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Abstract

Shading languages are the major class of programming languages for a modern mainstream Graphics
Processing Unit (GPU). The programs of those languages are called “Shaders” as they were originally
used to describe shading characteristics for computer graphics applications. To make use of GPU accel-
erated shaders a sophisticated rendering Application Programming Interface (API) is required and the
available rendering APIs at the present time are OpenGL, Direct3D, Vulkan, and Metal. While Direct3D
and Metal are only supported on a limited set of platforms, OpenGL and Vulkan are for the most part
platform independent. On the one hand, Direct3D is the leading rendering API for many real-time graph-
ics applications, especially in the video game industry. But on the other hand, OpenGL and Vulkan are
the prevalent rendering APIs on mobile devices, especially for Android with the largest market share.

Each rendering API has its own shading language which are very similar to each other but varying
enough to make it difficult for developers to write a single shader to be used across multiple APIs.
However, since the enormous appearance of mobile devices many graphics systems are reliant on being
platform independent. Therefore, several rendering technologies must be provided as back ends. The
naive approach is to write all shaders multiple times, i.e. once for each shading language which is error-
prone, highly redundant, and difficult to maintain.

This thesis investigates different approaches to automatically transform shaders from one high-level
language into another, so called “cross-compilation” (sometimes also referred to as “trans-compilation”).
High-level to high-level translation is reviewed as well as algorithms with an Intermediate Representation
(IR) such as Standard Portable Intermediate Representation (SPIR-V). We are focusing the two most
prevalent shading languages, which are firstly OpenGL Shading Language (GLSL) and secondly DirectX
High Level Shading Language (HLSL), while Metal Shading Language (MSL) is only briefly examined.
The benefits and failings of state-of-the-art approaches are clearly separated and a novel algorithm for
generic shader cross-compilation is presented.
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1 Introduction

1.1 Overview

In this thesis a novel method for cross-compiling shading languages is presented and compared to other
state of the art approaches. The main focus is on the two mainstream shading languages HLSL and GLSL
for real-time graphics applications.

HLSL is the shading language of the Direct3D rendering API, while GLSL and its subtly modified
dialect OpenGL ES Shading Language (ESSL) is the shading language for the OpenGL, OpenGL ES, and
WebGL rendering APIs. There is also the modern shading language called “Metal” (or rather MSL) that
is supported by the correspondent rendering API, but due to its limitation for products by Apple Inc. and
the alternative of ESSL it is only briefly examined. Although Direct3D is only available on a limited set of
platforms as well, more precisely on platforms provided by Microsoft Corporation, its large distribution
in the video game industry makes HLSL a major candidate for cross-compilation.

Although HLSL and GLSL have the same purpose and are quite similar in many ways, there are also
lots of differences in both syntax and semantics. Even a very primitive shader program like shown in
Listing 1.1 must be translated to something that looks quite different as shown in Listing 1.2, or vice
versa. These two shaders both only pass the input vertex coordinate to the fragment shader.

Listing 1.1: HLSL Listing 1.2: GLSL

struct v2f {

— .. #version 130
float4 position : SV_Position;

in vec4 coord;
void main() {
gl_Position = coord;

3
v2f VS(float4 coord : COORD) {
return (v2f)coord;

g A wWN -

}

}

This thesis covers different approaches to allow those shaders being written only once and to be used
on multiple rendering APIs. These approaches reach from heavy macro meta-programming over simple
parsers to full shader compilers.

1.2 Motivation

Platform independence is a very important quality for a broad range of applications. This applies to end
user applications that are meant to run on a variety of desktop and mobile platforms such as Windows,
macOS, GNU/Linux, Android, and iOS as well as to middleware software that composes the foundation
of such end user programs.

In the situation of real-time graphics applications this requirement has changed in the recent years.
Before the enormous appearance of mobile phones with 3D hardware acceleration (simply known as
“smartphones”), the leading shading language was HLSL and its (now obsolete) dialect C for Graphics
(Cg), which was developed by NVIDIA together with Microsoft [23, 34]. This was the case for at least
the video game industry where HLSL (or Cg) was supported on the major gaming platforms: Microsoft®
Windows, Microsoft® Xbox® 360, and Sony™ PlayStation® 3. In the field of research, GLSL was the
prevalent shading language, due its platform independence on desktop computers. Though, since the
market share of smartphones, especially those with Google Android and Apple iOS that do not sup-
port HLSL at all, has grown rapidly, the importance to support multiple shading languages in graphics
applications has increased.

Because the naive approach of translating shader programs by hand is time consuming, error-prone,
and hardly maintainable when shaders are altered or extended, an automatic translation of these pro-
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grams is highly necessary. Since this problem is not new to the development process of platform in-
dependent rendering systems, many different approaches and solutions exist throughout the web and
technology community. However, lots of these solutions are tied to a specific project or needs of a com-
pany, some are very limited in the sense of source language support, yet other approaches only support
outdated versions of a shading language, and some cross-compilers depend on a platform specific tool
and therefore restricting their benefit of platform independence.

One of the most relevant projects for shader cross-compilation is the GLSL reference compiler named
glslang together with the SPIRV-Cross framework by The Khronos Group [22, 3]. This framework is pri-
marily deployed to compile GLSL code into SPIR-V to be used for the Vulkan rendering API. Since glslang
also has a front-end for HLSL, and SPIRV-Cross has multiple back-ends to produce high-level GLSL,
HLSL, and MSL it is currently one of the most advanced shader cross-compilers. Therefore, the compiler
framework by The Khronos Group is examined in more depth and compared to our novel method for
cross-compiling shading languages for which an implementation exists in form of the XShaderCompiler
project [14].

1.3 Outline

Here is a brief outline of the following chapters:

Chapter 2: Background
Gathers the fundamental terms and concepts of shaders, shading languages, and compiler theory.
There is a quick introduction into shaders including a simple visual example. The example is sup-
plemented with a code review for all major shading languages of real-time graphics. Furthermore,
the definitions and basics of formal languages are specified and examined. In the end, the theoret-
ical structure of a compiler is examined.

Chapter 3: Related Work
State of the art proceedings for cross-platform shader development is presented in this chapter.
Not only other cross-compilers are reviewed but also entirely different approaches to make shaders
available for multiple rendering systems: From naive approaches like macro expansion to novel
algorithms involving dedicated shader compilers with high-level assembler concepts.

Chapter 4: Concept
In this chapter the major differences between the two most widely used shading languages are
analyzed in detail. The chapter is separated into many more or less independent sections. Each
section describes a distinct topic where a sophisticated translation between the languages is nec-
essary. There are also one or more examples for each section to illustrate the general idea of the
translations. The chapter also investigates where compromises in the translation are inevitable. A
summary of the most important differences is highlighted supplementary at the end of the chapter.

Chapter 5: Implementation
The implementation details of a novel algorithm for shader cross-compilation are presented. Vari-
ous details from the previous chapter are analyzed in more depth and also in relation to a practical
shader compiler. Several proposals for adequate simplifications in the compiler implementation are
presented, too.

Chapter 6: Results and Discussion
The results of the novel algorithm are compared to those of other state of the art approaches as
well as a hand written translation which is assumed as ground truth. Several shader examples are
considered from both small sized shaders as well as large production shaders.

8 1 Introduction



Chapter 7: Conclusion and Future Work
Summarizes the features of the novel method and clearly separates its benefits and failings com-
pared to previous work. A conclusion for the use of this method is also formulated. Prospective
ideas for further improvements are proposed. A few possibilities to extend a shading language
specifically for the purpose of cross-compilation are presented in the appendix, too.

1.3 Outline 9






2 Background

Before we can look at state of the art methods for shader cross-compilation, we need to consider some
fundamentals about shaders and compilers in general.

2.1 Shaders

Shading languages have their origin in Pixar’s RenderMan shading language [11] and their programs are
called “Shaders” as they were originally used to describe shading characteristics for computer graphics.
Modern GPUs are no longer restricted to shading characteristics and their massively parallel execution
units can be utilized for General Purpose Computing on Graphics Processing Units (GPGPU), such as
physics and fluid simulations [27], but also statistical analysis and deep machine learning algorithms
[48, 35]. The name “shading language”, however, remained for GPU-based programs.

The shading languages we are focusing on in this thesis have several types of shaders, each for a
certain stage within the graphics pipeline, whereas the shader type for GPGPU has its own encapsulated
pipeline. All these types of shaders can be outlined in the following table:

Type Remarks

Vertex processing such as world coordinate and normal vector
transformation, and projection into screen space. This shader is
often used for animation, but also to simply pass the input data
on to the next shader stage.

Vertex Shader

Controlling tessellation of output patches. Can be used to let the
GPU generate many geometric primitives (i.e. Points, Lines, or
Triangles) out of a patch of up to 32 control points.

Tessellation Control Shader
(also Hull Shader)

Evaluates the input patch from the previous shader stage. Can be
used to apply displacement mapping by transforming the tessel-
lated primitives by a texture buffer for instance.

Tessellation Evaluation Shader
(also Domain Shader)

Generates or discards the final geometric primitives and passes

Geometry Shader )
Ty them on to the rasterizer.

Generates or discards the final pixel fragments that might present
a pixel on the screen. This is commonly the only shader stage that
performs actual ‘shading’.

Fragment Shader
(also Pixel Shader)

General purpose shader stage within its own encapsulated shader

Compute Shader o
pipeline.

In the simplest form, a modern rendering system commonly needs at least a vertex- and a fragment
shader to display something on the screen. Algorithm 1 illustrates the idea of a simple vertex- and frag-
ment shader to render a basic Lambertian Reflectance Model [28, 36] for diffuse lighting. M,,,, specifies
the world-view-projection matrix, to transform a coordinate from object space into projection space. M,,
specifies the world matrix (€ R**®), to transform a normal vector from object space into world space, but
without translation. V, N, and C specify the vertex coordinate, normal vector, and color respectively,
the vector index v2f specifies the “vertex-to-fragment” exchange data, and the vector indices in and out
specify the input and output data respectively.

In an optimal scenario of parallel computation, the vertex shader is then executed simultane-
ously for each vertex of the input model, and the fragment shader is executed simultaneously

1



Algorithm 1 Simple Vertex and Fragment Shader

1: procedure VERTEXSHADER(M,,,, € R™*; M, € R¥3; V), V5 € R%; N;;,, N,or € R?)
2: Vigr < My, X Py > Transform coordinate from object- to projection space
3: N,y < M, x V, > Transform normal vector from object- to world space

4: procedure FRAGMENTSHADER(Cyigrser Vi Cour € RY; Ny, Ly € R?)
5: Cout < Ciffuse X max {0, [INoagll2 - [ Lin | 2} > Compute diffuse lighting with Lambert factor

for each fragment. Therefore, a shader can be considered to be something like a formula to de-
scribe the resulting characteristic, and this formula is applied to each vertex or fragment inde-
pendently. An overview of the major stages in a graphics pipeline is illustrated in Figure 2.1.
While the red stages are so-called fixed function stages that can only

be configured by a straightforward set of options, the blue stages are

so-called programmable stages or rather the shader stages itself. Some

shader stages are optional, like the tessellation shader stages for in-

stance. Figure 2.2 illustrates an example implementation of the shader

of Algorithm 1, with a sphere model constructed out of thousands of Vertex

tiny triangles. Shader

\ 4

Tess.-Control
Shader

Tess.-Evaluation
Shader

Geometry

Shader

Figure 2.2: Lambertian Reflectance Model for diffuse lighting. E——
Caigiuse = (1,0.7,0.3,1)" 5 Ly, = (1,1,3)". S

Most shading languages are derivations of the C programming lan-
guage or rather a superset of the subset of C [45, 6]. Except MSL which
is a superset of the subset of C++14 [15]. Therefore, at least the syn-
tax of all shading languages is quite similar, especially the declaration
of control flow like the well-known for-loop and if-condition state-
ments. They also have the same limitations in common, one of which
is the lack of function recursion, due to the missing stack and the par-
allel nature of GPUs. And pointers to global memory, which are a basic language construct in the C
programming language, are not supported in GLSL and HLSL, too. Note that the GPGPU languages
OpenCL and CUDA are exceptions in the case of pointers and other semantics [54, 47], but they are
beyond the scope of this thesis.

