note how less complicated this is!

lineWidth

VkComputePipelineCreatelnfo.

vkCreateComputePipelines()

vkCreateGraphicsPipeline()

apnaBlendop
coborrtaMiask
=y 24,2020 i~y 24,2020
A Reminder about Data Buffers 335 Creating a Shader Storage Buffer 336
DutterUsage
cwoveFambigns
size (bytes)
VkBuffer PosBuffer;
VkBufferCreatelnfd vbci; )
vbei.sTyp ~STRUCTURE_TYPE_BUFFER_CREATE_INFO;
vbei.pNext = nulpt
vbci.flags = 0;
Bufler_ vbci.size = NUM_PARTISLES * sizeof( glm::vec4 );

SSTORAGE_BUFFER_B
vboi.sharingMode = VK_SHARNI XCLUSIVE;
vbei.queueFamilyindexCount = D

bei.pt il =

vkGetBufferMemoryRequirements( )

ont32_t) nullptr;

result = vkCreateBuffer ( LogicalDevice, IN &vbci, PALLOCATOR, OUT &PosBuffer );

T oo |

bufferhictnoryHandie

gpuAddress.

min_ Jul 24,2020 mib duy 24,2020
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Allocating Memory for a Buffer, Binding a Buffer 337 Create the Compute Pipeline Layout 338
to Memory, and Filling the Buffer

binding

0;
Type] Q DESCRIPTOR_TYPECSTORAGE_BUFFER
1

descriptorCoun
tageFlags , VK_SHADER_STAGE_COMPUTE_BIT;
pler “Jnulptr;

ComputeSet[1].binding Q
ComputeSet{1] descriptorTypd -vK_DESCRIPTOR_TYPECSTORAGE_BUFFER>
ComputeSet[1] descriptorCoufit = 1;
ComputeSet[1] stageFlags | = VK_SHADER_STAGE_COMPUTE_BIT;

c “nuliptr;

00000

VkMemoryRequirements @

result = vkGetBufferMemoryRequitepefits( LogicalDevice, PosBuffer, DUT dvmr );

VkMemoryAllocatelnfo
vmai.sType = VK_STRUCT

binding

@ DESCRIPTOR_TYPECSTORAGE_BUFFER>
=1;

VK_SHADER_STAGE_COMPUTE_BIT;
*)nullptr;

Ve
descriptorColint
tageFlags j

00009

VkDeviceMemory

VkDescriptorSetLayoutCreatelnfo
result = vkAllocateMemory( Logic: d =VK_S’

_STRUQTU ” DESCRIPTOR_SET_LAYOUT_CREATE_INFO;

result = vkBindBufferMemory( LogicalDevice, PosBuffef, IN vdm, 0 ); /1 0is the offset vdsicO. bmdmgCnunl =3;
vdslcO.pBindings = &Cnmputeseilo],

min_ Ju 24,2020 imib_ duy 24,2020

Create the\Compute Pipeline Layout 33 Create the Compute Pipeline 340

VkPipeline ComputePipeline;

VkPipelineLayout ComputePipelineLayou;
VKD a

ut ayout; VKPipeineShaderStageCrestaino Cupssciy
VpsscisType = VK_S E

ype =

PIPELINE_SHADER_STAGE_CREATE_INFO;

(AGE_COMPUTE_BI
vbescipName - ”main"'

PSS i = “nullptr;

result = vkCreateDescriptorSetLayout( LogicalDevice, IN &vdsic, PALLOCATOR, OUC&ComputeSetLayout

VkPipelineLayoutCreatelnfo
= VK

vplci.flags = 0; VkComputePipelineCreatelnfo @"
vplcisefLayoutCount = 1; vepai[0] sType = RUCTURE=PHPESGOMPUTE_PIPELINE_CREATE_INFO;
vplci pSetLayouts = ComputeSetLay vepai(0
plipushConsantRangeCount = oo
vploi pPush = (VKPushC “nulptr; vepci
vepci[0].layout putePipelineLayout;
restlt = vkCreatePipelineLayout( LogicalDevice, IN &vplci, PALLOCATOR, OUT &ComputePipelineLayout ) poi ‘penneHand\e VK_NULL_HANDLE;

result = vkCreateComputePipelines( LogicalDevice, VK_NULL_HANDLE, 1, &vcpci[0], PALLOCATOR, &ComputePipeline )

mio— Juy 26,2020 mib— Juy 24,2020

Creating a Vulkan Data Buffer 341 Allocating Memory and Binding the Buffer 342

VkBuffer Buffer; VkMemoryRequirements
result = vkGetBufferMemoryRequgirements( LogicalDevice, posBuffer, OUT &vmr );

VkBufferCreatel

vbei.sType = VK_STRUCTURE_TYPE_BUFFER_CREATE_INFO;

vbei.pNext = nullptr; VkMemoryAllocatelnfo @

vbci.flags = 0; vmai.sType = VK_STRUCTURE_RYPE_MEMORY_ALLOCATE_INFO;
vbci.size = NUM PARTICLES * sizeof( gim::vec4 ); vmai.pNext = nullptr;

vbci.usage = VK_USAGE_STQRAGE_BUFFER_BIT; vmai.flags = 0;

vbci.sharingMode = VK_SHARI
vbei.queueFamilylndexCount = 0;
vbei.pQueueFamilylndices = (const dqt32_t) nullptr;

;_MODE_CONCURRENT; vmai.allocationSize = vmr.size;
vmai.memoryTypelndex = FindMemoryThatlsHostVisible( );

VkDeviceMemory
result = vkCreateBuffer ( LogicalDevice, IN &vbci, PALLOCATOR, OUT &posBuffer ); result = vkAllocateMemory( LogicalDevice, IN & i, PALLOCATOR, OUT &vdm );
result = vkBindBufferMemory( LogicalDevice, posBuffer, IN vdm, 0 ); 1/ 0is the offset

MyBuffer myPosBuffer;
myPosBuffer.size = vbci.size;
myPosBuffer.buffer = PosBuffer;
myPosBuffervdm = vdm;

min Jub 24,2020 mib duy 24,2020
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Fill the Buffers 343
struct pos * positions;
y( LogicalDevice, IN .0, VK_WHOLE_SIZE, 0, OUT (void *) &positions );
for(inti = 0; i < NUM_PARTICLES; i++)
{
positions[i Jw = 1.;
}
vkUnmapMemory( LogicalDevice, IN myPosBuffer.vdm );
struct vel * velocities;
y( LogicalDevice, IN .0, VK_WHOLE_SIZE, 0, OUT (void *) &velocities );
for(inti = 0; i < NUM_PARTICLES; i++)
velocities[ i ].x = Ranf( VXMIN, VXMAX );
velocities[ i ].y = Ranf( VYMIN, VYMAX );
velocities[ i ].z = Ranf( VZMIN, VZMAX );
velocities[ i ]w = 0.;
}
vkUnmapMemory( LogicalDevice, IN myVelBuffer.vdm );
struct col * colors;
y( LogicalDevice, IN myC: 0, VK_WHOLE_SIZE, 0, OUT (void *) &colors );
for(inti = 0; i < NUM_PARTICLES; i++)
colors[i].r= Ranf( 3f, 1. );
colors[ i].g = Ranf( .3f, 1.);
colors[ i].b = Ranf( .3f, 1.);
colors[ila=1,;
}
y( LogicalDevice, IN myC vdm );
— oy 24,2020
The Particle System Compute Shader 345
layout( std140, set = 0, binding = 0) buffer Pos
vec4 Positions| ; Il array of structures
k
layout( std140, set = 0, binding = 1) buffer Vel
{
vec4 Velocities| J; Il array of structures
I3
layout( std140, set = 0, binding = 2 ) buffer Col
vecd Colors[ J; 1l array of structures
I
layout( local_size_x = 64, .Iocalfsizegv =1, local_size_z=1) in;
This is the number of work-items per work-group, set in the compute shader.
The number of work-groups is set in the
vkCmdDi: ountX, ountY, ountZ );
function call in the application program.

7/26/2020

Fill the Buffers 344

#include <stdlib.h>
#define TOP  2147483647. /12731 -1

float
Ranf( float low, float high )

long random( ); /I returns integer 0 - TOP

float r = (float)rand( );
return low + r* (high -low )/ (float)RAND_MAX ;

imib_ duy 24,2020

The Data gets Divided into Large Quantities call Work-Groups, each of which 346
is further Divided into Smaller Units Called Work-Items

20 total items to compute:

[EEEE|EEEE NN NN
5 Work Groups —>

The Invocation Space can be 1D,
2D, or 3D. This one is 1D.

— 4 Work-ltems —>

GloballnvocationSize

#WorkGroups = .
WorkGroupSize
Sx4= 20
4

mio— Juy 26,2020
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The Data Needs to be Di

ed into Large Quantities call Work-Groups, each of347
which is further Divided into Smaller Units Called Work-ltems

20x12 (=240) total items to compute:

The Invocation Space can be 1D, 2D, or 3D.

1 @@@@@ ‘ThisoneisZD.
§ CEHHEEEETE R
$ FEEHHHH
 EEFHEHHH
— 5Work-Groups —~—>
\\\ uT
N £
N el
.

4 Work-ltems —>

348

A Mechanical Equivalent...