Figure 2.1: Graph of a graphics
shader pipeline.
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Alongside all similarities between the shading languages we are targeting, one of the major difference
is the input and output semantics. We now consider the example of the basic diffuse shading from above
again, and look at a proposed implementation for GLSL (Listings 2.1, 2.2), HLSL (Listings 2.3, 2.4), and

OO WN -

NGO WN -

OO WN -

Metal (Listing 2.5):

Listing 2.1: GLSL: diffuse.vert

Listing 2.2: GLSL: diffuse. frag

#version 460 1 |#version 460
2
uniform mat4 wvpMatrix; 3 |uniform vec4 C_diffuse;
uniform mat3 wMatrix; 4 |uniform vec3 L_in;
5
layout(location = 0) in vec4 V_in; 6 |in vec3 N_v2f;
layout(location = 1) in vec3 N_in; 7
8 |layout(location = 0) out vec4d C_out;
out vec3 N_v2f; 9
10 | // Fragment shader entry point
// Vertex shader entry point 11 |void main() {
void main() { 12 // Compute diffuse lighting
// Transform coordinate/normal vector 13 vec3 N = normalize(N_v2f);
gl_Position = wvpMatrix * V_in; 14 vec3 L = normalize(L_in);
N_v2f = wMatrix * N_in; 15 C_out = C_diffuse * max(®, dot(N, L));
] 16 |}
Listing 2.3: HLSL: diffuse.hlsl Ist part o .
g p Listing 2.4: HLSL: di £fuse.hlsl 2nd part
v h ]
//_ ertex s aqer entry point 14 | // Fragment shader entry point
void VertexMain( . .
. . 15 |void FragmentMain(
uniform float4x4 wvpMatrix, X .
] . 16 uniform float4 C_diffuse,
uniform float3x3 wMatrix, . .
. . 17 uniform float3 L_in,
in float4 V_in POSITION, .
. . 18 in float3 N_v2f NORMAL ,
in float3 N_in NORMAL , 19 out float4 C_out SV_Target)
out float4 V_v2f SV_Position, 20 | { - - 9
t float3 N_v2f NORMAL
{ ou od -V ) 21 // Compute diffuse lighting
// Transform coordinate/normal vector 22 float3 N = normal%ze(N_YZf);
V_v2f = mul CwvpMatrix, V_in): 23 float3 L = normalize(L_in);
—ver T pratrix, ‘-inJjs 24 | C_out = C_diffuse * max(®, dot(N, L));
N_v2f = mul (wMatrix, N_in);
25 |}
}
Listing 2.5: Metal: diffuse.metal
#include <metal_stdlib>
using namespace metal;
struct VertexIn {
float4 V [[attribute(®)]];
float3 N [[attribute(1)]];
1
struct VertexOut {
float4 V [[position]];
float3 N;
1
// Vertex shader entry point
vertex VertexOut VertexMain( VertexIn Y [[stage_in]],

constant float4x4& wvpMatrix [[buffer(1)]1],

constant float3x3& wMatrix

[[buffer(2)]1] )

2.1 Shaders
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VertexOut v2f;
v2f.V = wvpMatrix * v.V;

v2f.N = wMatrix * v.N;
return v2f;
}
fragment float4 FragmentMain( VertexOut v2f [[stage_in]],
constant float4& C_diffuse [[buffer(3)]],
constant float3& L_in [[buffer(4)]1] )
{
float3 N = normalize(v2f.N);
float3 L = normalize(L_in);

return C_diffuse * max(0.0, dot(N, L));

GLSL Example Review

The GLSL implementation of our example points out, that the vertex and fragment shaders must be
separated into multiple sources or rather source files (shown in Listings 2.1, 2.2). This also applies to
any other shader stage. One of the reasons for this restriction is the main-function, the so-called entry
point, which must have the same function signature® in every GLSL shader. The input values are either
the vertex attributes (V_in and N_in in diffuse.vert), or the data from the previous shader stage
(N_v2f in diffuse.frag). The output values are either the data that are going to be passed on to the
next shader stage (N_v2f in diffuse.vert), or the fragment output (C_out in diffuse. frag). For the
obsolete GLSL versions 110 and 120, input and output fields where both specified with the varying
keyword, but we focus on the modern GLSL versions that range from 130 to 460 at the present time. For
certain Input/Output (IO) fields there is a reserved word that begins with “gl_” such as gl_Position
and from now on we will call these reserved IO fields system value semantics, as they are called that way
in HLSL, due to their special meaning for the rendering system.

The rest of the shader is straightforward: uniform data fields denote constant values that are provided
by the host application (i.e. the program running on the Central Processing Unit (CPU)) and they are, as
the name implies, uniform for each shader invocation?; the data types vec3/4 and mat3/4 denote vector
and matrix types respectively; the layout(location = index) qualifier® specifies the IO slot; and the
math functions normalize, max, and dot are predefined functions, so-called intrinsics.

HLSL Example Review

HLSL supports multiple entry points in a single source file, which is illustrated by the functions
VertexMain and FragmentMain (shown in Listings 2.3, 2.4). Even though all shader inputs and outputs
are declared uniformly inside function parameter lists, HLSL supports several different ways to do that,
e.g. by using the function return type, wrapping parameters into structures, or declaring the uniform
data fields outside the function declaration just like in the GLSL example. Unlike GLSL, HLSL provides
the mul intrinsic rather than an operator for vector and matrix multiplication. Moreover, system value

Function signatures define input and output of functions or methods.
Shader invocation denotes the execution of a shader for a single thread on the GPU.
Layout qualifiers in GLSL affect where the storage for a variable comes from.

2
3
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semantics are declared with reserved semantic names rather than variable names (here SV_Position
and SV_Target); all other semantics are user-defined'. Note that all semantics are case insensitive, but
for convenience, all user-defined semantics are written in upper-case letters.

The rest of the shader is quite similar to the GLSL example, except that the vector and matrix type
names consist of their scalar type and dimensions.

Metal Example Review

In the Metal example we can again define multiple shader entry points within a single source file, just like
in HLSL. Additionally, the shader type is specified for each entry point as well (here with the keywords
vertex and fragment in Listing 2.5). Among the different syntax of attributes (e.g. [[stage_in]] in
the Metal example), the presence of pointers and references is a major difference between Metal and
the previous examples. The uniform values are passed into the shaders with constant references (e.g.
constant float4x4 &). It is one of the side-effects of the closer coupling between Metal and C++14,
compared to the rather weak coupling between HLSL/GLSL and C. Another adoption from C++14 is the
inclusion of the language’s standard library (i.e. metal_stdlib for Metal), while in HLSL and GLSL the
standard library (which contains all intrinsics for instance) is included in the language itself and does
not require or support a manual inclusion. As long as the metal namespace is not resolved (like in line
3 of Listing 2.5), all vector/matrix types and intrinsics must be called with its namespace prefix (e.g.
metal::float4).

The rest of the shader looks quite similar to the HLSL and GLSL examples, so the function bodies in
all three examples are somehow related.

2.1.1 Language Feature Comparison

After we have seen an example of a simple graphical shader implementation in three different shading
languages, it’s time to assemble a feature comparison between these languages. This is important to
understand on which key elements the conversion or rather cross-compilation operates. As mentioned
earlier, the examples above essentially illustrate the differences of input and output semantics between
the languages. We will later discuss additional alternatives to declare these data fields. Beyond IO se-
mantics, there are several other features with different support in GLSL, HLSL, and Metal. The most
remarkable feature differences are listed in the following table:

Feature GLSL HLSL Metal
Separation of Textures and Samplers | Only for Vulkan v v
Implicit Type Conversion Restricted Extensive | Extensive
Object-Oriented Intrinsics Few Exceptions v v
Multiple Entry Points X v

Default Arguments X 4 v
Type Aliasing X 4 v
L-Values of Input Semantics X 4 v
Embedded Structures X v v
Member Functions X 4 v
Inheritance X v v

1 User-defined semantics are supported since HLSL 4.0; Before, only pre-defined semantics were supported.
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When translating HLSL into GLSL for instance, all those features that are not supported in GLSL must be
handled and converted properly, and sometimes the avoidance of overhead such as wrapper functions?
is barely feasible.

2.2 Formal Languages

As a crossover between shaders and compilers we first consider formal languages which are the basis
for every programing language. Formal language theory was initiated by Noam Chomsky in the 1950s
[16], and provides a minimal mathematical representation to describe language phenomena. Therefore,
formal languages are used for the specification of programming languages, which is necessary to develop
the respective compiler. Let us begin with a few definitions for the further proceeding:

DeriniTiON 1 (adopted from [17]) An alphabet, denoted as X, is a finite non-empty set of symbols,
whereat symbols are meant to be indivisible.

For example the English language has an alphabet of 52 symbols: the letters ‘a’-z’ and ‘A’-‘Z’; binary
code has an alphabet of only two symbols: ‘9’ and ‘1’; and the alphabet used for many compilers is
the American Standard Code for Information Interchange (ASCII) that contains 128 symbols, so-called
“characters”.

DeriniTION 2 (adopted from [17]) A string over an alphabet T is a finite sequence of symbols of %, and €
denotes the empty string.

For example the well-known hex-code “9xDEADBEEF” is a string from the ASCII alphabet, and “001601010”
is a string from both the ASCII and binary alphabets.

DeriniTION 3 (adopted from [17]) For any alphabet %, a language over X is a set of strings over %, and
its members are also called words of the language.

For example for an alphabet ¥; = {y,e,s,n,o} a valid language could be L; = {yes,no}. For a simple
language like L, it is sufficient to enumerate all words of that language, but for infinite languages (i.e.
languages with infinite words) another representation is necessary. There are three essential methods to
represent such infinite languages: regular expressions, pattern systems, and grammars.

2.2.1 Regular Expressions

DeriniTION 4 (adopted from [17]) The regular expressions over an alphabet Y. and the languages they
represent are defined inductively as follows:

1. The symbol @& is a regular expression, and represents the empty language.

2. The symbol € is a regular expression, and represents the language only containing the empty string.

3. Yc € %, c is a regular expression, and represents the language {c}, whose only member is the string
consisting of the single character c.

4. If r and s are regular expressions representing the languages R and S, then (r|s), (rs), and (r*) are
regular expressions that represent the languages RU S, RS, and R* respectively.

For example (very.)*important is a regular expression over {a,e,i,m,n,o,p,1,t,v,y, _} that matches
the words “important”, “very important”, “very very important”, and so on. Note that per definition “very
important” for instance is a single word and not two in the sense of formal languages.

Regular expressions, first introduced by [24], are integrated within several programming languages
such as ECMAScript, Perl, and Python just to name a few of them. However, the set of all regular expres-
sions cannot be described with a regular expression itself. Therefore, they are inappropriate to describe
a complex programming language, or rather a language that is non-regular. A common example of such

a non-regular language is {0"1"|n > 1} = {01,0011,000111,...} for which no regular expression exists.

L A wrapper function is a subroutine that calls primarily a second subroutine.
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2.2.2 Pattern Systems

Another method to represent formal languages is to use pattern systems [2], which we can define as
follows:

DEerINITION 5 (adopted from [17]) A pattern system is a triple (X, V, p), where X is the alphabet, V is a
set of variables with X NV = @&, and p is a string over % UV called the pattern. The language generated by
this pattern system consists of all strings over X that can be obtained from p by replacing each variable in p
with a string over .

For example the pattern system ({a, b}, {v;}, v;v;) describes the language which consists of all strings
that are the concatenation of two equal substrings for 3 = {a, b}, namely the set {xx|x € {a,b}*} (where
“abbababbab” and “abbaabba” are valid words for instance), which is not a regular language, but a
P reire
so-called pattern language.
Although regular expressions and pattern system are quite differently, they are both not expressive
enough to be used for complex programming languages.

2.2.3 Grammars

We need a more general system for representing languages, and formal grammars are perhaps the most
conducive notion for that.

DeriNITION 6 (adopted from [17]) A grammar is a quadruple (%,V,S, P), where:

Y. is a finite non-empty set called the terminal alphabet, whose elements are called terminals.

V with VNX = @ is a finite non-empty set, whose elements are called non-terminals or variables.

S €V is called the start symbol.

P is a finite set of rules (also called productions) of the form a — 3, where a € (XU V)*V(Z UV)*
and B € (XU V)* ie. both a and 3 are strings of terminals and non-terminals, but only a contains
at least one non-terminal.

R W=

Let us consider the following example of a very primitive English grammar G, = (%,V, S, P), which is
defined as follows:

* 3 = {I, greet, see,you, me
rather than letters).

* V = {Sentence, Subject, Verb, Object} is the set of non-terminals.

* S = Sentence is the start symbol.

* P has the following production rules:

.} is the terminal alphabet (Note that this time X comprises words

Py

Sentence — Subject,_Verb_,Object.
Subject — 1
Subject — you
Verb — greet
Verb — see
Object — you
Object — me
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With the grammar G; we can produce English sentences like “I greet you.”, “you see me.” for instance.
Now recall the example of the non-regular language {0"1"|n > 1} we have seen earlier: Let be G, =
({0,1},{S,T,0,1},S, P), where P has the following production rules:

S—0T
S—0lI
T —SI
0—-0
I—-1

It can easily be seen, that the grammar G, satisfies the non-regular language from above.

Grammars are classified in a hierarchy of four types of grammars, called the Chomsky Hierarchy, due
to the work of Noam Chomsky [16]. Each higher layer in the hierarchy decreases the extent of languages
that can be represented by a grammar of that layer. This hierarchy is illustrated in Figure 2.3 and the
description of each layer is outlined in the following table:

Type Name Remarks
Type-0 Unrestricted/ Languages of Type-0 can be accepted by a
Recursively enumerable Turing Machine (TM)
Type-1 Context-sensitive Languages of Type-1 can be accepted by a
Linear-bounded Automaton (LBA)
Type-2 Context-free Languages of Type-2 can be accepted by a
Push-down Automaton (PDA)
Type-3 Regular Languages of Type-3 can be accepted by a

Deterministic Finite Automaton (DFA)

Context- Context- Recursively
free sensitive enumerable
(PDA) (LBA) (TM)

Regular

(DFA)

Figure 2.3: Chomsky hierarchy of formal languages/grammars.

The syntax of most programming languages is context-free (or very close to it), and it can be described
in a more convenient way, known as the Extended Backus Naur Form (EBNF) [50]. With the EBNF the
production rules of the example grammar G, from above can be abbreviated as follows:

S—OT | Ol
T —SI
0—-0
I—1
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The widespread parser! generator tool ANTLR [38] also uses a syntax which is similar to the EBNF. We
will later see a few examples where ambiguities in the production rules make it hard to implement a
fully context-free parser, and some workarounds are necessary.

2.3 Compilers

We are now going over to compiler theory. Like all native programming languages, a compiler is required
to translate the high-level code into low-level machine code. A cross-compiler (sometimes referred to as
trans-compiler, source-to-source compiler, or transpiler) usually translates high-level code from one lan-
guage into another high-level code that is equivalent in the target language. This process is comparable
to the translation of English into German for instance, because both languages are comparatively similar
in their extent of expressions. In the following sections we will go through all stages of a very basic and
non-optimizing compiler pipeline as shown in Figure 2.4. Many compilers have additional stages, e.g.

Front-End Back-End

Source | i,| Lexical Code Output |}
Code i Analyzer L Generator Code |

Figure 2.4: Graph of a basic compiler pipeline; White = data models, Blue = compiler stages.

for pre-processing the source code or optimization passes, which will be mentioned shortly. While the
Front-End is the part which reads the input code and transforms it into something the compiler can work
with, namely the Abstract Syntax Tree (AST), the Back-End is the part which produces the output code,
which can be either high-level code or some sort of assembly (i.e. binary or byte code).

2.3.1 Lexical Analyzer

The lexical analyzer, also called scanner, reads the input code and scans all tokens. For a lexical analyzer
each character of the input code is a terminal and tokens are words in the sense of formal languages.
Commonly a token is a structure that holds at least a string of characters and the type of token classes.

Now recall the example of a very basic English language from earlier: Let the set of token classes be T =
{Subject, Verb, Object, Space, Dot}. Whenever the lexical analyzer reads the character ‘.’ it outputs a token
of class Tp,, when it reads the character ‘_ it outputs a token of class Ty, when it reads the sequence
of characters “see” it outputs a token of class Ty, and value “see”, and so on and so forth. We can also
define a grammar for a lexical analyzer that accepts this language: Let X;4, = {e, g, I, m,0,1,s,t,u,y, _, .},
V4 = {T, Subject, Verb, Object, SubjectObject, Space, Dot}, G4 = {X14, Via, T, P4}, and the production rules
for P, in EBNF are:

T — Subject | Verb | Object | SubjectObject | Space | Dot
Subject — 1
Verb — greet | see
Object — me
SubjectObject — you
Space —
Dot — .

L Pparsers are the part of a compiler that read and accept/reject the input code; more about parsers in section 2.3.
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Note that we need the variable SubjectObject € V;, for the string “you”, to avoid ambiguities.

In summary, the lexical analyzer abstracts the input code from a stream of single characters into a
stream of tokens, which makes it easier for the syntactic analyzer to transform the input code into an
AST. For the syntactic analyzer we can then define another grammar where each token is a terminal and
the AST is a word in the sense of formal languages. But before we continue with the syntactic analyzer we
first look at the AST, which is a fundamental data structure to represent source code inside a compiler.

2.3.2 Abstract Syntax Tree

The AST is, as the name implies, an abstract representation of the syntax in a tree hierarchy. What makes
the AST abstract is that it has all the information removed which is unnecessary for the meaning of the
program. These redundancies, such as commentaries and punctuation in programming languages, are
called syntactic sugar and might only be used to simplify the parsing process and/or assist the program-
mers to understand the program structure. The counterpart to an AST is a Concrete Syntax Tree (CST)
which stores all information even what is declared as syntactic sugar. While in most compilers CSTs are
barely used, in a cross-compiler it might be quite reasonable to store all information to provide the same
structure and commentaries in the resulting high-level code for instance.
Consider the following example of a very simple program written in Python' version 3:

print("Hello, World")

This example only consists of a function call with a string literal as argument, and a preceding commen-
tary. A possible variant of an AST and CST for this sample code is illustrated in Figure 2.5. This data

A 4
Comment
"# Example"
Icyilenltlﬁner Argument Idivenﬁ|f|lsar Open”B:acket Argument Close”BIrvacket
print print ( )

Y A 4

StringLiteral StringLiteral

"Hello, World" "Hello, World"

(a) AST (b) CST

FunctionCall FunctionCall

Figure 2.5: AST and CST examples; Black = non-terminal, Blue = terminal.

structure is much handier for a compiler to work with instead of the source code represented as text, i.e.
a series of characters. The major algorithms to traverse and manipulate this tree hierarchy are the Visitor
Pattern and Observer Pattern [49]. A compiler typically uses one of these two design patterns.

1 Python is a scripting language which is (among other things) widely used for introduction to computer programming

[44].
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2.3.3 Syntactic Analyzer

The syntactic analyzer, also called syntax analyzer or parser, takes the tokens from the lexical analyzer
and converts it into an AST. The AST is utilized to store the information of the appliance of the grammar
production rules.

As an example, we now define a grammar to construct an AST for the Python example from
above: Let Y54 = {OpenBracket, CloseBracket, Identifier, StringLiteral} be the set of tokens, Vg, =
{Program, FunctionCall, Argument} be the AST nodes, Gg, = {3g4, Vsa, Program, P, } be the parser gram-
mar, and the production rules for Pg, in EBNF are:

Program — FunctionCall*
FunctionCall — Identifier OpenBracket Argument CloseBracket
Argument — Identifier | StringLiteral

Note that the commentaries and white spaces are simply ignored by the lexical analyzer, i.e. the parser
does not even notice these tokens. The asterisk in FunctionCall* means that the Program AST node may
consist of zero, one, or more sub nodes of type FunctionCall, which allows the program to contain several
function calls in sequence.

Parsers are classified into two kinds of algorithms: LL(k) and LR(k) parsers. LL parsers are top-down
parsers which read the input from Left-to-Right and apply the Leftmost production rule, while LR parsers
are bottom-up parsers which read the input from Left-to-Right and apply the Rightmost production rule.
The k in LL(k) and LR(k) specifies the number of tokens the parser can look ahead, whereat LL(*)
specifies a varying amount [40]. The minimum amount of token lookahead is k = 1, otherwise the
parser could only accept a single word, like a human language that only allows a single sentence.

As mentioned earlier, there are tools for automatic parser generation like ANTLR, but several com-
pilers and compiler frameworks exist where the parser is still written by hand. One of those compiler
frameworks is Low Level Virtual Machine (LLVM), which is widely adopted as groundwork for modern
compilers [29, 30].

2.3.4 Semantic Analyzer

The semantic analyzer, also called context analyzer, validates the AST and decorates it with references
between the nodes. The modified AST is then called a Decorated Abstract Syntax Tree (DAST). While the
syntactic analyzer only validates the syntax during the parsing process, the semantic analyzer validates
the semantic or rather context information. For example the English sentence “The circle has angled
corners.” is syntactically correct, i.e. the grammar is not violated, but it doesn’t make any sense when
we take the context into account, that a circle has no corners at all. In the case of a programming
language, this could mean that the semantic analyzer rejects a program where a variable is used which
has not previously been declared. In the Python example from above the semantic analyzer needs to
know the context information that print is a function that is always present in a Python program, while
other functions must be declared before they can be used. To analyze those identifiers, a symbol table is
commonly used.

Furthermore, the type system of the programming language is applied in this stage. Type casts both
implicit and explicit as well as type compatibility are analyzed according to the type system. Most shading
languages have built-in types for vectors and matrices since they are frequently used in shaders. These
vectors and matrices are then part of the type system. The complexity of the symbol table and whether
multiple symbol tables are required depends on the extent of the type system.

In shading languages there are various attributes and semantics that are only available in a certain
shader stage. For example, the depth value of a fragment can obviously be written only in a fragment
shader. This must also be analyzed by the semantic analyzer and a proper error report should be emitted
in case of failure.
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2.3.5 Control Flow Graph

A compiler which provides optimization passes, data structure analysis, or produces assembly code typ-
ically has a part between the Front-End and Back-End, called the Middle-End (see Figure 2.6). In this

Middle-End Back-End

CFG Optimizer " Output | !
Code

Builder

Code
Generator

Figure 2.6: Continued graph of an optimizing compiler pipeline, where a Middle-End is intervened.

part the compiler operates on the Control Flow Graph (CFG) rather than the AST, which provides a
graph structure that represents not only the syntax of the program but also its control flow [1]. Since
optimizing compilers and assembly code generators are beyond the scope of this thesis, we only briefly
examine the CFG and the compiler stages of the Middle-End.

To convert the DAST into a CFG a dedicated stage in the compiler pipeline is necessary (named “CFG
Builder” in Figure 2.6). The nodes of a CFG are called Basic Blocks and each of these nodes contains a
series of abstract assembler instructions, so-called op-codes and sometimes called Three-Address Code
(TAC), with an unlimited amount of registers (or rather variables). For example SPIR-V specifies the
shader op-codes in the Vulkan API. The edges of the CFG represent “jumps” which the code generator
either removes or translates into assembler jump instructions (like JMP from the x86-64 instruction set).
A few examples of CFGs are illustrated in Figure 2.7. In the early days of hardware accelerated shaders

@ false @

(a) if condition (b) while loop (c) switch statement

Figure 2.7: CFG examples, where each node represents a so-called Basic Block.

GPUs were not able to perform so-called conditional jumps. The shader compilers translated the code
so that all branches were always being executed but only the desired result was passed to the output.
Although this issue has been tackled since the dawn of GPGPU, it still exists in another form. However,
the problem has been transfered into the graphics driver.

Especially for optimizing compilers there is a specific form in which the CFG must be for several
optimization passes which is called the Static Single Assignment (SSA) form [5]. In this form each
variable is assigned only once which makes it easier to implement certain optimization algorithms. At
the point where branches are merged, a special instruction, called the “phi” or @ instruction, is inserted
to select the variables from the previous control paths. This ¢ instructions must be later resolved when
the CFG is converted back from SSA form. For more details about the basics of compiler design the reader
is referred to [33].
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3 Related Work

In this chapter we will analyze several approaches for shader cross-compilation that are still being used
or even at the cutting edge. We will then make a comparison to summarize their benefits and failings.

3.1 Proceedings

3.1.1 Macro Expansion

One of the easiest ways to develop cross platform shaders is the manual approach with macro expansion.
Macro expansion is a simple language feature implemented by the preprocessor of shader compilers,
which is supported by all mainstream shading languages, namely GLSL, HLSL, and MSL. During this
process certain tokens in the shader code are replaced by another series of tokens whereat neither type
systems nor scopes are applied. This verbatim replacement allows a programmer to make static changes
in the code before the actual compilation begins. Not only shading languages have a preprocessor but
also general purpose programming languages utilize it such as C and C++. For example the type name
of a vector type can be replaced by a name that is supported by the target shading language. The fol-
lowing listings illustrate this idea where each appearance of the token VECTOR4 is replaced by either
vecd (for GLSL) or float4 (for HLSL), and also the type cast is replaced for the respective language:

Listing 3.1: Before preprocessing

#if defined GLSL Listing 3.2: After preprocessing (GLSL)

# define VECTOR4 vec4d

8 4 = 4(0);
#  define CAST(T, V) T(V) vecd v = vecd(®)

#elif defined HLSL
# define VECTOR4 float4 Listing 3.3: After preprocessing (HLSL)

# fi AST(T, V T) (V
#endg: ine CASTC > (DD 8 | float4d v = (float4) (0);

VECTOR4 v = CAST(VECTOR4, 0);

All lines in the code beginning with ‘# have a declarative meaning exclusively for the preprocessor.
An identifier created with the define keyword is called macro and only present during preprocessing.
When such an identifier appears in the code after it has been defined the preprocessor replaces it with
the stream of tokens declared on the right hand side of its definition. If the macro is used in conjunction
with arguments (i.e. expressions separated by commas inside parentheses) the macro is expected to have
enough parameters which are replaced by these arguments. This replacement process is called macro ex-
pansion. One of the most prominent shaders making use of macro expansion is the implementation of
Fast Approximate Anti-Aliasing (FXAA) [31]. This post-processor® can be included directly into a shader
written in GLSL or HLSL via the heavy use of macros for types, textures, samplers, and other language
constructs.

A common coding convention is to write all macros in upper-case letters and separating names with
underscores, due to the lack of scopes or rather namespaces. With this coding convention programmers
try to avoid overlapping names between macros and other identifiers. It’'s a necessary evil which is not
only cumbersome, but also no guarantee that the preprocessor could eventually replace some identifiers
unintentionally. Moreover, detecting errors caused by macro expansion is difficult since the compiler
operates solely on the preprocessed code which becomes more incoherent to the input code the more

L Ppost-processors are shaders applied to a graphics system which augment or modify the image of the previous render pass.
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macros are used. Nevertheless, macro expansion is still used for cross platform shaders, especially for
in-house solutions like shown in a presentation from Valve during Steam Dev Days 2014 [8].

3.1.2 Meta-Language & Graph-Based Shaders

Macro expansion can already make shaders look like they were written in an entirely different language,
but having a dedicated language with different back-ends is a more elegant solution. A meta-language
can be utilized with a design that fits all needs of the target languages. As an example, TypeScript [13]
provides a stronger type system than its target language JavaScript, while at the same time being back-
wards compatible. It could therefore be called a meta-language.

Such a meta-language requires the development of an entirely new shading language with the respec-
tive compiler, so instead of a textual meta-language a common implementation is a graph-based shader
tool. This visual approach allows the shader designer to create and concatenate nodes that represent
small predefined code pieces like multiplication of two input images for instance. No actual program-
ming is necessary which makes it eligible to artists with less programming skills. Similar to the CFG in a
compiler, the graph in the shader tool represents the entire program flow of the shader. When the graph
is complete the shader tool can generate high-level shader code for the target language. An example
of this idea is illustrated in Figure 3.1. Some of those shader tools are also referred to as graph-based

~ Texture Sample ¥

" Texture Object A Uvs ®

Output Result :

* Texture Sample ¥

UVs ®

Figure 3.1: Graph-based shader multiplying two textures. Created with “Blueprints” in Unreal Engine 4 [7].

material systems, and some are more extensive than others. I.e. material systems, as the name implies,
commonly only allow developing shaders for material characteristics and might be somehow restricted
compared to general purpose shaders.

Though, a graph-based approach can be quite handy, especially because the designer gets an immedi-
ate response how the resulting shader will look like. On the other hand, large graphs can quickly become
confusing compared to shader source code, especially when several conditions, loops, and other dynamic
control flow constructs are included. Another disadvantage is that graph-based shader tools are generally
tied to a software framework. The example in Figure 3.1 for instance is part of the Unreal Engine 4 and
cannot be simply integrated into another game engine, not only due to its license. Therefore, using a
textual meta-language can be more advantageous when used in various software infrastructures. This
in turn requires the developers to learn a new language which may not be very widespread. Hence, a
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cross-compiler which supports translation between native shading languages that are well-known might
be a better choice.