“Work Group”

“Work Items”

min Jub 24,2020
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The Particle System Compute Shader — The Physics 349
#define POINT vec3
#define VELOCITY vec3
#define VECTOR vec3
#define SPHERE vecd I'xe, ye, ze, ©
#define PLANE vecd /la,b,c,d
const VECTOR G = VECTOR(0.,-9.8,0.);
const float DoT =0.1;
const SPHERE Sphere = vec4( -100., -800., 0., 600. ); %y zr
aT4 OO OTT0T
uint gid = gl_GloballnvocationiD.x; /iwhere | am in the global dataset (6 in this example)
/I (as a 1d problem, the .y and .z are both 1)
POIINT p = Positions[ gid ].xyz; ' 1 2
VELOCITY v = Velocities| gid ].xyz; p'=p+v-t +EG -t
POINT  pp=p+Vv*DT + 5'DT*DT*G; V_ i
VELOCITY vp =v + G*DT; V'=v+G-t
Positions[ gid ].xyz = pp;
Velocities[ gid ].xyz = vp;
L#
SIGGRAPH ——
The Particle System Compute Shader — 351
How About Introducing a Bounce?
VELOCITY
BounceSphere( POINT p, VELOCITY v, SPHERE s )
VECTOR n = normalize( p - s.xyz ) in N out
return Bounce( v, n ); \ /
}
bool
IsInsideSphere( POINT p, SPHERE s )
float r = length( p - s.xyz );
return ((r<sw );
}
mib_Juy 24,2020
353

Dispatching the Compute Shader from the Command Buffer

#define NUM_PARTICLES

#define NUM_X_WORK_GROU

vkCmdBindPipeline(

mmandBuffe UM_X_WORK_GRQUPS, 1, 1

vkCmdDispatch(

ICLES / NUM_WORK_ITEMS_PER_GROUP )

ommandBuffer, VK_PIPELINE_BIND_POINT_COMPUTE, ComputePipeline );

layout( local_size_x € 64,) local_size_y =1, local_size_z=1) in;

This is the nurgber of work-groups, set in the application program.
The number of items per work-group is set in the layout in the compute shader:

min Jub 24,2020
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The Particle System Compute Shader — 350
How About Introducing a Bounce?
VELOCITY
Bounce( VELOCITY vin, VECTOR n )
VELOCITY vout = reflect( vin, n );
return vout;
}
I/ plane equation: Ax + By +Cz + D =0
Il (it turns out that (A,B,C) is the normal )
VELOCITY n
BouncePlane( POINT p, VELOCITY v, PLANE pl) in / out
VECTOR n = normalize( VECTOR(pl:xyz ) ); \
return Bounce(v, n ); /
Note: a surface in the x-z plane has the equation:
bool Ox+1y+0z+0=0
IsUnderPlane( POINT p, PLANE pl ) and thus its normal vector is (0,1,0)
floatr = plx*p.x + ply'py + plz*'pz + plw;
retun (r < 0.);
}
h
ROKAT bty 24,2020
The Particle System Compute Shader — 352
How About Introducing a Bounce?
uint gid = gl_GloballnvocationID.x; /I the .y and .z are both 1 in this case
POINT  p = Positions[ gid ].xyz; 1 2
VELOCITY v = Velocities| gid ].xyz: p'=p+v-t+ 2 G-t
POINT  pp=p+Vv'DT + 5'DT*DT*G; " .
VELOCITY vp=v+G*'DT; v v+G-t
. " Graphics Trick Alert: Making the bounce
f h
I(( PP, Sphere ) ) happen from the surface of the sphere is time-
=B Sph v, S ); consuming. Instead, bounce from the previous
;g - piu‘rl‘;?m? +er§*(DpT‘VDT‘)G' position in space. If DT is small enough (and it
) ) ’ is), nobody will ever know...
Positions[ gid ].xyz = pp;
Velocities[ gid 1.xyz = vp;
L#
354

Displaying the Particles

VkVertexInputBindingDescription wvibd[3]; 1 one of these per buffer data buffer
wvibd[0].binding = 0; /I which binding # this is
wvibd[0].stride = sizeof( struct pos ); 1/ bytes between successive structs
wibd[0].inputRate = VK_VERTEX_INPUT_RATE_VERTEX;

wibd[1].binding = 1;
wibd[1] stride = sizeof( struct vel );
wibd[1]inputRate = VK_VERTEX_INPUT_RATE_VERTEX;

wvibd[2].binding = 2;
wvibd[2].stride = sizeof( struct col );
wibd[2].inputRate = VK_VERTEX_INPUT_RATE_VERTEX;

layout( location = 0 ) in vec4 aPosition;
layout( location = 1 ) in vec4 aVelocity;
layout( locati in vec4 aColor;

mib duy 24,2020
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Displaying the Particles 355 Telling the Pipeline about its Input 356
VkPipelineVertexInputStateCreatelnfo vpvisci; 1/ used to describe the input vertex attributes
VkVertexinputAttributeDescription  vviad[3]; Il array per vertex input attribute z"::zgl‘ Sm’i nvfu iTRUCTURE TYPE_PIPELINE_VERTEX_INPUT_STATE_CREATE_INFO:
1l 3 = position, velocity, color vsvisci zags o
wviad[0].location 0 Il'location in the layout decoration vpvisci.vertexBindingDescriptionCount = 3;

vviad[0].binding = 0; I/ which binding description this is part of
wviad[0].format = VK_FORMAT_VEC4; Inxy z,w
wviad[0].offset = offsetof( struct pos, pos ); /0

vpvisci.pVertexBindingDescriptions = vvibd;
vpvisci.vertexAttributeDescriptionCount = 3;

vpvisci.pVertexAttributeDescriptions = vviad;
wviad[1].location = 1;

vviad[1].binding = 0; VkPipelinelnputAssemblyStateCreatelnfo vpiasci;
wviad[1].format = VK_FORMAT_VEC4; I nx, ny, nz vpiasci.sType = VK_STRUCTURE_TYPE_PIPELINE_INPUT_ASSEMBLY_STATE_CREATE_INFO;
vviad[1].offset = offsetof( struct vel, vel ); /0 vpiasci.pNext = NJ"P“‘
vpiasci.flags =
vviad[2].location = 2; vpiasci.| topology VK_PRIMITIVE_TOPOLOGY_POINT_LIST;

vviad[2].binding
wvviad[2]. format VK FORMAT_VEC4; Nt g b, a
wviad[2].offset = offsetof{ struct col, col ); /0

€ SIGBRAPH

Telling the Pipeline about its Input 357 Setting a Pipeline Barrier so the Drawing Waits for the Compute 358

‘We will come to the Pipeline later, but for now, know that a Vulkan Pipeline is essentially a very large
data structure that holds (what OpenGL would call) the state, including how to parse its vertex input.

VkBufferMemoryBarrier
vbmb.sType = VK_STRUCTURE_’
vbmb.pNext = nullptr;
vbmb.srcAccessFlags = VK_ACCESS_SHADER_WRITE_BIT;
vbmb.dstAccessFlags = VK_ACQESS_VERTEX_ATTRIBUTE_READ_BIT;
vbmb.srcQueueFamilyindex = ¢
vbmb.dstQueueFamilyindex 70;

VkGraphicsPipelineCreatelnfo :
APHICS_PIPELINE_CREATE_INFO; ~ BUFFER_MEMORY_BARRIER;

vgpci.flags = 0;
vgpci.stageCount = 2; /I number of sh:
vgpi.pStages = vpssci;
vgpci.pVertexIinputState = &valscl

der stages in this pipeline

vbmb.buffer =
gpci = &vpiasci; . vbmb.offset = 0:
vgpei.p’ = (VkPip reatelnfo *)nullptr; I/ &vptsci vbmb.size = NUM_PARZICLES * sizeof( gim::vec4 );

vgpci.pViewportState = &vpvsci;
vgpci.pRasterizationState = &vprsci;
vgpci.pMultisampleState = &vpmsci;
vgpci.pDepthStencilState = &vpdssci;
vgpci.pColorBlendState = &vpcbsci;
vgpci.pDynamicState = &vpdsci;
vgpci.layout = IN GraphicsPipelineLayout;
vgpoi renderF'ass = IN RenderPass;
vgpoi.subpass = 0; /I subpass number
vgpci.l aseP\pehneHandle = (VkPipeline) VK_NULL_HANDLE;
vgpci.basePipelinelndex = 0;

const uint32 bufferMemor
vkCmdPipelineBarrier

(

BarrierCount

STAGE COMPUTE_SHADER_BIT, VK_PIPELINE_STAGE_VERTEX_INPUT_BIT,
MDENCY_BY_REGION_BIT, 0, nullptr, bu(ferMemoryBamerCounl
IN &vbmb, 0, nullplr

result = vkCreateGraphicsPipelines( LogicalDevice, VK_NULL_HANDLE, 1, IN &vgpci,
PALLOCATOR, OUT &GraphicsPipeline );

SIGGRAPH 5, - 2020

mib— Juy 24,2020

Drawing 359 Setting a Pipeline Barrier so the Compute Waits for the Drawing 360

VkBuffer buffers[ ] = MyF “buffer, -buffer, MyC buffer };
size_t offsets{ ]={0,0,0}

VkBufferMemoryBarrier
vbmb.sType = VK_STRUCTURE_
vbmb.pNext = nullptr;
vbmb.srcAccessFlags = 0;
vbmb.dstAccessFlags = VK_ACGESS_UNIFORM_READ_BIT;
vbmb.srcQueueFamilylndex = ¢
vbmb.dstQueueFamilyindex 70;
vbmb.buffer =
vbmb.offset = 0;
vbmb.size = 2?2

~BUFFER_MEMORY_BARRIER;

kCmdBi c 0,3, buffers, offsets );

const uint32_t vertexCount = NUM_PARTICLES;
const uint32_t instanceCount = 1;

const uint32_t firstVertex =
const uint32_t firstinstance

vkCmdDraw( CommandBuffers[nextimagelndex], NUM_PARTICLES, 1‘ 0,0);
ertexCount, instanceCount,

const uint32 bufferMemor
vkCmdPipelineBarrier

STAGE BOTTOM_OF_PIPE_BIT, VK_PIPELINE_STAGE_COMPUTE_SHADER _BIT,
PENDENCY_BY_REGION_BIT, 0, nullptr, bufferMemoryBarrierCount
IN &vbmb 0, nullptr

min Jub 24,2020 mib duy 24,2020
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361
Specialization Constants
Mike Bailey
mjb@cs.oregonstate.edu
nsed under a Creative Commons
i lonCommercial-NoDerivatives 4.0
License
| http://cs.oregonstate.edu/~mjb/vulkan

IGBRAPH % ——
363

What Are Specialization Constants?