3.1.3 Byte-Code Decompiling

In the OpenGL render system the shaders are submitted to the GPU driver in their high-level source form,
and the graphics driver takes all the compilation work. In contrast, the Direct3D render system takes the
shaders in a non-native binary form, so-called byte-code, which is compiled in advance by a dedicated
shader compiler which is separated from the driver. For those render systems for which a dedicated
compiler exists that produces byte-code, a cross-compiler could translate this byte-code into high-level
source code of another language. This process is commonly known as decompiling, which is the reverse
of compiling high-level to low-level code. The approach has various advantages: the cross-compiler does
not need to take care of all the high-level semantics like the type system for instance; code optimizations
are also handled by the byte-code compiler; and it’s usually much simpler to parse byte-code rather than
high-level source code. Furthermore, the translation from low-level to high-level code is basically easier
to implement than it is vice versa. For example the byte-code might have a limited amount of registers
which can easily be translated to the unlimited amount of variables in the high-level code.

Besides these advantages, there are also various disadvantages with this approach: the byte-code might
not be documented, due to a proprietary language as it was the case for a long time with HLSL!; the
byte-code compiler might not be platform independent which makes the cross compilation somehow
restricted; and the generated output code might be unrelated to the input code, which makes debugging
more difficult.

Nevertheless, several projects exist following this approach. A few of the more well-known projects
are: HLSLCrossCompiler by James Jones [18], HLSLcc by Mikko Strandborg [51], MojoShader by Ryan
Gordon [10], and ToGL by Valve Corporation [4].

3.1.4 Source-to-Source

Next, we will consider direct source-to-source translation, i.e. the translation or rather transformation
operates on the AST only and no CFG or a certain IR is generated. This approach requires at least a
parser for the source language and a code generator for the destination language. All the other stages of
a full-fledged compiler are more or less optional. For some programming languages it is sufficient to only
parse the source code and output new high-level source code. In this case, however, (semantically-) in-
valid input code leads to invalid output code instead of a sophisticated error report. Recall the small code
sample from Listing 3.1 where we only transform the vector type for either GLSL or HLSL. This can also
easily be solved without macro expansion when a parser is available, because the types can be trivially
mapped to another name. For the differences of I0 semantics between the shading languages, signif-
icantly more transformations need to be done on the AST. Especially the transformation of structural
differences requires a high workload, e.g. object-oriented concepts compared to data-oriented concepts.

It would be optimal if existing shader code could be translated without any modifications. However, in
some cases a 1:1 mapping between two shading languages is not possible without additional information.
One example is the description of data formats: in GLSL the data format of image buffers is specified in
detail with a layout qualifier, e.g. 1layout (rgba32f) specifies an RGBA image format with a 32-bit single
precision floating-point data type for each color component. On the other hand, HLSL leaves the detail
of bit-size to the host application, e.g. float4 can be used for an RGBA image format with floating-
point data but of unspecified bit-size. Hence, translating HLSL to GLSL requires additional information
for some buffer objects. A crucial advantage of a custom source-to-source compiler is that the source

! In 2017 the new HLSL compiler, which is based on Clang/LIVM, has been released as open-source by Microsoft.
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language can be extended to circumvent these limitations. We will later discuss how those language
extensions can be implemented while keeping the divergence of the source language low.

As long as the cross-compiler is meant to only support one single source language, the data struc-
tures for the AST can be automatically generated by a parser generator tool like ANTLR. Otherwise,
the auto-generated AST structures might be inappropriate to be used for several source languages, due
to a different tree hierarchy. Hence, a manually written parser including its AST structures are ben-
eficial for a multi-directional cross-compiler. To better understand why this is the case, take a look
at the following example of a so-called constant buffer! in GLSL (Listing 3.4) and HLSL (Listing 3.5).

N

Listing 3.4: GLSL Constant Buffer Listing 3.5: HLSL Constant Buffer
layout (binding = 0) uniform Example { 1 | cbuffer Example : register(b0) {
2
}; 313

If we used a parser generator, we would need two grammar specifications, illustrated in List-
ings 3.6 and 3.7, where non-terminals are written in lower-case and terminals are written in
upper-case. For more details about the ANTLR syntax, the interested reader is referred to [39].
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Listing 3.6: ANTLR grammar for GLSL Listing 3.7: ANTLR grammar for HLSL
constant_buffer: 1 | constant_buffer:
layout_qualifier? 2 "cbuffer’ IDENTIFIER
uniform’ IDENTIFIER 3 (’:’ register_qualifier)?
declaration_block; 4 declaration_block;
5
layout_qualifier: 6 |register_qualifier:
"layout’ ’(’ layout_argument ’)’; 7 "register’ ' (’ REGISTER ’')’;
8
layout_argument: 9 | REGISTER:
IDENTIFIER ’'=’ INTEGER_LITERAL; 10 b’ [0-9]+;

With these two grammars we would end up with two different sets of AST structures like the two shown
in Figure 3.2. If the AST structures are written manually the parser can generate the tree hierarchy uni-

ConstantBuffer ConstantBuffer
Y A 4
LayoutQualifier ,‘Ident'ﬁer‘, DeclarationBlock ”Identlﬁer” RegisterQualifier DeclarationBlock
Example Example
A 4
LayoutArgument R?%'Sfer
Identifier IntegerlLiteral
"binding" "o"
(a) GLSL (b) HLSL

Figure 3.2: Different sets of AST structures, one for each language; Black = non-terminal, Blue = terminal.

formly for each source language. This also implies that the AST structures must have a common denomi-
nator, which inevitably leads to a little overhead, but this is negligible. For example the ConstantBuffer
AST node could always have a sub node for both LayoutQualifier and RegisterQualifier and only
use the one which is needed, depending on the source language. As already said, those AST unifications

L A constant buffer provides constant input data for the shader which is uploaded from CPU to GPU.
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are only necessary (or rather meaningful) if the compiler supports multiple source languages. Otherwise,
the compiler also gets along with automated techniques. In most cases, the latter is sufficient, but we
will come back to this subject later.

Besides the AST and parser construction, another important scope of work in a source-to-source com-
piler for shading languages is the mapping between intrinsics. Many intrinsics can be adopted directly,
such as the normalize intrinsic which is identical throughout GLSL, HLSL, and MSL. Other intrinsics can
be mapped just by their names, such as bitCount (in GLSL) to countbits (in HLSL). And still others
must be transformed in a more specific manner. In the next chapter we will discuss the concept of such
transformations in more depth.

Various projects exist following the approach of source-to-source translation. One of the projects that
merely has a parser and code generator is HLSLParser by Unknown Worlds [55], which translates HLSL to
GLSL. Unfortunately, it only supports the obsolete HLSL Shader Model (SM) 3 for Direct3D 9.0c, which
was introduced in 2004. The latest version of HLSL in 2017, however, is SM 6.0 for Direct3D 12. Another
project that does a little more than just parsing the input code is HLSL2GLSLfork by Aras Pranckevicius
[41]. This cross-compiler uses, among other things, a symbol table for contextual analysis. However,
it only supports HLSL SM 3 as well or rather Cg which is quite similar. And not to forget ANGLE by
Google [9], which is used in the Chrome browser to map the shaders (but also the rendering commands)
between WebGL and Direct3D.

For the sake of completeness, the ROSE compiler infrastructure [42] is mentioned here, which is
mainly used for source-to-source transformation and analysis for large-scale programs written in C, C++,
Fortran, and other CPU languages. This framework is not directly related to shading languages but could
also be used for such a cross-compiler, since shading languages are based largely on C. However, it has
not been adopted in shader cross-compilers so far.

3.1.5 Intermediate Language

Last but not least, we will examine the cross-compilation with an IR or rather an intermediate language.
In this proceeding a full-fledged compiler is required, i.e. all stages of a compiler pipeline are involved,
including the middle-end which generates the CFG and IR instructions. In contrast to compilers for CPU
languages, a shader compiler does not generate native assembly code like it is the case with the x86
architecture (also known as IA-32). In other words, the graphics driver translates the assembly code or
IR once more into another native assembly code. Modern shader compilers don’t even have to go deeper
into the matter than the IR, which is commonly some sort of high-level assembler. The major reason
for this is that the native assembler language of GPUs is vendor specific and generally inaccessible. As
a result, the hardware vendors can constantly change their GPU architecture without invalidating any
shaders. Furthermore, the low-level optimizations that are most suitable for the respective hardware
device are done by the driver.

Before the appearance of high-level shading languages, the shaders were written manually in a non-
native assembly language. They were introduced in OpenGL 1.5 and Direct3D 8.0, and were called
“vertex/fragment programs” or simply “asm shaders” [12]. Another assembly language for shaders is
Adobe Graphics Assembly Language (AGAL) which was developed for Adobe Flash [53]. Since it is only
meant to be used for the Web-based Flash player we don’t go into more details about AGAL. These
assembly languages were very low level since even register allocation must be taken into account, i.e.
there is only a very limited set of variables available. In contrast, an IR usually supports unlimited
variables. So we will distinguish these two kinds of low level shading languages as assembly languages
and IRs. Most assembly shading languages are obsolete today, so we will focus on IR shading languages
from now on.

The first open standard of an IR specifically for shading languages is SPIR 1.2 for OpenCL, which is
based on LIVM IR and released to the public in 2013 [37]. It has later been redesigned by the Khronos
Group as a stand-alone specification without LLVM but with graphics support, which is named SPIR-V
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[19]. Since Microsoft made its HLSL compiler open-source in 2017, DirectX Intermediate Language
(DXIL) is the second open standard of an IR for shading languages which is also based on LLVM IR
[32].

SPIR-V

A single shader unit in the SPIR-V binary form is called a module. Besides code validation, glslang, the
official reference compiler for GLSL, can produce such modules as output. As mentioned in the intro-
duction, the Khronos Group has published various tools to generate high-level shader code out of those
modules. The major tool for this proceeding is SPIRV-Cross [3]. SPIR-V provides adequate information
of types and names to make cross compilation easy. Otherwise, the resulting high-level code would
primarily contain indexed identifiers which makes the code hard to understand.

A special characteristic of SPIR-V modules is that they are always in SSA form, as defined in the
specification [21]. This allows the graphics driver to perform vendor specific optimizations immediately.
To get an overview of how a SPIR-V module can look like, see the illustration of a simple GLSL fragment
shader in Listing 3.8 and the resulting module in Listing 3.9:

Listing 3.9: SPIR-V Module

1 OpCapability Shader
2 %1 = OpExtInstImport "GLSL.std.450"
3 OpMemoryModel Logical GLSL450
4 OpEntryPoint Fragment %4 "main" %9
Listing 3.8: GLSL Fragment Shader 5 OpExecutionMode %4 OriginUpperLeft
. 6 OpSource GLSL 450
1 |#version 450 7 OpName %4 "main"
2 8 OpName %9 "color"
3 9 OpDecorate %9 Location 0
4 |layout(location = ®) out vec4 color; 10 %2 = OpTypeVoid
5 11 %3 = OpTypeFunction %2
. . 12 %6 = OpTypeFloat 32
6 |void main() { 13 %7 = OpTypeVector %6 4
7 14 %8 = OpTypePointer Output %7
8 color = vec4(1.0); 15 %9 = OpVariable %8 Output
9 |3} 16 %10 = OpConstant %6 1
17 %11 = OpConstantComposite %7 %10 %10 %10 %10
18 %4 = OpFunction %2 None %3
19 %5 = OpLabel
20 OpStore %9 %11
21 OpReturn
22 OpFunctionEnd

The fragment shader has been compiled with gislang and the module has been disassembled with
spirv-dis. Among other things, the example illustrates how the IR stores debug information. For ex-
ample the OpName instruction in line 8 specifies the name of the output variable color. We can also see
immediately that the module is in SSA form because each index (%1 to %11) is assigned only once. A
cross compiler, like SPIRV-Cross, can then consume the SPIR-V module and output high-level code. The
reconstruction of data types and control flow is straightforward. However, it is somewhat more complex
to produce an output that is as close as possible to the original code. In other words, sometimes wrapper
functions and several temporary variables are inevitable.

Both glslang and SPIRV-Cross are still under development, especially the support of HLSL (as of 2017).
Nevertheless, they form a solid foundation for cross-compilation in a multi-directional and modular
manner. Especially the official specification of an IR for shading languages is an important step forward
to tackle former issues like divergent compiler behavior between different drivers. Moreover, SPIRV-Cross
supports all modern shading languages for real-time graphics: GLSL, HLSL, and MSL. Even C++ code
can be produced by SPIRV-Cross for offline shader debugging. An outline of the operation mode between
glslang and SPIRV-Cross is shown in Figure 3.3. Another SPIR-V based cross-compiler is krafix by Robert
Konrad [26]. A special feature of krafix is that it provides a transformation from OpenGL specific GLSL
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Figure 3.3: Operation mode between glslang and SPIRV-Cross; illustrated for GLSL and HLSL.

into Vulkan specific GLSL, since there are a few subtle differences between the GLSL specifications for
OpenGL and Vulkan. This transformation only operates on SPIR-V code.

DXIL

DXIL can be seen as the counterpart to SPIR-V which is used for the new DirectX Shader Compiler (DXC)
and still under development (as of 2017). The DXC was not meant to be used as cross-compiler originally.
In conjunction with SPIR-V the development of cross-compilation has recently begun, though. Although
a direct translation from DXIL to SPIR-V would be theoretically possible, the responsible developers have
chosen a different design: Front-end AST to SPIR-V. One of the reasons for this design decision is that
DXIL has a lower level of abstraction than SPIR-V. For example vector types are converted into scalars
but SPIR-V has native support for vectors. Another reason is that DXIL and SPIR-V have very different
semantics. Among other things, structured control flow is required by SPIR-V but DXIL does not support
it. Since the new DXC is based on the Clang C++ compiler, the semantic analysis step is appropriate to
generate error reports when cross-compilation fails. And at this point of the compiler pipeline, Clang still
operates on the AST. The DXC also distinguishes between DXIL and DirectX Intermediate Representation
(DXIR) which has a higher level of abstraction than DXIL. However, since DXIR is not suitable for fast
Just-in-Time (JIT) compilation, the optimizer transforms DXIR into DXIL.

There is an open discussion and documentation for the translation of semantic differences where other
developers can contribute to. As already mentioned, sometimes a 1:1 translation is not feasible without
additional information, so-called meta-data. One example for a proposal of such meta-data is shown in
Listing 3.10.