In Vulkan, all shaders get halfway-compiled into SPIR-V and

then the rest-of-the-way compiled by the Vulkan driver. Shader
Source

Normally, the half-way compile finalizes all constant values

and compiles the code that uses them.

But, it would be nice every so often to have your Vulkan
program sneak into the halfway-compiled binary and
manipulate some constants at runtime. This is what
Specialization Constants are for. A Specialization Constant is
a way of injecting an integer, Boolean, uint, float, or double
constant into a halfway-compiled version of a shader right
before the rest-of-the-way compilation.

Pipeline
Shader
Stage

That final compilation happens when you call
vkCreateComputePipelines( )

Final
Without Specialization Constants, you would have to commit

to a final value before the SPIR-V compile was done, which
could have been a long time ago

mio— Juy 26,2020

Specialization Constants are Described in the Compute Pipeline 365

which stage (CO

VkSpecializationinfo '
—

‘ VkPipelineShaderStageCreatelnfo |

min Jub 24,2020

7/26/2020

Remember the Compute Pipeline? 362

Descriptor Set
Layouts

Push Constants

which stage (COMPUTE)

Tl
vkCreatePipelineLayout( )

VkPipalineShaderStageCreateinio

Shaders!

Pipeline layout
basePipelneHande
basePipeiineindex

VkComputePipelineCreateinfo.

vkCreateComputePipelines()

({__compute Pipeline |

D

imib_ duy 24,2020

Why Do We Need Specialization Constants? 364

Specialization Constants could be used for:

« Setting the work-items per work-group in a compute shader

Setting a Boolean flag and then eliminating the if-test that used it

Setting an integer constant and then eliminating the switch-statement that looked for it

Making a decision to unroll a for-loop because the number of passes through it are
small enough

Collapsing arithmetic expressions into a single value

Collapsing trivial simplifications, such as adding zero or multiplying by 1

w
SIGGRAPH 2,

pecialization C it E ple -- Setting an Array Size 366

In the compute shader

layout( constant_id const int ASIZE = 32;

S

/1 # bytes into the Specialization Constant
/I array this one item is

int array[ASIZE];

In the Vulkan C/C++ program:
int asize = 64;

/I one array element for each
/I Specialization Constant

vsi.pMapEntjies % &vsme[0];
vsi.dataSize 3 sizeof(asize); 1l size of all the Specialization Constants together
vsi.pData = &asize; Il array of all the Specialization Constants

SIGBRAPH
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Linking the Specialization C its into the Comp Pipeline 367

Specialization Constant Example — Setting Multiple Constants 368

int asize = 64;

In the compute shader
layout( constant_id = 9) constint a=1;
layout( constant_id =10 ) const int
layout( constant_id = 11 ) const float

ffset = 07
e = sizeof(asize);

VkSpecializationlyfo

In the C/C++ program:
vsidataSize i PV " "
vsi.pData = &asize; struct abc { int a, int b, float c; } abc;

VkPipelineShaderStageCreatelnfo
vpssci.sType = VK_STRUCTUI
vpssci.pNext = nullptr;

vpssci;
TYI

VkSpecializationMapEntry ~ vsme[3];
_PIPELINE_SHADER_STAGE_CREATE_INFO;

vsme(0].constantlD = 9;
vsme(0].offset = offsetof( abc, a );
vsmel[0].size = sizeof(abc.a);
vsme[1].constantID = 10;
vsme[1].offset = offsetof( abc, b );
vsmel[1].size = sizeof(abc.b);

It's important to use sizeof( )

and offsetof{ ) instead of
hardcoding numbers!

vpssci.pSpecializationinfo = &vsi;

vsmel[2].constantD = 11;
VkComputePipelineCreatelnfo vepci[1]; vsme[2].offset = offsetof( abc, ¢ );
vepei[0].sType = VK_STRUCTURE_TYXEE_COMPUE_PIPELINE_CREATE_INFO; vsme[2].size = sizeof(abc.c);
vepei
vepei
vepd VkSpecializationinfo vsi;
vepci[0] vsi.mapEntryCount = 3;
Vopcil0) vsi.pMapEntries = &vsme[0];

1l size of all the Specialization Constants together

result = vkCreateComputePipelines( LogicalDevice, VK_NULL_HANDLE, 1, &vcpci[0], PALLOCATOR, OUT &ComputePipeline ); /1 array of all the Specialization Constants

imib_ duy 24,2020

Specialization Constants — Setting the Number of Work-items 369 370
Per Work-Group in the Compute Shader
In the compute shader m
layout( local_size_x_id=12) in; (a"-
layout( local_size_x = 32, local_size_y = 1, local_size_z=1) in; Synchronization
In the C/C++ program: Mike Bailey
mjb@cs.oregonstate.edu
vsi.dataSize = sigeof(int);
vsi.pData = &numXworkitems; | http://cs.oregonstate.edu/~mjb/vulkan
SIGGRAPH 7 s —
Remember the Overall Block Diagram? 871 Where Synchronization Fits in the Overall Block Diagram 372

Application

Fence
Physical Physical Physical
Device Device Device
Logical Logical Logical Logical Logical Logical
Device Device Device Device Device Device
W Event
e Commanamurer_]

o SIGGRAPH
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Semaphores 373 Creating a Semaphore 374

Used to synchronize work executing on difference queues within the same logical device

* You create them, and give them to a Vulkan function which sets them. Later on, you tell VkSemaphoreCreatelnfo @
a Vulkan function to wait on this particular semaphore vsci.sType = VK_STRUCTURE_TYPESSEMAPHORE_CREATE_INFO;
vsci.pNext = nullptr;
. " " : vsci.flags = 0;;
* You don't end up setting, resetting, or checking the semaphore yourself
o “ ” VkSemaphore semaphore;
+ Semaphores must be initialized (“created”) before they can be used result = vkCreateSemaphore( LogicalDevice, IN &vsci, PALLOCATOR, OUT &semaphore );

This doesn’t actually do anything with the semaphore — it just sets it up

Ask for Something Tl ‘ Try to Use that Something

€ SIG6RAPH
- i R

Semaphores Example during the Render Loop 375 Fences 376

VkSemaphoreCreatelnfo
vsci.sType = VK_STRUCTUR
vsci.pNext = nullptr;
vsciflags = 0;

result = vkCreateSemaphore( LogicalDevice, IN &vsci, PALLOCATOR, OUT &imageReadySemaphore );

uint32_t nextimagelndex;
vkAcquireNextimageKHR( Logical ain, IN UINT64_MAX,

ice. IN
ageReadySemaphore N VK_NULL_HANDLE, OUT &nextimagelndex );
Set the semaphore

ELINE_STAGE_BOTTOM_OF_PIPE_BIT;

I YPE_SEMAPHORE_CREATE_INFO;

Used when the host needs to wait for the device to complete something big

Used to synchronize the application with commands submitted to a queue

Announces that queue-submitted work is finished

Much finer control than semaphores

VkPipelineStageFlags waitAtBottom = VK_PI
VkSubmitinfo
vsisType = VK_S
vsi.pNext = nullptr;
vsi.waitSemaphoreCoun
vsi.p! il
vsi.pWaitD: = = | Wait on the semaphore
vsi.commandBufferCount
i.pC =&
vsi.signalSemaphoreCount =

= \ nullptr;
S You do this to wait for an image
result = vkQ i tQueue, 1, IN &vsi, IN renderFence ); tobsireadyjtolbelrenderediinto) SIGGRAPH
(]

You can un-signal, signal, test or block-while-waiting

_SUBMIT_INFO;

mib— Juy 24,2020

Fences 377 Fence Example 378

#define VK_FENCE_CREATE_UNSIGNALED_BIT 0

VkFenceCreatelnfo Cvici; ) VkFence renderFence;
Vfci.sType = VK_STRUCTUR PE\FENCE_CREATE_INFO; vkCreateFence( LogicalDevice, &vici, PALLOCATOR, OU(&re
vfci.pNext = nullptr;

VkPipelineStageFlags waitAtBottom = VK_PIPELINE_STAGE_BOFTOM_OF_PIPE_BIT;

vici flags = VK_FENCE_CREATE_UNSIGNALED_BIT; =0
/I VK_FENCE_CREATE_SIGNALED_BIT is only other option VkQueue presentQueue;
kGetDe LogicalDevi FindQu hatDe ), 0, OUT & QL )
VkFence fence;
result = vkCreateFence( LogicalDevice, IN &vfci, PALLOCATOR, Q Visubmitinfo
e

N vsi.waitSemaphoreCount =\;

vsi.
vsi.pWaitDstStageMas!
vsi.commandBufferCount

Il returns to the host right away:

result = vkGetFenceStatus( LogicalDevid&
/I result = VK_SUCCESS means it has signaleg
Il result = VK_NOT_READY means it has ng¢signaled vsi.signalSemaphoreCour

vsipSignalSemaphores = (VkSemgphore) nullptr;
Wait on the fence(s)

whjtAtBottom;

result = vkQ Qs 1,IN &vsi

11 blocks the host from executing:
result = vkWaitForFences( LogicalDevice e waitForAll, timeout );

Il waitForAll = VK_TRUE: wait for allfences in the list

/I waitForAll = VK_FALSE: wait for any one fence in the list

/I timeout is a uint64_t timeout in nanoseconds (could be 0, which means to return immediately)

/I timeout can be up fo UINT64_MAX = OXFfFfffittif (= 580+ years)

Jl result = VK_SUCCESS means it returned because a fence (or all fences) signaled result = vkQueuePresentkHR( presentQueue, IN &vpi );

Il result = VK_TIMEOUT means it returned because the timeout was exceeded

result = LogicalDevice, 1, K_TRUE, UINT64_MAX );
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Events 379 Controlling Events from the Host 380

VkEventCreatelnfo

veci.sType = VK_STRUCTURE_TYPE_EVENT_CREATE_INFO;
« Events provide even finer-grained synchronization veci.pNext = nullptr;
veci.flags = 0;
« Events are a primitive that can be signaled by the host or the device
VKEvent event
« Can even signal at one place in the pipeline and wait for it at another place in the pipeline result= chremeEvem( LogicalDevice, IN &veci, PALLOCATOR, ‘
o o ) ) _ result = vkSetEvent( LuglcaIDev-
« Signaling in the pipeline means “signal me as the last piece of this draw command passes
hat point in the pipeline”. result = vkResetEvent( LogicaIDe
« You can signal, un-signal, or test from a vk function or from a vkCmd function result = vkGetEventStatus( LoglcalDev?
I/l result = VK_EVENT_SET:

Il result = VK_EVENT_RESET: not signaled

Can wait from a vkCmd function

Note: the host cannot block waiting for an event, but it can test for it

2 SIG6RAPH 2 SIG6RAPH
sy 21,2020 L] -y 20,2020

Controlling Events from the Device 381 382

Wulkan.