Listing 3.10: HLSL with meta-data for SPIR-V

[[using Vulkan: set(X), binding(Y)]]
cbuffer Buffer {
[[using Vulkan: offset(Z)]]
float4 field;
b

The additional information for the Vulkan rendering system in this example is: the set of buffers, the
binding slot, and memory offset. The syntax for these meta-data (specified by [[. . .1]) has been adopted
from the C++14 attribute specifiers.

3.2 Comparison

After we have seen various approaches for shader cross-compilation we can make a comparison between
the proceedings by highlighting their benefits and failings. The most advanced proceeding is clearly the
use of an IR together with a complete compiler pipeline. This approach scales well to support multiple
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source and target languages, provided that the CFG generation out of the AST is generalized. However,
this approach naturally requires the highest effort. A summarized outline of all examined proceedings
can be seen in the following table:

Pros Cons

Macro Expansion

* Very easy to implement * Inappropriate to port existing shaders

* No tool chain required Hard to debug and maintain

Tied to software framework

* Inappropriate as general purpose solution
Confusing for large shaders

Meta-Language

* Language for requirements of all targets * Inappropriate to port existing shaders

* Potentially easier to add further back-ends * Requires new/elaborated specification

* New language specification rather unknown
* High effort

Graph-Based Shaders

* Language for requirements of all targets * Inappropriate to port existing shaders
* Potentially easier to add further back-ends * Tied to software framework
* Visual approach good for artists * Confusing for large shaders

* High effort

Byte-Code Decompiling

Only feasible for certain shading languages
Portability issue of high-level compiler
Output code unrelated to source code
Undocumented/closed byte-code format

* Appropriate to port existing shaders
* High-level compilation not required.
* Translation is much easier.

Source-to-Source

* Appropriate to port existing shaders * No validation vs. full-fledged compiler
* Allows extensions for interoperability » Appropriate semantic translation is hard
* Output code notably related to source code | ¢ High effort

Intermediate Language

* Appropriate to port existing shaders * Requires full-fledged compiler with CFG
* Allows extensions for interoperability * Very high effort
* Easier to add further back-ends
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4 Concept

As we have seen in the previous chapter, shader cross-compilation is still a topical issue. The support for
multiple source and target languages in state-of-the-art shader compilers is still in development (as of
2017). And the infrastructure of various modern shader compilers have partially divergent code bases,
like glslang which uses different internal data structures for GLSL and HLSL. We will now investigate the
concepts for a novel shader cross-compiler with the main focus on GLSL and HLSL, since they are the
most widely used shading languages for real-time graphics.

4.1 Approach

In this thesis we will adopt the approach of a source-to-source compiler instead of using an IR. This is
a reasonable compromise between the amount of effort and the output quality. Especially the relation
between the source code and the target code can be maintained very well. This makes the compiler
much more beneficial for translation of existing shaders where the output code might be maintained
and extended manually. In the following sections we will examine the major issues and differences
between GLSL and HLSL like the storage layouts, IO semantics, type conversion, intrinsics, and others.
The conceptual compiler we design here is also meant to have one uniform AST which will be discussed
in more depth in chapter 5.

4.2 Investigation

Which kind of parser a cross-compilers uses and how the data structures look like are part of the im-
plementation details. The most important part for the conceptual translation, however, is the semantic
difference. We will now see how these translations can be done in principle and where compromises
have to be made. No matter how good a shader cross-compiler is, some features are only available in a
certain language. We use “GLSL—HLSL” for “GLSL to HLSL translation” and “HLSL—GLSL” as opposite.

4.2.1 Matrix Ordering

A GPU almost always operates on 4-component vectors. Matrix operations are therefore split into subse-
quent vector operations. So either the rows of the matrix or the columns of the matrix must be moved
into registers. Which of these two methods is used determines the matrix ordering, which is column-
major by default and can be changed to row-major for each matrix in both GLSL and HLSL. However, the
definition of matrix dimensions differs: in GLSL it is column-by-row, and in HLSL it is row-by-column.
As a result, for a matrix A;; € R**4, A, for instance refers to the matrix element at column 1 and row 2
in GLSL, but it refers to the matrix element at row 1 and column 2 in HLSL. And it becomes even more
problematic when non-squared matrices are used.

One solution to resolve this difference is to swap the row- and column dimensions and modify each
element access: A;; € RV*M becomes Aj; € R*V, and each element access A;; becomes Aj;. Although
this solution seems to be quite easy, it requires a lot of effort because shading languages allow matrix
elements to be accessed in many ways. Such a transformation is illustrated in Listing 4.1 and Listing 4.2.

Listing 4.1: Matrix Dimension Swap in GLSL Listing 4.2: Matrix Dimension Swap in HLSL
mat4x2 A; 1 |float2x4 A;
vec2 al = vec2(A[2][1], A[2][0]); 2 | float2 al = float2(A[1]1[2], A[0][2]);
vec2 a2 = vec2(A[2].y, A[2].x); 3 | float2 al = float2(CA[1]1[2], A[®][2]);
vec2 a3 = A[2].yx; 4 | float2 a3 = float2(CA[1][2], A[0][2]);
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In line 3 and 4 it can be seen that the translation from GLSL to HLSL requires significantly more effort
than just swapping the dimensions.

Another and more elegant solution is to keep the matrix dimensions as they are and only change the
matrix ordering and swap the arguments in every matrix multiplication which is equivalent to transpose
the matrix. Let v € RM be an M-dimensional vector and A € R¥*M be an N x M -dimensional matrix. We
can now perform the following mathematical transformation:

Axv=@Axv)T=(v"xAT) 4.1)

Here, ()" denotes the transpose matrix or transpose vector respectively. With this transformation we
can keep the matrix dimensions and also every matrix element access. Moreover, the only trans-
pose which needs to be computed is the transpose matrix, because in shading languages there
is no distinction between ‘row vectors’ and ‘column vectors’. Therefore, the resulting transforma-
tion is Ax v — v x AT. Whether a matrix is transposed or not depends on the order of the
arguments within a matrix-vector multiplication. This is done with the *-operator in GLSL and
with the mul intrinsic in HLSL. An exemplified translation is shown in Listing 4.3 and Listing 4.4.

Listing 4.3: Matrix Ordering in GLSL Listing 4.4: Matrix Ordering in HLSL
1
layout (row_major) uniform mat4x2 A; 2 | column_major uniform float4x2 A;
uniform vec? V; 3 uniform float2 V;
4
5
vec2 w = v ¥ A; 6 | float2 w = mul(A, v);
7
8
vec2 al = vec2(A[2][1], A[2][0]1); 9 | float2 al = float2(A[2][1], A[2]1[0]1);
vec2 a2 = vec2(A[2].y, A[2].x); 10 | float2 a2 = float2(A[2].y, A[2].Xx);
vec2 a3 = A[2].yx; 11 | float2 a3 = A[2].yx;

The matrix ordering has been changed from row-major to column-major, which changes the order in
which the rendering system reads the matrix elements from memory. This ensures that the graphics
programmer does not need to change the CPU code whether GLSL or HLSL is used, although the matrix
dimensions have been swapped. In GLSL, v*transpose(A) is equivalent to A*v and the same holds true
for HLSL with the mul intrinsic. In this way, each matrix element access can stay as it is but the shader
code still keeps the same behavior. This potentially minimizes the transformations and the output code
is almost synchronous with the input code.

4.2.2 Matrix Subscript Swizzling

The components of a vector can be accessed by a vector subscript. It is written as suffix after a vector
expression, e.g. myVector.x to access only the X-axis of the variable myVector. The swizzle operator (also
referred to as swizzling) is a feature in shading languages to rearrange the order of vector components
in a handy way, e.g. from a 4D-vector v the components can be accessed via v.xyzw, v.ZzXzX, O V.XXXW
to form new vectors. This feature allows to access multiple vector components at once and also multiple
times.

HLSL supports the subscript also for matrices, but GLSL does not. The translation of accessing single
matrix elements is not a problem, but when it comes to swizzling it gets more complicated. HLSL provides
two syntaxes for the matrix subscript: a zero-based index (e.g. _m01 for the first row and second column),
and a one-based index (e.g. _12 for the same element). These indices can be combined in the same way
as for vectors. An example of a matrix subscript using the swizzle operator, with A being a 4x4 matrix,
is illustrated in Listing 4.5 and Listing 4.6.
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Listing 4.5: Matrix subscript in HLSL Listing 4.6: Matrix subscript in GLSL

1 |A._mOO_mOO_mOO_m33 1 |vec4 (A[O][0], A[OI[0], A[O][0], A[3][31)

Both code samples reflect the same 4D-vector. The translation looks quite simple but it is invalid when
the matrix expression has side effects. For example, instead of A. the expression could be a function
call like AQ) ., with A being a function that returns a matrix. The compiler must not generate multiple
calls of that function, otherwise the program behavior may change. This is the case when the function
also writes something into an output buffer and/or increments a global counter for instance. A simple
solution would be to generate a wrapper function for each index combination that is used in the shader.
This wrapper function takes only one parameter which can then be duplicated as desired without any
side effects. The expression inside the return statement of this wrapper function looks then like the one
in Listing 4.6.

This works great for read-access but write-access is another issue. The write-access could be solved
by a second version of this wrapper function but this alone is not sufficient when output parameters
are involved. In case of output parameters, the insertion of additional statements is unavoidable. An
illustration is provided in Listing 4.7 and Listing 4.8.

Listing 4.8: Matrix subscript in GLSL

Listing 4.7: Matrix subscript in HLSL
1 |void f(inout float2 v);

void f(inout vec2 v);

vec2 temp = read_mO0O_mll1(A);
f(temp);
write_m0@O0_ml1l1(A, temp);

3 | f(A._mOO_m1l);

N
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In this example, f is a function within the shader that takes a 2D-vector as input and output parameter,
and the wrapper functions read_m@0_m11 and write_m00_mll were generated by the compiler. Unfor-
tunately, this approach for matrix subscript translation might generate relatively lot of auto.-generated
code, but is owed by the lack of a language feature in the target language. Instead of generating differ-
ent wrapper functions for zero-based and one-based indices, it is sufficient to agree on a single variant.
The insertion of additional statements can be tricky to implement, because a matrix subscript expression
can appear almost everywhere even where temporary variables are not allowed, such as in the iteration
expression of a for-loop. More details about the implementation details are discussed in chapter 5.

4.2.3 Memory Packing Alignment

Buffer objects in shading languages have a memory packing alignment, also referred to as byte alignment.
This might introduce additional fields in the buffer, so-called padding. How many padding bytes are
inserted depends on the type of the data fields. The common rule is that a data field must not cross the
boundaries of a 4-component vector. Each component of such a vector has a size of 4 bytes. In this way,
the data can be read more efficiently. Sometimes padding is inevitable, but usually it can be reduced
at least. Consider the following data structure for a light source which is illustrated as pseudocode in
Listing 4.9 (with padding) and Listing 4.10 (without padding):

Listing 4.9: Pseudocode: Structure with padding Listing 4.10: Pseudocode: Structure w/o padding

1 |struct LightSource: 1 |struct LightSource:
2 floatl alpha 2 float4 color

3 float4 color 3 float3 pos

4 float3 pos 4 floatl alpha

5 float3 dir 5 float3 dir

6 6

floatl radius floatl radius

The letters x, y, z, and w illustrate to which vector components the data fields are assigned. Although
the order wxyz seems to be more sensible, xyzw is the common order of vector components in the
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nomenclature of computer graphics. Both versions of the LightSource structure have the same data
fields but in different order. How the vectors are laid out in registers can be seen in Table 4.1 (with
padding) and Table 4.2 (without padding). Because a 4D vector like color is always stored inside a

Register v, Register v, Register v, Register v,
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Table 4.1: Registers for structure with padding
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Table 4.2: Registers for structure without padding

single register, it can be loaded as fast as possible. As a result, the packing alignment for buffer objects
in shaders is 4 Bytes x 4 Components = 16 Bytes. Reducing the amount of padding or even completely
avoiding it has only optimization purposes. But it is important to keep this technique in mind when
buffer objects are created, because the structure layout must be synchronous between CPU and GPU.
Now that we know what the memory packing alignment and padding in shaders is, we can cross over
to its translation between GLSL and HLSL. In HLSL it always works as described above, but in GLSL
it only works equally when it is explicitly specified. To enable the well-defined packing alignment be-
havior in GLSL, a buffer must be declared with the std140 or std430 layout qualifier (depending on
the buffer type). Otherwise, the driver is free to handle the memory packing differently in which case
the memory location of each buffer element must be queried by the host application. Because only the
CPU-side is affected whether the respective buffer layout qualifier is used or not, this translation is very
straightforward. The compiler could offer the programmer to either enable or disable the generation/re-
moval of the respective layout qualifier. In the simplest way, the GLSL—HLSL translation could always
generate the layout qualifier per default. A small example is illustrated in Listing 4.11 and Listing 4.12.

Listing 4.11: Constant Buffer in GLSL Listing 4.12: Constant Buffer in HLSL

layout(std14®, binding = 0) | [cbatfer Example : register(bo) &
uniform Example {
2 float4 color;
vec4d color;
vec3 pos; 3 float3 pos;
float 21 ﬁa- 4 float alpha;
vec3 dii- , 5 float3 dir;
; 6 float radius;
float radius;
}; 71}

By using std140 for the constant buffer (also referred to as Uniform Buffer Object (UBO) in GLSL), the
data can be uploaded to the GPU driver equally between GLSL and HLSL. For a Read/Write (RW) buffer
(also referred to as Shader Storage Buffer Object (SSBO) in GLSL) it would be std430 in the layout
qualifier.
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4.2.4 Type Conversion

Just like general purpose programming languages, shaders support type conversion, too. A typical exam-
ple is the conversion from integral types to IEEE! floating-point types. As already mentioned in the table
of section 2.1.1, GLSL has a quite restricted support for implicit type conversion compared to HLSL. In
other words, GLSL requires almost always an explicit type conversion that is declared with the respective
syntax. Even the conversion between signed and unsigned integral types must be specified explicitly (i.e.
int to uint and vice versa). This also applies to integral literals: for example uint i = 0; is an invalid
assignment in GLSL, but uint i = Qu; is valid because the literal ®u is explicitly specified as unsigned
integral type with the ‘v’ suffix. HLSL on the other hand does a lot more of this conversion automatically.
For this reason, the GLSL—HLSL translation is very simple in this context, because the extensive use of
explicit type conversion is optional in HLSL. However, the HLSL—GLSL translation is much more com-
plicated. In fact, a complete type system within the compiler is required to determine the type of each
expression. The syntactic command for a type conversion is called a type cast, which we have already
seen in Listing 3.1.