Pipeline Barriers

result = vkC [ IN event, pipeli )

result = vkC C IN event,

- . I
result = vkCi ts( C ] Could be an

Sevent array of events

Mike Bailey

mjb@cs.oregonstate.edu

Where signaled, where wait
for the signal

Memory barriers get executed
after events have been signaled

a Creative Commons
Note: the device cannot test for an event, but it can block

| http://cs.oregonstate.edu/~mjb/vulkan

SIGGRAPH %,
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From the Command Buffer Notes: 383 From the Command Buffer Notes: 384
These are the Commands that can be entered into the Command Buffer, | These are the Commands that can be entered into the Command Buffer, Il
vkCmdFillBuffer( commandBuffer, dstBuffer, dstOffset, size, data );

\KCmdBeginQuery( commandBuffer, lags ) vkCmdNextSubpass( commandBuffer, contents )
VkGrdBeginRenderPass(commandBufer, contcoren's . por ags,

t5); : t %
GBIt commandbulter mdbrype P %
\KCmaBindPipeline( commandBufier, ipeline ); YCmdPushConstans( commandBufer ayot sageFlge oo size pValves .
vkCmdBindVertexBuffers( commandBuffer, firstBinding, bindingCount, const pOffsets ); oint, ‘SYDUL set, D %
kamchﬂmags( commandBuffer, filter ); ka layout, set, pData );

const pRects ); )
KemdClomCaamaoe commandfer, pRanges VKCmdRese(Even( commandBuer, event, stageMask )
VKCmdClearDepthStencilmage{ commandBuffer, pRanges ); VkCmdRese{QueryPool commandSifer, quenPoo fsiOuer.queryCour
WGmdCopyBufer commandBufer. pneg.u..s) 1, dstimage, dstimageL ayout, regionCount, pRegions );

Tolmage( X 3
kadeopyImage( commandBuffer, pRegions 7‘ 3 )
VkCmdCopylmageToBuffer( commandBuffer, pRegions ); 3
VKGCopyQueryPooiResuls commandBufe. ags ) VkCdSetDoviceMaskKHX( commandBfer, deviceMask )
Markerlnfo ) ¢ %
kan\dDeDugMavkerEndE)ﬂ( commandBuffer ); vkCmdSetEvent( commandBuffer, event, stageMask );
ViGdDebughlarkernserEXT{ commandsufr,pharkerinfo) VKCmdSetLineWidih{ commandBufer, lineWidih )
groupCountZ ) firstScissor, scissorCount, pScissors );
KDt conmandeer ofee . faceMask, »
kamdDraw{ ccommandBuffer, vertexCount, mslanceCwnl !usWer\sx firstinstance ); vkCmdSetStencilReference( commandBuffer, faceMask, reference );
v) 1 firstindx in32. tvertexOffsat, irstinstance ) VkCmSetStoncWichask(commandsufer, faceesk wrishask )
WCmdDramindeediroacommandButir ande firstViewpor, viewporC s )
s stride ) firstViewport, ¥
VkCmdDrawindirect( commandBuffer, stride ); vkCmdUpdateBuffer( commandBuffer, dstBuffer, dstOffset, dataSize, pData );
vkCmdDrawindirectCountAMD( commandBuffer, stride ); tCount, pEvents
VKCmdEndQuery( commandBuffer, query ) t )
vkCmdEndRenderPass| commandBufier ) queryPool, query );
a st pC )

SGSRAPH 1, SGGRIPH 2,
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Potential Memory Race Conditions that Pipeline Barriers can Prevent 385

. Write-then-Read (WtR) — the memory write in one operation starts
overwriting the memory that another operation’s read needs to use

2. Read-then-Write (RtW) — the memory read in one operation hasn't yet
finished before another operation starts overwriting that memory

3. Write-then-Write (WtW) — two operations start overwriting the same
memory and the end result is non-deterministic

Note: there is no problem with Read-then-Read (RtR) as no data
has been changed
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Pipeline Stage Masks — 389

Where in the Pipeline is this Memory Data being Generated or Consumed?

VK_PIPELINE_STAGE_TOP_OF_PIPE_BIT
VK_PIPELINE_STAGE_DRAW_INDIRECT_BIT
VK_PIPELINE_STAGE_VERTEX_INPUT_BIT
VK_PIPELINE_STAGE_VERTEX_SHADER_BIT
VK_PIPELINE_STAGE_TESSELLATION_CONTROL_SHADER_BIT
VK_PIPELINE_STAGE_TESSELLATION_EVALUATION_SHADER_BIT
VK_PIPELINE_STAGE_GEOMETRY_SHADER_BIT
VK_PIPELINE_STAGE_FRAGMENT_SHADER_BIT
VK_PIPELINE_STAGE_EARLY_FRAGMENT_TESTS_BIT
VK_PIPELINE_STAGE_LATE_FRAGMENT_TESTS_BIT
VK_PIPELINE_STAGE_COLOR_ATTACHMENT_OUTPUT_BIT
VK_PIPELINE_STAGE_COMPUTE_SHADER_BIT
VK_PIPELINE_STAGE_TRANSFER_BIT
VK_PIPELINE_STAGE_BOTTOM_OF_PIPE_BIT
VK_PIPELINE_STAGE_HOST_BIT
VK_PIPELINE_STAGE_ALL_GRAPHICS_BIT

VK_PIPELINE_STAGE_ALL_COMMANDS_BIT

7/26/2020

vkCmdPipelineBarrier( ) Function Call 386

A Pipeline Barrier is a way to establish a memory dependency between commands that
were submitted before the barrier and commands that are submitted after the barrier

vkCmdPipelineBarrier( commandBuffer,

srcStageMask,———‘ Guarantee that this pipeline stage is completely done being used ‘
before

dstStageMaskh‘

allowing this pipeline stage to be used |

VK_DEPENDENCY_BY_REGION_BIT,
memoryBarrierCount, pMemoryBarriers,

bufferMemoryBarrierCount,  pBufferMemoryBarriers,

noryBarrierCount,  plr yBarriers

); Defines what data we will be
block

blocking on or g on

imib_ duy 24,2020

The Scenario 388

1. The cross-streets are named after pipeline stages
2. Alltraffic lights start out green

3. There are special sensors at all intersections that will know when any car in the src
group is in that intersection

4. There are connections from those sensors to the traffic lights so that when any car in the
src group is in the intersection, the proper dst traffic light will be turned red

5. When the last car in the src group completely makes it through its intersection, the
proper dst traffic light is turned back to green

6. The Vulkan command pipeline ordering is this: (1) the src cars get released, (2) the
pipeline barrier is invoked (which turns some light red), (3) the dst cars stop at the red
light, (4) the src intersection clears, (5) all lights are now green, (6) the dst cars continue.

mib— Juy 24,2020

Pipeline Stages 390

VK_PIPELINE_STAGE_TOP_OF_PIPE_BIT

CH _STAGE_VERTEX_INPUT_BIT
VK_PIPELINE_STAGE_VERTEX_SHADER_BIT

VK_PIPELINE_STAGE_TESSELLATION_CONTROL_SHADER BIT — |

VK_PIPELINE_STAGE_TESSELLATION_EVALUATION_SHADER BIT~_|

Bl
VK_PIPELINE_STAGE_ALL_COMMANDS_BIT

mib duy 24,2020
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Access Masks —
What are you Interested in Generating or Consuming this Memory for?

VK_ACCESS_INDIRECT_COMMAND_READ_BIT
VK_ACCESS_INDEX_READ_BIT
VK_ACCESS_VERTEX_ATTRIBUTE_READ_BIT
VK_ACCESS_UNIFORM_READ_BIT
VK_ACCESS_INPUT_ATTACHMENT_READ_BIT
VK_ACCESS_SHADER_READ_BIT
VK_ACCESS_SHADER_WRITE_BIT
VK_ACCESS_COLOR_ATTACHMENT_READ_BIT
VK_ACCESS_COLOR_ATTACHMENT_WRITE_BIT
VK_ACCESS_DEPTH_STENCIL_ATTACHMENT_READ_BIT
VK_ACCESS_DEPTH_STENCIL_ATTACHMENT_WRITE_BIT
VK_ACCESS_TRANSFER_READ_BIT
VK_ACCESS_TRANSFER_WRITE_BIT
VK_ACCESS_HOST_READ_BIT
VK_ACCESS_HOST_WRITE_BIT
VK_ACCESS_MEMORY_READ_BIT

[T VK_ACCESS_MEMORY_WRITE_BIT

391
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Access Operations and what Pipeline Stages they can be used In

T2 3 4

5

FTaET)