What we need to do in our conceptual compiler to translate implicit- into explicit type conversion, is
to insert a type cast into each expression whenever two types cannot be implicitly converted within the
target language. How this insertion is done will be discussed in chapter 5. First we need to determine
where such type conversions are necessary. For this analysis a sophisticated type system is indispensable.

Type System

The type system of our compiler consists of a set of several type classes. Each expression has a unique type
which is assigned during the semantic analysis. In a general purpose programming language like C++ the
type system is very complex, because a type can be modified multiple times by templates, references, and
pointers for instance. Since MSL is based on C++14, this also applies to this language. However, since
we are only focusing on GLSL and HLSL, we can be satisfied with a simpler type system. A proposal for
a set of type classes is shown in the following table:

Type | Remarks

Voip Type class for functions without return type.

Nurt | Placeholder for legacy HLSL syntax when a texture object is initialized with NULL.

BASE Type class for base data types: Scalar, Vector, Matrix.

Burrer | Type class for buffer objects: Texture Buffer and Storage Buffer.

SampLER | Type class for Samplers and Sampler States.

Struct | Container with multiple fields which in turn also have a type.

Arias | Type alias which refers to another type.

ArraY | Type class for arrays with a certain dimension and a sub type.

These type classes are sufficient for cross-compilation between GLSL and HLSL, whereat the type ALIAS is
only required for HLSL—GLSL, due to the lack of type aliasing in GLSL. Scalars, vectors, and matrices can
be grouped into the type class Bask, but other approaches are also possible. However, a lower number of
type classes can reduce the amount of effort significantly.

As soon as an expression is traversed during the semantic analysis, the type of this expression is de-
duced and stored inside the AST node. The AST nodes for the following expression classes are notably
important for the type deduction: Binary Operator (e.g. X+Y), Ternary Operator (e.g. X?Y:Z), and Ob-
ject Identifier. The binary operator for example might have different deduction rules depending on the

1 IEEE 754 specifies a standardization for binary representation of floating-point values for both GPUs and GPUs.

4.2 Investigation 35



[rg—

associativity of the respective operator. And for the object identifier the corresponding type of the iden-
tified object must be deduced. If the type of an expression could not be deduced, a sophisticated error
report should be emitted. In a compiler which generates an IR the type system must also store low-level
information such as bit-size. But in a source-to-source compiler the type system does not need that infor-
mation as long as the types behave in the same way within all supported languages. Not only whether
explicit or implicit type conversion is supported but also how a type is deduced depends on the source
language. The following table shows a rough mapping between source and target types where an explicit
conversion is necessary in GLSL:

Source Type | Boolean | —Boolean | Signed Integral | Unsigned Integral | Integral Real

Target Type | —Boolean | Boolean | Unsigned Integral | Signed Integral Real Integral

For a full classification the interested reader is referred to the GLSL specification [20].

Built-in Variables

We have already seen a few system value semantics earlier like SV_Position. In GLSL they are imple-
mented as so-called built-in variables like g1_Position. These built-in variables are available throughout
the entire shader, while the semantics in HLSL are assigned to local variables. This is essentially a syntac-
tic difference, except that a couple of built-in variables in GLSL, which have the same meaning as their
corresponding semantic in HLSL, have slightly different types. One example is the zero-based vertex
index which is defined as int gl_VertexID in GLSL and as uint SV_VertexID in HLSL. As mentioned
above, these types (i.e. signed and unsigned integrals) must be explicitly converted in GLSL.

4.2.5 Input and Output

The translation of 10 data fields is probably one of the most important and most complex parts of
shader cross-compilation. While various shaders don’t necessarily need any type conversion, almost every
shader makes use of the language specific I0. Both GLSL and HLSL provide multiple ways to specify the
input and output fields between shader stages, but they are fundamentally different. While GLSL uses a
syntax where the IO fields are globally declared, just like the built-in variables, HLSL provides a syntax
for the semantics of local variables. These differences are also caused by the fact that GLSL does not
allow parameters or return values for the main function. In HLSL, on the other hand, IO is provided by
parameters and return values exclusively. An example of various IO fields is illustrated in Listing 4.13
and Listing 4.14.

Listing 4.13: Fragment shader 10 in GLSL Listing 4.14: Fragment shader 10 in HLSL
1 |in Input { 1 |struct Input {
2 vec4 ambient; 2 float4 ambient : AMBIENT;
3 |} inData; 313}
4 4
5 |in vec4 diffuse; 5 |void main(
6 6 in Input inData,
7 |out vec4 color; 7 in float4 diffuse : DIFFUSE,
8 8 out float4 color : SV_Target)
9 |void main() { 9 1 {
0 color = inData.ambient + diffuse; 10 color = inData.ambient + diffuse;
1|3 11 |3}

In the GLSL example (Listing 4.13) we have a so-called interface block named Input, which is accessed by
its scope name inData. A similar construct is used in HLSL (Listing 4.14) with a structure named Input,
which is accessed by the parameter named inData in the main function. Depending on the direction in
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which we translate, we are facing different challenges. For example, if the globally defined fields are used
outside the main function, the resulting HLSL code must pass these variables to the respective function
calls as arguments. As a result, the signatures of various functions must be transformed. The other way
round some identifiers may have to be renamed so there are no name overlaps, which is called name
mangling. For example, a function with a local variable or parameter named color cannot access a global
input field with the same name simultaneously. Hence, moving the input parameter color:SV_Target
from the parameter list into global scope cannot always be done without name mangling.

From GLSL to HLSL

In GLSL there are two ways to specify shader IO: single variables and interface blocks. The interface
blocks can be used to group several variables together similar to a structure declaration. They are pri-
marily used to simplify the handling of multiple variables between shader stages, especially for the
geometry- and tessellation shader stages where they are often used as aggregates or rather arrays. All
these IO variables that appear in a function other than the main function must be passed around. This
means that the corresponding parameter and argument lists must be extended in the output code.
Built-in variables must be converted into local variables with the respective system value semantic,
e.g. in vec4 gl_Position becomes something like in float4 gl_Position : SV_Position. Those
single built-in variables can be trivially translated but for aggregates used in a geometry shader
for instance the corresponding translation is significantly more difficult. The translation of shader
IO in a small geometry shader is illustrated in Listing 4.15 for GLSL and in Listing 4.16 for HLSL.

Listing 4.16: Geometry shader IO in HLSL

.. . 1 | struct v2g
Listing 4.15: Geometry shader 10 in GLSL 5 { float4 vertexPos : VERTEXPOS: }:
layout (points) in; 3 |struct g2f
layout (points, max_vertices = 1) out; 4 { float4 gl_Position : SV_Position; };
5
in vec4 vertexPos[]; 6 | [maxvertexcount (1)]
7 |void main(in point v2g i[1],
void main() { 8 inout PointStream<g2f> stream)
gl_Position = vertexPos[0]; 9 | {
EmitVertex() ; 10 g2f o;
} 11 0.gl_Position = i[0].vertexPos;
12 stream.Append(o) ;
13 |}

Such a geometry shader is called a “pass-through” shader which merely passes the input arguments
to the output stream. The aggregate is declared as vertexPos[] in the GLSL code. The colored boxes
highlight which information belongs together: GLSL uses the layout-qualifier again for both input and
output primitive topology'. In GLSL the number of input vertices are implicitly determined by the input
primitive topology, i.e. 1 for points, 2 for lines, and 3 for triangles. In HLSL it must be explicitly declared
within the input parameter, like point v2g i[1] in the above example. Also the output stream must
be declared as a local variable or rather function parameter (here stream) in HLSL. In GLSL, on the
other hand, the output stream is handled as global and hidden object which can be accessed via certain
intrinsics such as EmitVertex. The number of output vertices, however, can be easily translated from the
layout attribute max_vertices = 1 to the standalone attribute [maxvertexcount(1)]. In this example
it can be seen that the translated code (here Listing 4.16) must introduce new structures that where
not provided by the input code. Temporary variables (here g2f o) are also necessary, especially when
multiple IO variables are used. For simplicity the variable names i for “input” and o for “output” were
used, but a practical compiler should use certain prefixes to avoid overlapping names. The variable name

L Primitive topology denotes the geometric primitive which are primarily variants of points, lines, and triangles.
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gl_Position in the structure g2f can remain because it’s not a reserved word in HLSL. Last but not least
the semantic names can be deduced from the variable names and written out in upper case letters for
convenience.

Let us now summarize the key points we need to consider when translating shader IO fields from GLSL
to HLSL:

* Interfaces blocks can be converted to structures: e.g. in Input to struct Input.

* Certain layout attributes can be trivially converted: e.g. max_vertices to maxvertexcount.

* Certain layout attributes serve as type information: e.g. points to generic PointStream type.

* Certain intrinsics must be concatenated to new objects: e.g. EmitVertex to stream.Append.

* Certain array indices must be moved to other variables: e.g. vertexPos[0] to i[0] .vertexPos.

* Sometimes auto-generated variables and structures are necessary: e.g. i, v2g, stream, etc.

From HLSL to GLSL

We now examine the opposite direction for shader IO translation. The ways in which IO fields can be
specified in HLSL are somewhat more extensive than in GLSL. While in GLSL output fields are always
specified as global variables with the out-specifier, in HLSL they can be specified as function return value
or output parameter. An example of various output fields in HLSL is illustrated in Listing 4.17 and a
proposal for a corresponding translation in GLSL is illustrated in Listing 4.18.

Listing 4.17: Vertex shader IO in HLSL

Listing 4.18: Vertex shader IO in GLSL

1 |struct Output {

2 float fieldl : FIELDI1; 1 |out float FIELDI;
313} 2 |out float FIELD2;
4 | float main( 3 |out float FIELD3;
5 out Output o, 4

6 out float field2 : FIELD2) : FIELD3 5 |void main() {

7 | { 6 FIELD1 = 1;

8 o.fieldl = 1; 7 FIELD2 = 2;

9 field2 = 2; 8 FIELD3 = 3;

0 return 3; 913

11

What should be the first thing to notice is that this time not the variable names were used in the transla-
tion but their semantic names (e.g. FIELD1 instead of fieldl). This is not absolutely necessary but it is
advisable for a couple of reasons: Firstly, all semantic names must be unique throughout the entire shader,
and second, the names between the shader stages are conventionally almost always identical. The former
facilitates the translation to global variables in GLSL. The latter one is not a requirement but almost ev-
ery shader is written with identical semantic names between stages, while the variable names can often
vary, e.g. position:POS in the vertex shader but pos:POS in the fragment shader. In GLSL, on the other
hand, they must necessarily be identical. This is an elegant and straightforward solution, but hazardous
as soon as a structure with IO fields is used for additional purposes. Consider that the structure from List-
ing 4.17 appears in another function as output parameter such as void Transform(out Output o). In
this case it is easier to produce the main function in the output code as a wrapper function. The original
main function is then translated into a secondary function with a slightly different name which is called
inside the wrapper. With this approach the main entry point can almost remain as it is and the IO fields
are assigned to its function call. An example is illustrated in Listing 4.19 with the function _main as the
original entry point. The IO fields are assigned within the actual main function that serves as a wrapper.
This is a solution which is frequently used by various shader cross-compilers. Most of them even gen-
erate this wrapper function every time. However, as long as shader IO related structures are only used
within the main function, those wrapper functions can be avoided. Especially mobile devices have only
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limited support for code optimization which requires additional code transformations for optimal exe-
cutions. Hence, the avoidance of such wrapper functions is desired, but sometimes difficult to implement.

Listing 4.19: Wrapper function in GLSL

float _main(out Output o, out float field2) {
o.fieldl = 1;
field2 = 2;
return 3;

void main() {

Output o;

float field2;

float field3 = _main(o, field2);
FIELD1 = o.fieldl;

FIELD2 = field2;

FIELD3 = field3;

Let us again summarize the key points we need to consider when translating shader IO fields, but this
time from HLSL to GLSL:

* Semantic names should be preferred over variable names: e.g. field1:FIELD1 to FIELD1.
* Sometimes a wrapper function for the entry point is inevitable (but not always).

The key points for the GLSL—HLSL translation can be adopted analogously, too.

4.2.6 Intrinsics

In GLSL, all intrinsics have the same characteristics as global functions that are known by the compiler
throughout the entire shader. The difference is that they don’t need to be declared because they are
functions which are built into the language itself. The same applies to HLSL except that there are also
Object-Oriented (O-O) intrinsics that can be called exclusively with an instance of their respective class.
But before we dedicate ourselves to O-O intrinsics, we first consider the global intrinsics.