VK_PIPELINE_STAGE_TESSELLATION_EVALUATION_SHADER_BIT

VK_PIPELINE_STAGE_TOP_OF_PIPE_BIT
VK_PIPELINE_STAGE_VERTEX_INPUT_BIT
VK_PIPELINE_STAGE_VERTEX_SHADER _aIT
VK_PIPELINE_STAGE_TESSELLATION_CONTROL SHADER_BIT
VK_PIPEINE_STAGE_GEOMETRY_SHADER_BIT
VK_PIPELINE_STAGE_EARLY_FRAGMENT_TESTS_BIT
VK_PIPELINE_STAGE_FRAGMENT_SHADER_BIT
VK_PIPELINE_STAGE_LATE_FRAGMENT_TESTS_BiT
VK_PIPELINE_STAGE_COLOR_ATTACHMENT_OUTPUT_BIT
VK_PIPELINE_STAGE_BOTTOM_OF_PIPE_BIT
VK_PIPELINE_STAGE_COMPUTE_SHADER
VK_PIPELINE_STAGE_TRANSFER_BIT

« VK_PIPELINE_STAGE_DRAW_INDIRECT_8IT
VK_PIPELINE_STAGE_HOST_BIT

VK_ACCESS_INDIRECT_COMMAND_READ.8IT

393
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Pipeline Stages and what Access Operations are Allowed
2 E
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1 VK_PIPELINE_STAGE_TOP_OF_pIPE 8T
2 VKCPIPELINE STAGE_DRAW_NDIRECT 8T
3 VKCPIPELINE STAGE VERTEXINPUT_6IT . .
3 VICPIPELINE_STAGE_VERTEX_SHADER_BIT el
5 VKCPIPELINE_STAGE_TESSELLATION_CONTROL SHADERLBIT PR
6 VKCPIPELINE_STAGE_TESSELLATION_EVALUATION_SHAGER T e e
7 VKCPIPELINE STAGE GEOMETRY_SHADER T T Tele
8 VICPIPELINE STAGE_EARLY_FRAGMENT TESTS T T
5 VC RN STAGE FTAGNENT 1005751 el
10 VKCPIPEUINE STAGE_LATE FRAGMENT_TESTs BIT .
1 VK PIPEUNE STAGE COLGR ATTACHVENT GUTPUT it ..
12 VKCPIPELINE_STAGE_BOTTOM_OF pIPE BIT
VCPIPELINE STAGE_COMPUTE_SHADER T T=
VICPIPELINE_STAGE_TRANSFER_BIT ol
VCPIPEUNE STAGE HOST BIT ..
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Example: Be sure we are done writing an output image before using it
for something else

VK_PIPELINE_STAGE_TOP_OF_PIPE_BIT
VK_PIPELINE_STAGE_DRAW_INDIRECT BIT
VK_PIPELINE_STAGE_VERTEX_INPUT_BIT
VK_PIPELINE_STAGE_VERTEX_SHADER_BIT
VK_PIPELINE_STAGE_TESSELLATION_CONTROL_SHADER BIT
VK_PIPELINE_STAGE_TESSELLATION_EVALUATION_SHADER_BIT
VK_PIPELINE_STAGE_GEOMETRY_SHADER BIT m

Stages

'K_PIPELINE_STAGE_FRAGMENT_SHADER_BIT ~<———
VK_PIPELINE_STAGE_EARLY_FRAGMENT_TESTS_BIT
VK_PIPELINE_STAGE_LATE_FRAGMENT TESTS_BIT
VK_PIPELINE_STAGE_COLOR_ATTACHMENT_OUTPUT_BIT
VK_PIPELINE_STAGE_COMPUTE_SHADER BIT
VK_PIPELINE_STAGE_TRANSFER_BIT
VK_PIPELINE_STAGE_BOTTOM_OF_PIPE_BIT <+—— m
VK_PIPELINE_STAGE_HOST_BIT
VK_PIPELINE_STAGE_ALL_GRAPHICS_BIT
VK_PIPELINE_STAGE_ALL_COMMANDS_BIT

VK_ACCESS_INDIRECT_COMMAND_READ_BIT
VK_ACCESS_INDEX_READ_BIT
VK_ACCESS_VERTEX_ATTRIBUTE_READ_BIT
VK_ACCESS_UNIFORM_READ_BIT
VK_ACCESS_INPUT_ATTACHMENT_READ_BIT
VK_ACCESS_SHADER_READ_

VK ACCESS_SHADER_WRITE_BIT
VK_ACCESS_COLOR_ATTACHMENT_READ_BIT
VK_ACCESS_COLOR_ATTACHMENT WRITE_BIT
VK_ACCESS_DEPTH_STENCIL_ATTACHMENT_READ_BIT
VK_ACCESS_DEPTH_STENCIL_ATTACHMENT_WRITE_BIT
VK_ACCESS_TRANSFER_READ_BIT
VK_ACCESS_TRANSFER_WRITE_BIT
VK_ACCESS_HOST_READ_BIT
VK_ACCESS_HOST_WRITE_BIT

VK_ACCESS_MEMORY_READ_BIT
1171 Vi ACCESS MEMORY_WRITE_BIT

Access types

dst (no access setting needed)

394
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VK_PIPELINE_STAGE_TOP_OF_PIPE_BIT
VK_PIPELINE_STAGE_DRAW_INDIRECT_BIT
VK_PIPELINE_STAGE_VERTEX_INPUT_BIT
VK_PIPELINE_STAGE_VERTEX_SHADER_BIT 4=
VK_PIPELINE_STAGE_TESSELLATION_CONTROL_SHADER_BIT
VK_PIPELINE_STAGE_TESSELLATION_EVALUATION_SHADER_BIT
VK_PIPELINE_STAGE_GEOMETRY_SHADER_BIT
VK_PIPELINE_STAGE_FRAGMENT_SHADER_BIT
VK_PIPELINE_STAGE_EARLY_FRAGMENT_TESTS_BIT
VK_PIPELINE_STAGE_LATE_FRAGMENT_TESTS_BIT
VK_PIPELINE_STAGE_COLOR_ATTACHMENT_OUTPUT_BIT
VK_PIPELINE_STAGE_COMPUTE_SHADER_BIT
VK_PIPELINE_STAGE_TRANSFER_BIT
VK_PIPELINE_STAGE_BOTTOM_OF_PIPE_BIT < m
VK_PIPELINE_STAGE_HOST_BIT
VK_PIPELINE_STAGE_ALL_GRAPHICS_BIT
VK_PIPELINE_STAGE_ALL_COMMANDS_BIT

Stages

VK_ACCESS_INDIRECT_COMMAND_READ_BIT
VK_ACCESS_INDEX_READ_BIT
VK_ACCESS_VERTEX_ATTRIBUTE_READ_BIT
VK_ACCESS_UNIFORM_READ_BIT
VK_ACCESS_INPUT_ATTACHMENT_READ_BIT
VK_ACCESS_SHADER_READ_BIT
VK_ACCESS_SHADER_WRITE BIT '7-@
VK_ACCESS_COLOR_ATTACHMENT_READ_BIT
VK_ACCESS_COLOR_ATTACHMENT_WRITE_BIT
VK_ACCESS_DEPTH_STENCIL_ATTACHMENT_READ_BIT
VK_ACCESS_DEPTH_STENCIL_ATTACHMENT_WRITE_BIT
VK_ACCESS_TRANSFER_READ_BIT
VK_ACCESS_TRANSFER_WRITE_BIT
VK_ACCESS_HOST_READ_BIT
VK_ACCESS_HOST_WRITE_BIT
VK_ACCESS_MEMORY_READ_BIT
K_ACCESS_MEMORY_WRITE_BIT

Access types

dst (no access setting needed)

Example: Don’t read a buffer back to the host until a shader is done writing it

mib duy 24,2020
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The Scenario 307

Q

[}

IS

o
— — ] L — %
src cars EE‘, = a@ E 2 5 “ 2 gg
k] M - A [} W3 WD =
e T B e = e ar—zr—¢9
o m g m T [ =
o R | z F1 S |
o] [ (7} i H m o
e Zz I 1%} z o 7
e I 1
m e & = I @ =
2 = m o o = ]

stJe L JRL Rl Jcl ol
Ea Es B? E; 2
8 S z
dst cars Be X N g
— —Te ¥g —

VkimageLayout — How an Image gets Laid Out in Memory 398
depends on how it will be Used

VkImageMemoryBarrier vimb®
vimb.sType = VK_STRUCTURE_TYPE_IMAGE_MEMORY_BARRIER;
vimb.pNext = nullptr;
vimb.srcAccessMask = 72

vimb.dstAccessMask = 77;
vimb.oldLayout
vimb.newLayou
vimb srcQueueFamilylndex = VK_QUEUE_FAMILY_IGNORED;
vimb.dstQueueFamilyindex = VK_QUEUE_FAMILY_IGNORED;
vimb.image = ??;
vimb.subresourceRange = visr;

VK_IMAGE_LAYOUT_UNDEFINED
VK_IMAGE_LAYOUT_GENERAL
VK_IMAGE_LAYOUT_COLOR_ATTACHMENT_OPTIMAL +—
VK_IMAGE_LAYOUT_DEPTH_STENCIL_ATTACHMENT_OPTIMAL
VK_IMAGE_LAYOUT_DEPTH_STENCIL_READ_ONLY_OPTIMAL
VK_IMAGE_LAYOUT_SHADER_READ_ONLY_OPTIMAL «— | Read into a shader as a texture
VK_IMAGE_LAYOUT_TRANSFER_SRC_OPTIMAL«~—___
VK IMAGE_LAYOUT_TRANSFER DST OPTIMAL ~—__ [Copy rom |
VK_IMAGE_LAYOUT_PREINITIALIZED Gopy o
Show image to viewer

VK_IMAGE_LAYOUT_PRESENT_SRC_KHR +———
VK_IMAGE_LAYOUT_SHARED_PRESENT_KHR

min_ Ju 24,2020

399
Antialiasing and Multisampling
Mike Bailey
mjb@cs.oregonstate.edu
401

Aliasing

“Aliasing” is a signal-processing term for “under-sampled
compared with the frequencies in the signal”.