Procedural Intrinsics

The approach of global intrinsics originates from the procedural programming paradigm, when so-called
sub-routines were arranged into procedures but without further scopes like classes. Before SM 4, there
were only global intrinsics even in HLSL. As already explained, various global intrinsics can be translated
straightforward by simply renaming them, due to their similarity between GLSL and HLSL, assuming
that the parameters are identical. All basic trigonometric functions, for example, do not even need to be
renamed and can be adopted without modification. One exception here is the sincos intrinsic in HLSL
which combines the sine and cosine into a single function call. For this and a few more intrinsics it is
reasonable to generate wrapper functions in the output code. Note that several versions of the same
wrapper function may be generated under these circumstances, due to the lack of templates or generics.
Every time a new type is used with an intrinsic, for which a wrapper is generated, a new version for
this wrapper must be generated. Another solution would be to put the modification directly on the spot,
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but this will potentially lead to an output code being less related to the source code. Which solution fits
best depends on how much code must be added/removed and if output parameters are involved. Output
parameters make a direct insertion more difficult especially in conjunction with the swizzle operator. An
intrinsic where a direct translation without any wrappers is easily feasible is the saturate intrinsic in
HLSL which corresponds to the following mathematical definition:

R—[0,1]
saturate: . 4.2)
x — max {0, min {x, 1}}

For example, a function call to the intrinsic saturate(x) with floating-point value x can be translated
to clamp(x, 0.0, 1.0) in GLSL. If the input parameter x is a 4D-vector instead, it could be translated
to clamp(x, vec4(0.0), vec4(1.0)).

There are also very few intrinsics which just cannot be translated. One of them is the abort intrinsic
in HLSL which terminates the current draw call completely, i.e. the execution of all shader invocations of
the current GPU command. Such an intrinsic simply does not exist in GLSL. Fortunately, those intrinsics
are rarely used in productive shaders since they are intended primarily for debugging rather than actual
program behavior.

0O-0 Intrinsics

With the introduction of classes in HLSL 4, O-O intrinsics were also integrated. In GLSL there is only one
0-0 intrinsic which is 1length to determine the dimensions of arrays at compile time. Not to be confused
with the global intrinsic to determine the length of a vector that has the same name. HLSL has classes
for all kinds of buffer objects such as textures and structured buffers. Translating the intrinsics of these
classes from HLSL to GLSL can be accomplished in three steps:

1. Translate the intrinsic into the corresponding GLSL intrinsic.
2. Move the expression that specifies the object (or rather class instance) into the argument list.
3. Either join or remove the sampler state object if present.

The other direction works analogously. An example with a couple of intrinsics for texture sampling? is
illustrated in the following table:

GLSL HLSL

texture(t, uv) .Sample(s, uv)

textureLod(t, uv, 1) .SampleLevel(s, uv, 1)

textureQueryLod(t, uv).x .CalculateLevelOfDetailUnclamped (uv)

t
t
textureGradOffset(t, uv, dx, dy, o) t.SampleGrad(s, uv, dx, dy, o)
t
t

textureQueryLod(t, uv).y .CalculateLevelOfDetail (uv)

The following variables were used: t specifies a texture object, s specifies a sampler state, uv specifies
texture coordinates, dx and dy specify derivation vectors in x and y direction respectively, 1 specifies a
Level Of Detail (LOD), and o specifies an offset. In GLSL, the separation of textures and sampler states
is only available for Vulkan. The texture and sampler state objects are therefore only joined for the
Vulkan-specific GLSL. For OpenGL, sampler states simply do not exist in the shading language, although
there are sampler objects in the rendering system. As a result, sampler states must be removed for the
OpenGL-specific GLSL. This is one of the most significant restrictions in GLSL compared to HLSL. But
OpenGL programmers must be aware of these circumstances anyway. Joining a texture with a sampler

L Texture sampling is a method to read a texture buffer with a certain filter function.
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in GLSL is accomplished with an intrinsic to create a new sampler, e.g. sampler2D(t, s). Applying this
to the first GLSL example from the table above results in texture(sampler2D(t, s), uv). When we
go the other direction, i.e. GLSL—HLSL, we could simply generate a sampler state for each texture. The
last two examples with the textureQueryLod intrinsic illustrate a special case: Two functionalities have
been implemented into a single intrinsic in GLSL, but in HLSL there are two different intrinsics for them.
If both vector components are used at once, a wrapper function should be used again.

Let us briefly return to the length intrinsic in GLSL: its translation is possible via the type system. The
compiler needs to now the dimension of all arrays and also arrays of arrays. For each expression where
the intrinsic is used the type system must be able to deduce the array size. In this way the compiler can
replace the intrinsic call by a constant integral expression.

4.2.7 Attributes

Attributes in HLSL and layout attributes in GLSL are fundamentally different concepts. In some situations,
however, they are intended for the same purpose. In HLSL, attributes can appear almost everywhere, but
various attributes are meant to be used only for the main entry point, such as the maxvertexcount
attribute that we have seen earlier. In GLSL, on the other hand, attributes can only appear inside a
layout qualifier which is primarily available for global declarations. A few information declared with a
layout attribute in GLSL must be declared with a specific keyword in HLSL. One of them is the register
keyword to specify the binding slot of a constant buffer for instance. In contrast, GLSL uses the location
attribute.

HLSL Attributes

There are many attributes in HLSL for fine tuning the control flow. They are only used for optimization
purposes which are more or less obsolete nowadays. Doing low-level optimizations at high-level source
code does not make much sense anymore, since every graphics driver has different ways to perform
efficient optimizations for certain architectures. This is why SPIR-V provides the code in SSA form to let
the graphics driver do the remaining optimization passes. A brief overview of a couple of those attributes
is provided in the following table:

Attribute | Remarks

branch Forces the shader to perform dynamic branching for an if-statement.

flatten | Avoids dynamic branching and evaluates both sides of an if-statement.

unroll Removes dynamic control flow of a loop statement by unrolling each iteration.

call Avoids inlining a function call.

These attributes are a relict of the older versions of HLSL. They can appear even in front of a variable
declaration where they have no effect. It is reasonable to simply ignore these attributes in a shader
cross-compiler, since they do not affect the behavior of the shader. In OpenGL, a shader can either
fully enable or disable the optimizer. To disable the optimizer for instance, the preprocessor directive
#pragma optimize (off) can be used after the GLSL version is specified. But for no specific control
flow construct it can be specified how it is meant to be assembled.

The only HLSL attributes we are interested in, are the one to specify global shader properties, like
[numthreads(x,y,z)] to specify the number of local threads for a compute shader. Again, these at-
tributes can only appear in front of the main entry point. The corresponding layout qualifiers in GLSL,
on the other hand, can appear anywhere in the global scope. An example of two attributes for a compute
shader and a fragment shader respectively is presented in the following table, where X, Y, and Z specify
constant integral expressions:
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GLSL HLSL

layout (early_fragment_tests) in; [earlydepthstencil]

layout(local_size_x=X, local_size_y=Y, local_size_z=Z) in; [numthreads(X,Y,2)]

As one can see, those attributes can be trivially translated. However, it is somewhat more complicated
with the tessellation control shader or rather “Hull Shader” in HLSL. Recall that tessellation is a graphics
feature provided by the hardware which is split up into two shader stages: the tessellation control- and
tessellation evaluation shader. There are several attributes in both GLSL and HLSL to configure the behav-
jor of the hardware tessellator!. In HLSL, almost all attributes for the hardware tessellator are specified
for the tess.-control shader, while in GLSL, on the other hand, the attributes are differently distributed
over the tess.-control and tess.-evaluation shaders. This leads to two problems: Firstly, when compiling
the tess.-evaluation shader, the name of the tess.-control shader must also be specified explicitly, and
secondly, it may happen that both shaders are not always available at the same time. Knowing the main
entry points of both tessellation shaders is necessary to correctly translate the attributes for the target
language. When translating GLSL—HLSL we also have the problem that always only one shader can be
present in a single compilation unit or source file. Therefore, the cross-compiler must provide a mecha-
nism to specify where the opposite tessellation shader is present. All the attributes related to tessellation
shaders (TC for tess.-control; TE for tess.-evaluation) are shown in the following table with a couple of
example arguments:

GLSL HLSL

N/A TC [domain("quad")]
TC layout(vertices=4) in; TC [outputcontrolpoints(4)]

N/A TC [patchconstantfunc("MyFunc")]
TE layout(fractional_odd_spacing) in; TC [partitioning("fractional_odd")]
TE layout(ccw) in; TC [outputtopology("triangle_ccw™)]
TE layout(quads) in; TE [domain("quad™)]

The attributes that are not available (marked with ‘N/A’ in the table) are either implicitly present in GLSL
by the vector dimension of a certain IO field, or specified directly inside the main entry point, i.e. there
is no need for a function like “MyFunc”.

GLSL Attributes

In addition to the HLSL attributes there are also some layout attributes in GLSL which must be translated
to a register location. They can be used for single uniforms but also for binding slots of textures and
samplers. The major attributes for these purposes are either location or binding. Depending on the
type for which the binding point is used, a certain register must be used in HLSL. With a straightforward
translation the index slots could simply be adopted. We have already seen this kind of translation in a
previous section for a UBO in Listing 4.11 and Listing 4.12. It is important to note here that Direct3D
allows resources to be bound to different binding slots for each individual shader stage. For example,
a texture can be bound to slot N for the vertex shader, while another texture is also bound to slot N,
but for the fragment shader. In OpenGL, on the other hand, each texture is always bound to a global
binding slot that affects all shader stages at the same time. Therefore, the naive approach may lead to
incorrect resource binding if the shader was not created with this restriction in mind. A possible solution

! The hardware tessellator is a fixed-function stage in a graphics pipeline which generates many geometric primitives out

of a few control points, so-called patches

42 4 Concept



for this issue is to automatically generate binding slots in the GLSL output, i.e. each buffer has its own
unique binding slot. The software library of the shader cross-compiler should then provide an interface to
query all generated binding slots, so the programmer can use them in the graphics system. All supported
registers are listed in the following table with the associated HLSL type and the corresponding GLSL type
for both OpenGL and Vulkan:

Register HLSL Type GLSL Type for OpenGL | GLSL Type for Vulkan
b Constant Buffer Uniform Buffer
u Unordered Access Buffer Shader Storage Buffer
t Texture Sampler Texture
s Sampler State N/A Sampler
c Pack Offset N/A

Note that OpenGL does not support sampler-states in GLSL, but Vulkan does. Samplers are used for
texture sampling as a whole in GLSL by default, while the GLSL variant for Vulkan uses samplers for
sampler-states and textures for the texture-buffers. Also note that GLSL does not support a pack offset
which allows the packing alignment of all constant buffer fields to be specified manually. However, the
use of the packoffset keyword in HLSL is quite restricted. Nevertheless, a cross-compiler should either
ignore that keyword or emit a warning report whenever the manually specified packing alignment does
not match the default alignment.

4.2.8 Buffer Objects

We are now investigating the mappings between all the classes of buffer objects in GLSL and HLSL. The
easiest way would be to always utilize the most flexible class of buffer objects, e.g. a buffer that can
always be written to and read from. However, these types of buffers require a lot of GPU power, so they
should only be used when they are absolutely necessary. The different buffer types also have varying
hardware requirements and are supported by different shader versions. Therefore, a sophisticated cross-
compiler should try to find the minimal buffer class for the output code. This allows, among other things,
that the output code can also be used on older hardware devices, as far as this is possible. A proposal
for a mapping between all buffer types is presented in Table 4.3. As one can see, the type buffer in
GLSL requires a very high version, namely 430 (460 is the highest version available at the present time).
Hence, using this type instead of samplerBuffer and imageBuffer for instance would be a waste of GPU
resources.

Mapping the types alone is only half the work. Using various buffer types implies that different
techniques of data access to these buffers must be translated, too. The translation between all the
sampler*/Texture* types is relatively simple, because they behave very similar. There are intrinsics
for sampling texture data or reading individual texture elements. Besides the samplers there are also a
couple of buffer types with read/write support as well as buffers with generic structured types which are
more complicated.

The maximum amount of memory supported for the buffer types is generally the same between GLSL
and HLSL. These limitations are primarily hardware dependent, though. The specification of Direct3D 11
guarantees that hardware buffers can have at least 128 MB of memory. Unfortunately, the glGet*-
functions to query the maximal supported buffer size in OpenGL only provide a rough approximation.
Instead, so-called proxy textures must be created to determine the actual hardware limitations. Never-
theless, the latest OpenGL and Direct3D versions commonly share the same limitations as long as they
are running on the same hardware. Therefore, we can largely ignore the buffer sizes during the cross-
compilation. If necessary, we can still offer the user an option to switch to another buffer alternative.
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GLSL HLSL g = E)
Type/ Block SM | Class smM| A |*®|E
samplerlD 110 | TexturelD 4.0 | 1D
samplerl1DArray 130 | TexturelDArray 4.0 | 2D
sampler2D 110 Texture2D 4.0 2D
sampler2DRect 140 2D v
sampler2DArray 130 | Texture2DArray 4.0 | 3D
sampler3D 130 | Texture3D 4.0 | 3D
samplerCube 130 | TextureCube 40 | 2D | X
samplerCubeArray | 400 | TextureCubeArray 4.0 | 3D
sampler2DMS 150 | Texture2DMS 4.0 | 2D
sampler2DMSArray | 150 | Texture2DMSArray 4.0 | 3D
samplerBuffer 140 Buffer 401D
ByteAddressBuffer 4.0 | 1D
buffer 430 | StructuredBuffer 4.0 | 1D
imageBuffer 420 RWBuf fer 5.0 | 1D
RWiByteAddressBuffer 5.0 | 1D
RWStructuredBuffer 5.0 | 1D X
buffer 430 | AppendStructuredBuffer | 5.0 | 1D
ConsumeStructuredBuffer | 5.0 | 1D v
imagelD 420 | RWTexturelD 5.0 1D
imagelDArray 420 | RWTexturelDArray 5.0 | 2D
image2D 420 | RWTexture2D 5.0 | 2D
image2DArray 420 | RWTexture2DArray 5.0 | 3D
image3D 420 | RWTexture3D 5.0 | 3D

Table 4.3: Buffer type mapping between GLSL and HLSL.