What the signal really is: What we think the signal is:
what we want too often, what we get
Sampling Interval \
—

{ i

Sampled Points

min Jub 24,2020

Here, the use of vkCmdPipelineBarrier( ) is to simply change the layout of an image |

@ SIGGRAPH S,
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Aliasing

Too often,
the Display We Get

The Display We Want
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Aliasing

7y
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The Nyquist Criterion

“The Nyquist [sampling] rate is twice the-maximum component frequencyof
the function [i.e., signal] being sampled.” -- WikiPedia

&Ny

min_ Ju 24,2020

Vulkan Specification Distribution of Sampling Points within a Pixel ~ 405

NR_SAMIPLE (UL 1 A_SAMBT_ERAINT_? BT K SAMPLE COUNT & BIT

VH_SAMPLE_CLUNI_E B VE_SAMPLE_LUUTI_tb_1E

mio— Juy 24,2020

Consider Two Triangles Who Pass Through the Same Pixel 407

Let's assume (for now) that the two

triangles don't overlap — that is, they
look this way because they butt up
against each other.

min Jub 24,2020
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MultiSampling 404
Oversampling is a computer graphics technique to improve the quality of your output image by
looking inside every pixel to see what the rendering is doing there.
There are two approaches to this:

1. Supersampling: Pick some number of sub-pixels within that pixel that pass the depth and
stencil tests. Render the image at each of these sub-pixels..

VE_SAMBT_OUNT 8 TeT
One pixel . Sub-pixels

2. Multisampling: Pick some number of sub-pixels within that pixel that pass the depth and
stencil tests. If any of them pass, then perform a single color render for the one pixel and
assign that single color to all the sub-pixels that passed the depth and stencil tests.

The final step will be to average those sub-pixels’ colors to produce one
final color for this whole pixel. This is called resolving the pixel.

mib_ duy 24,2020

Vulkan Specification Distribution of Sampling Points within a Pixel ~ 406

VE_SAMPLE COUMT_2 ST VE_SAMPLE COUNT & BIT VI SAMPLE COUNT 8 BIT  VIC_SAMPLE_COUNT_16_BIF

{05625, 0.3128) |0.5625, 0.5635)
(0378, 0.125) (0.4375, 0.3125%)
{CLAXTS, CLEATS) {02125, 0.625)
10,75, 0.£375)
10.25,0.25) (0LB125, 05635) (0.1875, 0.37%)
(.87, 0.373) (0.625, 0.512%)
(0.3135, CLUATS) {0.B13S, DL6ATS)
{0.BETS, 0L1ETS)
(0.1ETS, 0LB1S) {0.37S, 0875
(.128, 0.825)
{00625, LTS
om0
|67, .9075)
(.82, 0875} {0.9373, 0.25)
(09375, C.0675) {0,875, 0.5375)
10,0623, CL0}
= gy 24, 2020
Supersampling 408

Color sample from subpixel;

Final Pixel Color = 3

# Fragment Shader calls = 8

mib duy 24,2020
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Multisampling 409

) 3 + One color sample from A + 5 + One color sample from B
Final Pixel Color = 5

# Fragment Shader calls = 2

min_ Ju 24,2020

Consider Two Triangles Who Pass Through the Same Pixel an
Q: What if the blue triangle
completely filled the pixel when
it was drawn, and then the red
one, which is closer to the
viewer than the blue one, came.
along and partially filled the
pixel?

A: The ideas are all still the same, but the blue one had to deal with
8 sub-pixels (instead of 5 like before). But, the red triangle came
along and obsoleted 3 of those blue sub-pixels. Note that the
resolved” image will still turn out the same as before.

mio— Juy 24,2020

Setting up the Image 4“3

VkPipelineMultisampleStateCreatelnfo
vpmsci.sType = VK_STRUCTURE_TYP!
vpmsci.pNext = nullptr;
vpmsci.flags = 0;

VK_TRUE means to allow some
sort of multisampling to take place

S_PIPELINE_CREATE_INFO;
vgpci.pNext = nullptr;

vgpci.pMultisampleState = &vpmsci;

result = vkCreateGraphicsPipelines( LogicalDevice, VK_NULL_HANDLE, 1, IN &vgpci\
PALLOCATOR, OUT pGraphicsPipeline );

min Jub 24,2020
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What if the blue triangle completely filled the pixel when it was drawn, and then the
red one, which is closer to the viewer than the blue one, came along and partially
filled the pixel?

_ Multisampling Supersampling
Blue fragment 1 8
shader calls

Red fragment 1 3
shader calls

Consider Two Triangles Who Pass Through the Same Pixel 410
Let's assume (for now) that the two triangles don't overlap — that is, they look this
way because they butt up against each other.
_ Multisampling Supersampling
Blue fragment 1 5
shader calls
Red fragment 1 3
shader calls
bty 24,2020
Consider Two Triangles Who Pass Through the Same Pixel 412

mib— Juy 24,2020

Setting up the Image

414

VkPipelineMultisampleStateCreatelnfo vpmsci;

vpmsci.minSampIeShadin ’

VK_SAMPLE_COUNT_g BIT

At least this fraction of sa’mples will get their own fragment shader calls (as
long as they pass the depth and stencil tests).

0. produces simple multisampling
(0.,1.) produces partial supersampling

1. Produces complete supersampling
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Setting up the Image

VkAttachmentDescription
vad[0].format = VK_EQRMA Re&;
vad[0] sample€=
vad[0].loadOp = VK_ATTACHMENT TOAD_OP_ CLEAR:
vad[0] storeOp = VK_ATTACHMENT_STORE_OP_STORE;
vad[0] stencilLoadOp = VK_ATTACHMENT_LOAD_OP_DONT_CARE;
vad[0] stencilStoreOp = VK_ATTACHMENT_STORE_OP_DONT_CARE;
vad(0].initialLayout = VK_IMAGE_LAYOUT_UNDEFINED;
vad]0] finalLayout = VK_IMAGE_LAYOUT_PRESENT_SRC_KHR;
vad[0} flags = 0;

vad[1]format = VK_FORMAT_ AT S8_UINT;

vad[1].sampl

P_CLEAR;

Vad(1}storep = VK. ATTACHMENT STORE. GP. DONT_CARE:

vad[1]stencilLoadOp = VK_ATTACHMENT LOAD_OP_DONT CARE;
vad[1].stencilStoreOp = VK_ATTACHMENT_STORE_OP_DONT_CARE;
vad[1].initialLayout = VK_IMAGE_LAYOUT_UNDEFINED;

vad[1] finalLayout = VK_IMAGE_LAYOUT DEPTH_STENCIL_ATTACHMENT OPTIMAL;
vad[1] fiags = 0;

colorReference.attachment = '
colorReference.layout = VK_| IMAGE LAYOUT_COLOR_ATTACHMENT_OPTIMAL;

P 3

depthReference.attachment = 1;

depthReference.layout = VK_| IMAGE LAYOUT_DEPTH_STENCIL_ATTACHMENT_OPTIMAL;
%ﬁ L i Juy 24,2020

Resolving the Image: 417
Converting the Multisampled Image to a VK_SAMPLE_COUNT_1_BIT image

VIOffset3D
vo3.x =0;
vo3.y =0;
vo3.z=0;

VkExtent3D
ve3. wldlh Wldth

VklmageSubresourceLa
visl.aspecti

visl.baseArrg
visl.layerCol

VkimageResolve
vir.srcSubres;
virsrcOffset
vir.dstSubrespurge = visl;
virdstOffset
virextent = ve3;

ayout, 1, IN &vir );

srcimage, ayout, dstimage,

[ For the *ImageLayout, use VK_IMAGE_LAYOUT_GENERAL

mio— Juy 26,2020

Multipass Rendering uses Attachments -- 419
What is a Vulkan Attachment Anyway?

“[An attachment is] an image associated with a renderpass that can
be used as the input or output of one or more of its subpasses.”

-- Vulkan Programming Guide

An attachment can be written to, read from, or both.

For example:

Subpass H ’—-l H F ff

SIGGRAPH R
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Setting up the Image 416

VkSubpassDescnptlon
=0;
vsd p\pellneBlndPoint = VK_PIHELINE_BIND_POINT_GRAPHICS;
%, vsd.inputAttachmentCount = 0;
7, d = *)nuliptr;
%, vsd.colorAttachmentCount = 1{
“, d.pC: =&
fi
vsd.pl = (’ *)nuliptr;
vsd.pDi p 3

ysd.preserveAtiachmentCour

vrpci.pNext =

vrpci.flags = 0;
3 11 dolor and depth/stencil

vrpci.pAttachments = vad

vrpci.subpassCount =

vrpci.pSubpasses = IN &vsd

vrpci.dependencyCount = 0;

rpci.pD =(

“)nullptr;

result = vkCreateRenderPass( LogicalDevice, IN &vrpci, PALLOCATOR, OUT &RenderPass );

CEPERE

418
Multipass Rendering
Mike Bailey
mjb@cs.oregonstate.edu
=y 24, 2020
What is an Example of Wanting to do This? 420

There is a process in computer graphics called Deferred Rendering. The idea is that a
game-quality fragment shader takes a long time (relatively) to execute, but, with all the 3D
scene detail, a ot of the rendered fragments are going to get z-buffered away anyhow.
So, why did we invoke the fragment shaders so many times when we didn’t need to?

Here’s the trick:

Let's create a grossly simple fragment shader that writes out (into multiple framebuffers)
each fragment's:
position (x,y,z)
« normal (nx,ny,nz)
material color (r,g,b)
texture coordinates (s,t)

As well as:
« the current light source positions and colors
« the current eye position

When we write these out, the final framebuffers will contain just information for the
pixels that can be seen. We then make a second pass running the expensive
lighting model just for those pixels. This known as the G-buffer Algorithm.

mib duy 24,2020
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Back in Our Single-pass Days

So far, we've only performed single-pass rendering,
within a single Vulkan RenderPass.

Attachment #1

Depth A #0

3D Rendering Pass

Subpass #0

Here comes a quick reminder of how we did that.

Afterwards, we will extend it.

Back in Our Single-pass Days, |

422

mio_ duly 24,2020

VKAttachmentDescription @
vad[0]flags = 0;

VK_FORMAT _SRGB;

VK_SAMPLE_COUNT 1 B

ad[0] loadOp = VK_ATTACHMENT_LOAD_OP_CLEAR;

ad[0] storeOp = VK_ATTACHMENT_STORE_OP__STORE;

ad[0] stencilLoadOp = VK_ATTACHMENT_LOAD_OP_DONT_CAKE;

/ad[0].format
ad[0].sampl

Op = VK_ATTACHMENT_STORE_OP_DONT/CARE;
ad[0].initialLayout = VK_IMAGE_LAYOUT _UNDEFINED;
2d[0] finall ayout = VK_IMAGE__LAYOUT_PRESENT_SRC/KHR;

VK_SAMPLE_COUNT
- VK ATTACHMENT_LOAD_(

<
B
g g

adK] finalLayout = VK_IMAGE_LAYQUT DEPTH. STENCIL _ATTACHMENT_OPTIMAL;

colorReference
colorReference.layqut = VK IMAGE_LAYOUT_COLOR_ATTACHMENT_OPTIMAL;

depthReference. allachmen
=K

depthReference layout = VK 1MAGE_LAYOUT_DEPTH_STENCIL_ATTACHMENT_OPTIMAL;

imib_ duy 24,2020

Multipass Rendering 424
So far, we've only performed single-pass rendering, but within a single Vulkan RenderPass, we can
also have several subpasses, each of which is feeding information to the next subpass or subpasses.
In this case, we will look at following up a 3D rendering with Gbuffer operations.
#0 #1
1 1
r 1 r 1
o \% AN —
3D Rendering Pass I | Gbuffer Pass H Lighting Pass H Output |
L ] L ] L )
T I T
Subpass #0 Subpass #1 Subpass #2

mio— July 24,2020

Multipass, |

VkAttachmentDescription Vad [3]
vad[0].flags = 0;
[0].f

VK_FORMAT_D32_SFLOAT_S8_UINT;
d[0].samples = VK_SAMPLE_COUNT_1_BIT;
K_ATTACHMENT_LOAD_OP_DONT_CARE;
VK_ATTACHMENT_STORE_OP_DONT_CARE:
/ad[0].stencilLoadOp = VK_ATTACHMENT_LOAD_OP_DONT_CARE:
ad| Op = VK_ATTACHMENT_STORE_OP_DONT_CARE;

ad[0].initialLa K_IMAGE_LAYOUT_UNDEFINED;

Back in Our Single-pass Days, Il 423
VkSubpassDescription
vsd.flags = 0;
vsd.pipelineBindPoint = VK_PIPELINE_BIND_POINT_GRAPHICS;
vsd mpuU\tlachmeMCount =0;
vsd mlorAtlachmenlCaun
vsd.pColorAttachments = &colmRelerence
vsd.pl = *)nullptr;
d.pD
vsd.preserveAttachmentCount = 0;
vsd.pPreserveAttachments = (uint32_t *)nullpy’
VkRenderPassCreatelnfo
=VK_STRUCTURI RENDER_PASS_CREATE_INFO;
nuliptr;
IAcolor and depth/stencil
*)nullptr;
result = vkCreateRenderPass( LogicalDevice, IN &vrpci, PALLOCATOR, OUT &RenderPass );
SIGGRAPH 2%
425

ad[0].finalLa VK_IMAGE_LAYOUT_UNDEFINED;

vad[1].flags = 0;
vad[1].format = VK_FORMAT_R32G32B32A32_UINT;
vad[1 VK_SAMPLE_COUNT_1_BIT;
vad[1].

vad[1
vad|[1].stencilLoadOp = VK_ATTACHMENT_LOAD_OP_DONT
vad[1].stencilStoreOp = VK_ATTACHMENT_STORE_GP_DONT_CARE;
vad[1].ini K_IMAGE_LAYOUT _UNDEFINED;

vad[1] finall.ayout = VK_IMAGE__LAYOUT_UNDEFINED;

vad[2] flags = 0;

ad[2].format = VK_FORMAT_R8G8BBAS_SRGB;

/ad[2].samples = VK_SAMPLE_COUNT_1_BIT;

loadOp = VK_ATTACHMENT_LOAD_OP_DONT_CARE:
toreOp = VK_ATTACHMENT_STORE_OP_STORE;
tencilLoadOp = VK_ATTACHMENT_LOAD_OP_DONT CARE;
) Op
vad[2] initiall ayout = ViK_IMAGE_LAYOUT_UNDEFINED;
vad[2] finallLayout = VK_IMAGE__LAYOUT_PRESENT_SRC;

min Jub 24,2020

Multipass, Il

426

[ 30 Rundering

=i

VkAttachmentReference demhompul /
depthOutput attachment =

depth
depthOutput layout = VK_IMAGE._ LAVOUT D

gBufferinput.attachment = 0; I/ depth
gBufferinput layout = VK_IMAGE_LAYOUT_CO|

VkAttachmentReference gbufferOutput;
gBufferOutput attachment = 1; 1l gbufer]
gBufferOutput layout = VK_IMAGE_LAYOUT COLOR_ATTACHMENT/OPTIMAL;

lightinglnput[0].attachment = 0; /I dept
Igntiglnpu)iayout = VK IMAGE.| LAVOUT [EPTH_STEN
lightingInput{1].attachment
lightinglnpu1]layout = VK_ IMAGE LAVOUT SHADER _

_OPTIMAL;

VkAttachmentReference lightingOutput;
lightingOutput attachment = 2; ] color rendering:
lightingOutput = VK_IMAGE_LAYOUT_COLOR_ATTACHMENT_OPTIMAL;

_READ_ONLY_OPTIMAL;
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pDe
preserveAttachmentCount
pPreserveAttachments = (uint32_t *) nullptr;

*) nullptr: Directed Acyclic Graph (DAG).

VkSubpassDescription vsd[3]; Multipass, 1l 427 Multipass, IV 428
vsd[0].flags
= VK_PIPELINE_BIND_POINT_GRAPHICS; VkSubpassDependency vsdp[2];

d unt = 0; vsdp[0].srcSubpass - 0; Il depth rendering >

d = “nullptr; d 11> gbuffer

d unt d £ VK_PIPELINE_STAGE_COLOR_ATTACHMENT_OUTPUT_BIT;

4[0].pC: dpl { = VK_PIPELINE_STAGE_FRAGMENT_SHADER_BIT;
vsd[0 =( vsdp[0].srcAccessMask = VK_ACCESS_COLOR_ATTACHMENT_WRITE_BIT;

4[0].pD: = &depthOutput; vsdp[0].dstAccessMagk = VK_ACCESS_SHADER_READ_BI

[0 ount = VK_DEPENDENCY_BY_REGION_BIT;

4[0].pPr ttachment; 132_t*) nullpt
vsd[0].p recorvoAtachments = (uint32_t ) nullptr ! N -
vsd[1].flags = 0 vsdp[1] dstSubpass 11 = color output
vsd[1].pipelineBindPoint = VK_PIPELINE_BIND_POINT_GRAPHICS; | vsdp[1].srcStageMa: K_PIPELINE_STAGE_COLOR_ATTACHMENT_OUTPUT_BIT;
vac{ 1} mputAtachmentCourt T : vsdp[1].dstStageMagk = W\C_PIPELINE_STAGE_FRAGMENT_SHADER BIT;
vsd[1 *)nullptr; 1 P
vsd[1] colorAtachmentCount !
vsd[1].pColorAttachments &gBufferOu!put 1
vedl 1 “Mulltr [ Notice how similar this is to creating a

1
1

vsd[2].flags = 0;
= VK_PIPELINE_BIND_POINT_GRAPHI

d[2.i unt = 2;
< b
d| IorAtta t=1;
pC i
vsd[2].pf “nullptr;
pD *) nullptr;

e
vsd[2].pPreserveAttachments = (uint32_t *) nullptr

SIGBRAPH
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Multipass, V 429 Multipass, VI 430

C IN &vrpbi, IN VK_SUBPASS_CONTENTS_INLINE );

VkRenderPassCreatelnfo Il subpass #0 is automatically started here
[ VK_PIPELINE_BIND_POINT_GRAPHICS, Graph\csplpe\lne )
kCi dRmm‘ VK_PIPELINE_BIND_POINT_GRAPHICS,
GraphlcsF'lpelmeLayaut 0, 4, DescriptorSets, 0, (uint32_t *) nullptr );
KC 0, 1, vBuffers, offsets );
kCmdDraw( C vertexCount, instanceCount, firstVertex, firstinstance );

VK_SUBPASS_CONTENTS_INLINE );

vrpei.pDependencies = vedp; Jlsubpass #1 is started here
result = vkCreateRenderPass( LogicalDevice, IN &vrpci, PALLOCATOR, OUT &RenderPass ); VK_SUBPASS_CONTENTS_INLINE );
ll'subpass #2 is started here
C )

Atachment 80 Attachment &1

Depth Attachmant | | Gbuffer Attachmants | oE——

I'_Iﬁ
[ m'mmé ] muwbm - owwa |

T I 1
Subpass #0 Subpaas #1 Subpaas

mib— Juy 24,2020
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431 Analog Ray Tracing Example 432

Vulkan Ray Tracing

‘This work s licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0
License
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Digital Ray Tracing Examples 433

The Ray-trace Pipeline Involves Five New Shader Types 435
Any Hit
Ray Generation Shader (rahit)
Shader (rgen)
traceKHR()
Traversing the Intersection
A Structures Shader (rint)
- - Note: none of this lives in the graphics hardware pipeline.
‘ This s al buil on top of the compute functionalty.
Miss Shader Closest Hit
(rmiss) Shader (rchit)
A Ray Generation Shader runs on a 2D grid of threads. It begins the entire ray-tracing operation.
An ion Shader y-primiti
+ An Any Hit Shader is called when the Intersection Shader finds a hit.
+ The Closest Hit Shader is called with the information about the hit that happened closest to the
viewer. Typically lighting is done here, or firing off new rays to handle reflection and refraction.
AMiss Shader is called when no intersections are found for a given ray. Typically it just sets its
pixel color to the background color.
r— 1
437

The Ray Intersection Process for a Cube

1. Plane equation: Ax + By + Cz+ D =0
2. Ray equation: (x,,2) = (Xo,Y0.Zo) + t*(dx,dy,dz)

Plugging (x,y,z) from the second equation into the first equation and multiplying-
through and simplifying gives:

At+B=0
Solve for t

A cube is actually the intersection of 6 half-space
planes (just 4 are shown here). Each of these

will produce its own t intersection value. Treat them
as pairs: (t.to) . (tyrtyo) , (tit2) N

The ultimate entry and exit values are:
tin = mgx( min(te, te), min(tyy, o), min(t,, t,2) )
tnax = Min( Max(tyy, to), max(ty, ty,), max(t,y, t,z) )

sm W
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The Rasterization Shader Pipeline 434

l:l = Fixed Fun
I:l = Programmable

W
SIGGRAPH %, -y 20200

The Ray Intersection Process for a Sphere 438

1. Sphere equation: (x-x.)2 + (y-y,) 2 + (z-z,) 2 = R?
2. Ray equation: (x,Y,z) = (Xo,Y0.Zo) *+ t*(dx,dy,dz)

Plugging (x,y,z) from the second equation into the first equation and multiplying-
through and simplifying gives:

A2 +Bt+C=0
Solve for ty, t,

If both t; and t, are complex, then the ray missed the sphere.
If t; == t,, then the ray brushé sphere at a tangent point.
If both t; and t, are real and e ray entered and exited the sphere.

In Vulkan terms:
gl_WorldRayOriginKHR = (x;,Y,Z,)
gI_HitKHR = t

B 1s I ol-WorldRayDirectionKHR = (dx,dy.dz)

L] mib— Juiy 24, 2020

In a Raytracing, each ray typically hits a lot of Things 438
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Acceleration Structures 439
+ Bottom-level Acceleration Structure (BLAS) holds the vertex data and is built from vertex and index
VkBuffers
* The BLAS can also hold transformations, but it looks like usually the BLAS holds vertices in the original
Model Coordinates.
+  Top-level Acceleration Structure (TLAS) holds a pointer to elements of the BLAS and a transformation.
« The BLAS is used as a Model Coordinate bounding box.
+ The TLAS is used as a World Coordinate bounding box.
+ ATLAS can instance multiple BLAS's.
‘ Top Level Acceleration Structure ‘
Transform and Transform and Transform and Transform and
shading information shading information shading information shading information
B vel Bottom Level Bottom Level
Acceleration Structure Acceleration Structure Acceleration Stucture
Creating Top Level Acceleration Structures 441
vkCreateAccelerationStructureKHR TopLevelAccelerationStructure;
VKkAccelerationStructurelnfokHR
vasi.instanceCount
vasi.geometryCount
vasi.pGeometries
VkAccelerationStructureCr
cisTyy 5 LERATION_STRUCTURE_CREATE_INFO_KHR;
vasci.pNext = n
vasciinfo
vasci.compactedSize = 0;
result = vkC: ( LogicalDevice, &vasci, PALLOCATOR, &TopLevelAcceleraionrStructure );
mib_Juy 24,2020
443

A New Built-in Function

void traceKHR
accelerationStructureKHR topLevel,
uint rayFlags,
uint cullMask,
uint sbtRecordOffset,
uint sbtRecordStride,
uint missindex,
vec3 origin,
float tmin,
vec3 direction,
float tmax,
int payload
)i

In Vulkan terms:
gl_WorldRayOriginKHR = (x,,y0,2,)
gl_HitKHR = t

m"m gl_WorldRayDirectionKHR = (dx,dy,dz)
™ mio_ Juy 24,2020
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Creating Bottom Level Acceleration Structures 440

vkCreateAccelerationStructureKHR BottomLevelAccelerationStructure;

VkAccelerationStructurelnfokHR
= VK_ACCELERATION_STRUCTURE_TYPE_BOTTOM_LEVEL_KHR;

vasi.pNext = nullptr;
vasi instanceCount
vasi.geometryCount = << numby
vasi.pGeometries = << vertgs

of vertex buffers >>
buffer pointers >>

VkAccelerationStructureCreateyfokHR Casci)
isci.sType = VK_STRUCTURE_TYPE_ACTRLERATION_STRUCTURE_CREATE_INFO_KHR:
vasci.pNext = nullptr
vasci.info = &vasi;;
vasci.compactedSize = 0;

result = vkCreateAccelerationStructureKHR( LogicalDevice, IN &vasci, PALLOCATOR, OUT &BottomLevelAcceleraionrStructure );

IN'Lm ‘osleration Sinuch
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Ray Generation Shader 442

‘ Gets all of the rays going and writes the final color to the pixel

layout( location O rayPayloadKHR myPaylLoad
{

vec4 color;

void
main( )

traceKHR( topLevel, Q );
imageStore( framebuffet, gLGIobaIInvocationIDKHR.xy ;

A “payload” is information that keeps getting passed
through the process. Different stages can add to it. It
is finally consumed at the very end, in this case by
writing color into the pixel being worked on.

mib— Juy 24,2020

Intersection Shader 444

Intersect a ray with an arbitrary 3D object.
Passes data to the Any Hit shader.
There is a built-in ray-triangle Intersection Shader.

hitAttributeKHR vec3 attribs

void main( )
{

SpherePrimitive sph = spheres[ gl_PrimitivelD J;

vec3 orig = gl_WorldRayOriginkHR;

vec3 dir = normalize( g_WorldRayDirectionkHR );

float discr = bb — 4.°a°c;

L

return;
float tmp = (-b - sqrt(discr) )/ (2.°a);
if( g_RayTminkHR < tmp && tmp < gl_RayTmaxKHR )

vec3

rig + tmp * dir;

attribs 3
reportintersectionkHR( tmp, 0
retum:

tmp = (-b + sqrt(discr) ) / (2°a);
if( gl_RayTminkHR < tmp && tmp < gl
{

vec3 p = orig + tmp * dir;
attribs = p;

reportintersectionkHR{ tmp, 0 )
return;

b
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Miss Shader 445 Any Hit Shader 446

oy p Handle a ray that hits anything.
Handl that d t hit bject
EIEIDO AT Gt Store information on each hit.

Can reject a hit.

rayPayloadKHR myPayLoad layout( binding = 4, set = 0) buffer outputProperties
vec4 color; float outputValues| ];

13 } outputData;

void layout(location = 0) rayPayloadInKHR uint outputld;

main( ) layout(location = 1) rayPayloadinKHR uint hitCounter;
hitAttributeKHR vec 3 attribs;

(colory vec4(0., 0., 0., 1. );

} void

main( )

outputData.outputValues[ outputld + hitCounter ] = gl_PrimitivelD;
hitCounter = hitCounter + 1;

2 SIGGRAPH
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Closest Hit Shader 447 Other New Built-in Functions 448

Handle the intersection closest to the viewer.
Collects data from the Any Hit shader.
Can spawn more rays.

rayPayloadkKHR myPayLoad
{

vecs color: void terminateRayKHR( );
Y ' Loosely equivalent to “discard”
. [ void ignorelntersectionKHR( ); ‘
void
main( )

ved3 stp = gl_WorldRayOriginKHR + gl_HitKHR * gl_WorldRayDirectionKHR;
exture( MaterialUnit, stp ); /I material properties lookup - " PR
) l void reportintersectionKHR( float hit, uint hitKind ); ‘

In Vulkan terms:
gl_WorldRayOriginKHR = (x;,Y.2,)
gl_HitKHR = t
gl_WorldRayDirectionKHR =
(dx,dy,dz)

SIGGRAPH 2,
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Ray Trace Pipeline Data Structure 449 The Trigger comes from the Command Buffer: 450
viCmdBindPipeline( ) and vkCmdTraceRaysKHR( )
VkPipeline RaytracePipeline;
VkPipelineLayout PipelineLayout;
VkPipelineLayoutCreatelnfo vkCmdBindPipeline( CommandBuffer, VK_PIPELINE_BIND_POINT_RAYTRACING_KHR, RaytracePipeline );
vplci.sType
vplci.pNext
vplci.flags G c
vplci.setLayoutCount Offset
vplci pSetLayouts il
vplci.pushConstantRangeCount o e
vplci.pPushConstantRanges t J “';m .
result = vkCreatePipelineLayout( LogicalDevice, IN &vplci, nullptr, OU width, height, depth );,

VkRayTracingPipelineCreatelnfoki
vrtpci.sType
vrtpci.pNext
vrtpci flags
vrtpci.stageCount
vrtpci. pStages
vrtpci.groupCount
vrtpci.pGroups 3
vrtpci.maxRecursionDepth = << how many regdfsion layers de2R the ray tracing is allowed to go >>;
vrtpci.layout = PipelineLayout;
vrtpci.basePipelineHandle = VK_NULL_HANDLE;
vrtpci.basePipelinelndex = 0;

result = vkCreateRayTracingPipelineskHR( LogicalDevice, PALLOCATOR, 1, IN &vrtpci, nullptr, OUT &RaytracePipel

Iﬁa‘u “ ™ mib— July 24, 2020
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-1 m (an‘ Computer Graphics

Introduction to the Vulkan Computer Graphics API

Mike Bailey

mjb@cs.oregonstate.edu

ensed under a Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0
ional License

https://www.youtube.com/watch?v=QL7sXc2iNJ

.
| http://cs.oregonstate.edu/~mjb/vulkan
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