Multiple Mappings

A few types are mapped to multiple opposite types. One of them is Texture2D which is mapped to
sampler2D and sampler2DRect where the latter one does not use normalized texture coordinates’. But
in HLSL, texture coordinates are always normalized for sampling. Hence, translating sampler2DRect to
Texture2D requires us to generate a transformation of the texture coordinates including an intrinsic to
query the size of the respective texture. Another special case here is samplerBuffer that maps to both
Buffer and ByteAddressBuffer. As the name implies, a ByteAddressBuffer in HLSL provides data
access by a byte address instead of a per-element index. Such a feature is not supported in GLSL so
we need to transform the element indexing in our translation. The same applies for the RW-versions of
these buffer types. The last type we mention here is buffer which is mapped to four different kinds of
structured buffers. Whether the GLSL type provides write access or not depends on its layout declaration.
The last two structured buffer types, namely AppendStructuredBuffer and ConsumeStructuredBuffer,
provide a couple of certain intrinsics to increment an internal counter within the buffer object. With this
counter, elements can be appended or consumed. This can only be achieved by a separated object in

1 Texture coordinates are usually normalized to the interval [0, 1] to make them independent of the texture resolutions.
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GLSL, a so-called Atomic Counter. Using this new counter object of course changes the way the graphics
system can interact with the shader I0. HLSL only provides atomic counters as a hidden object within
the RW-structured-buffers. Hence, the GLSL—HLSL translation can be more difficult than vice versa,
whenever an atomic counter is used in GLSL, especially when it is used for multiple purposes.

Structured Buffers

In HLSL, the structured buffer types have a generic argument to a structure declaration (like the tem-
plates in C++). The non-structured buffer types also have a generic argument but only to a base type like
float4. In GLSL, the corresponding type is an SSBO which is declared with the buffer keyword. This
buffer type does not have a generic ‘template-like’ argument. Instead, the body of the buffer declaration
is written like a structure declaration. As a result, it can have several fields, while a structured buffer in
HLSL is always handled like an array of multiple elements of the same structure. To get the same kind
of buffer where the size is defined at runtime, GLSL allows the last field to be declared as an array of
undefined size. This simplifies the HLSL—GLSL translation, where the buffer can be declared with only a
single element which is an array of such an undefined size. This is illustrated in Listing 4.20 and Listing
4.21.

Listing 4.21: Structured Buffer in GLSL

Listing 4.20: Structured Buffer in HLSL

struct Light {
float3 pos, color;

struct Light {
vec3 pos, color;

};

layout (std430) buffer LightBuffer {
Light lights[];

};

3
StructuredBuffer<Light> lights;

A WN R
AU A WN =

In both cases the object 1ights can be accessed like an array and the number of elements is defined by the
graphics system on CPU-side. For the opposite direction, i.e. the GLSL—HLSL translation, the translation
only works in the same way if the buffer only has this single dynamic array element. Otherwise, there
are two cases: Firstly, none of the elements in the buffer is a dynamic array in which case the buffer
can be turned into a new structure declaration and the resulting structured buffer will only have a single
element. Secondly, the buffer has multiple elements and one of them is a dynamic array in which case the
buffer must be translated into two separate buffers in HLSL. The latter one is quite problematic because
it involves an entirely new buffer object. This definitely changes the way a programmer can interact with
the shader from within the graphics system. An example of such a worst case scenario is illustrated in
Listing 4.22 and Listing 4.23.

Listing 4.23: Structured Buffer in HLSL

Listing 4.22: Structured Buffer in GLSL

1 |struct Light { 1| struct Light {
2 float3 pos, color;
2 vec3 pos, color; 3|3
3|} ; .
4 |layout(std430) buffer LightBuffer { 4 |struct LightCount {
. . 5 uint lightCount;
5 uint lightCount; 6 |3
g }_nght lightsll; 7 | StructuredBuffer<LightCount> lightCount;
’ 8 |StructuredBuffer<Light> lights;

In this case, GLSL is more flexible than HLSL which leads to a restriction for a GLSL—HLSL translation.
For very small read-only buffers like the single element buffer 1ightCount in Listing 4.23 it is of course
reasonable to use another buffer type such as a constant buffer. Unfortunately, the data still needs to
be split, which is disadvantageous. This is another compromise that cross-platform shader programmers
should be aware of. In this case, it also does not make any difference if we base our cross-compiler on
an IR. The restriction remains the same.

4.2 Investigation 45



RW Buffers

Buffers with access for reading and/or writing are non-trivial to translate. This is because HLSL provides
the same syntax for read and write access like for arrays, while GLSL on the other hand has certain in-
trinsics for this purpose. Which intrinsics are required also depends on the buffer type, because there are
different intrinsics for sampler-buffers and image-buffers. We illustrate this with a simple HLSL RWBuffer
in Listing 4.24 which is translated to a GLSL imageBuffer in Listing 4.25.

Listing 4.24: RW Buffer in HLSL Listing 4.25: RW Buffer in GLSL
1 |RWBuffer<float4> vectors; 1 |uniform imageBuffer vectors;
2 2
3 |vectors[i] *= 1.5; 3 |imageStore(vectors, i, imagelLoad(vectors, i) * 1.5);

In this example we can see that HLSL allows a direct modification of the elements inside vectors (here
with the multiply-assign operator *=). GLSL, however, does not allow a direct modification or rather
reading and writing simultaneously. Instead, we need to load and store the data explicitly. The interested
reader may have noticed that we have the same problem of duplicated expressions as we had earlier. In
this case the expression i is duplicated into both image load and store intrinsics. For such an expression
with no side-effects it is not a problem to duplicate them. However, if we have a complex arithmetic
expression or a function call, duplication would be either inefficient or even results in a different behavior
of the translated shader compared to the original shader. In such a case temporary variables are again
inevitable and must be carefully inserted. Also note that in HLSL, a vector type is specified for the buffer,
but not in GLSL. The intrinsics imageStore and imageLoad always work with a 4-component vector. To
use signed or unsigned integral vectors, the buffer type must have the ‘i’ or ‘u’ prefix respectively. This also
applies to all other image and sampler types in GLSL. In other words, the image buffer type is specified
as gimageBuffer where g can be either i, u, or omitted.

When we use the SSBO type (i.e. the buffer keyword) in GLSL, we can work with the buffer identically
like before. But as already mentioned: it is quite sensible to not always translate a buffer object to an
SSBO, because they require a very high GLSL version and more advanced GPU features.

4.2.9 Structures

Data structures are an essential component in almost every programming language. And in shading
languages, too. There is even a programming paradigm named structured programming in which data
structures, as the name implies, play a key role. The syntax of data structures is the same among all
shading languages that are derived from the C programming language. Though, in addition to the syntax,
HLSL provides a few more features for structures: empty- and embedded structures. These features are
not supported in GLSL so we need to transform these structures appropriately. Advanced features like
inheritance and member functions are examined in section 4.2.10.

Empty Structures

Structures can be empty in HLSL, i.e. they can have zero fields like struct S {}; where no declarations
are inside the braces of S. A variable with a type specifier of such a structure can even be initialized like
any other structure, although there are no fields that could be initialized. This is not allowed in GLSL,
neither by grammar nor by context. Although empty structures are probably rarely used in practical
shaders, as long as the language supports them we need to consider their translation in our compiler.
Fortunately, this can easily be solved by inserting a ‘dummy’ field into the structure. Since this field will
never be used in the shader a sophisticated GLSL compiler and/or graphics driver will most likely remove
it during the optimization passes. The example of the structure S from above would become something
like struct S { int dummy; };.
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Embedded Structures

Embedded structures (sometimes referred to as nested structures) are declared inside other structures
and are only supported in HLSL up to SM 5. They require a little more effort because we need to pull
declarations out of other declarations by operating on the AST. Furthermore, they can only be declared
anonymously and must therefore be used in conjunction with a field declaration. Those anonymous
structures are actually supported in GLSL, too, but since we need to move these structures out of another
structure they must be uniquely identifiable. Those transformations on the AST can be done quite well
within a separated pass after the semantic analysis but before the code generation. An illustration of such
a translation is shown in Listing 4.26 and Listing 4.27.

Listing 4.27: Nested Structure in GLSL

Listing 4.26: Nested Structure in HLSL

1 | struct Anonymousl {
1 [struct S { .
2 int InnerMember;
2 struct { 3 (3.
3 int InnerMember; ’
4 } OuterMember; 4 | struct S {
’ 5 Anonymousl OuterMember;
513 6 |1:

In this example, S specifies the “outer” structure and OuterMember specifies its field of a type with an
anonymous structure (i.e. the “inner” or rather embedded structure). This anonymous structure is then
renamed to Anonymous1 in the resulting GLSL code, to be used as type specifier for the field declaration.
The numbering is meant to point out that the cross-compiler needs to be aware of all auto.-generated
names in which indexing is the most effective solution. Although the modification may look non-trivial
when we only compare it textually, working on the DAST simplifies it considerably. This transformation is

Program

A
StructDecl
ngn
Field, LTI, .
4 H H
FieldDecl ' StructDecl ' StructDecl
"OuterMember" "Anonymous1® 'S”
Type . Field, Field,
LTS VTt H v H 4
StructDecl ; S FieldDecl FieldDecl
: o i | "InnerMember" |:| "OuterMember"
Field, Type Type
v : : A : Y
"InnerMember" | """ : 1| "Anonymous1
Type
A
IntType

Figure 4.1: Simplified DAST of an embedded structure and its transformation.

illustrated in Figure 4.1 with a simplified DAST. Note that the example shows a DAST rather than an AST.
This is because the information of the structure type “Anonymousl” is decorated to its declaration after

4.2 Investigation 47



the transformation. Hence, after moving AST nodes around the referencing of types to their declarations
must be updated correctly.

4.2.10 Member Functions

The last advanced feature of HLSL we examine here are member functions. From now on, we will
use the term class when referring equally to classes and structures. In HLSL, structures and classes
are equivalent anyway. These member functions are part of a class declaration and belong to the O-O
paradigm. This feature also involves class inheritance! but not multiple-inheritance. Unlike other O-O
programming languages such as C++ and Java, HLSL does not support private, public, or even protected
access specifiers?. These words are reserved in the language for future use but using them in a shader
results in a compile-time error. Since GLSL does not support member functions we need to transform
all of these functions as well as their function calls into global functions. The member functions can of
course access the data fields of its class. To determine whether an expression refers to a member field or
a local variable, the analysis of member functions must be integrated into the type system. Just like in
C++ and Java, there is the keyword this in HLSL which refers to the instance of the class on which the
function was called. This keyword can only be used inside a member function to explicitly access a class
member (either a field or function). Also members from a base class within the inheritance hierarchy can
be accessed where the syntax is derived from C++.

Before we look at an example shader with member functions we first need to understand how the
inheritance can be translated to GLSL. The naive approach is to insert all data fields of the base classes
into the derived class. This is illustrated with a structure B which inherits from structure A in Listing 4.28
and 4.29.

Listing 4.28: Inheritance in HLSL Listing 4.29: Inheritance in GLSL
1 |struct A { float a; }; 1 |struct A { float a; };
2 |struct B : A { float b; }; 2 |struct B { float a, b; };

In the GLSL translation, the structure B has adopted the data field a. There are two issues with this ap-
proach: Firstly, derived classes can have members with the same name as their base classes, and second,
it makes the translation of member functions more difficult. The former means that B could have a field
which is also named a, which would result in an invalid GLSL code when both fields have the same name.
The latter means that all member functions of base classes must be translated multiple times or rather
once for each derived type. A more advantageous approach is to insert the base class as first data field into
the derived class. This data field needs a unique name which does not overlap with any other data fields.
The previous GLSL example of structure B could then look like this: struct B { A base; float b; };.
This approach naturally causes that each expression referring to such a base member needs to be trans-
formed, too. Depending on the hierarchy depth, the expressions can become quite long. Nevertheless,
this approach seems to be an elegant solution as we will see later in this section.

Let us consider the member functions again. Similar to embedded structures we also need to move all
member functions out of a class declaration. To be able to access any member fields we also need to insert
a special parameter into the parameter list of all member functions. Since the name this is reserved for
future use, even in GLSL, we need to find another reasonable name. We can either use a cryptic name
that is most likely never used, or we adopt the name self from other programming languages such as
Python to make the output code as readable as possible. Just like with the base data field, we also need
to insert this self parameter into all expressions referring to any member field. This can even create
expressions in which both names appear. The difference by moving member functions out of the class
declaration compared to embedded classes is that the functions must appear after the class declaration.

Inheritance allows a class to be derived from another class.

2 Access specifiers are used to limit the scope in which fields and functions can be accessed.

48 4 Concept



Otherwise the self parameter could not have the correct type, which must be the class for which it is
declared. Next we take a look at a shader example that makes use of a member function, inheritance,
and different kinds of member access. We will then review each part of the example from Listing 4.30

and Listing 4.31.
Listing 4.31: Member Functions in GLSL
Listing 4.30: Member Functions in HLSL 1 |struct Light {
. 2 vec3 color;
1 |struct Light { 3 (3.
2 float3 color; 4 ’
3 1% 5 | struct PointLight {
4 6 Light base;
5 |struct PointLight Light { ’
7 vec3 pos;
6 float3 pos;
- 8 |};
8 float3 Shade(float3 P, float3 V) { 9
. . 10 |vec3 Shade(
9 float3 L = normalize(P - this.pos); 11 PointLight self, vec3 P, vec3 V)
10 float NdotL = max(0.0, dot(L, V)); 12 | g 9 ’ ’
1; } return color * Ndotl; 13 vec3 L = normalize(P - self.pos);
13 |3 14 float NdotL = max (0.0, dot(L, V));
14 ’ 15 return self.base.color * NdotL;
15 | float4 ShadeScene() { 16|}
16 PointLight L; 17
9 ’ 18 |vec4 ShadeScene() {
17 L.color = (float3)1; . .
19 PointLight L;
18 L.pos = (float3)0; 20 L.base.color = vec3(l);
19 return L.Shade(WorldPos, ViewRay); ) ) - ’
2 |3 21 L.pos = vec3(0);
22 return Shade(L, WorldPos, ViewRay);
23 |}

In Listing 4.31 we can see the insertion of the base data field in the structure PointLight as well as
the parameter self in the function Shade. The self parameter is used twice: First, as replacement
of the keyword this in line 13, and second, to access the color data field in line 15. The latter one
also needs the insertion of the base data field since it belongs to the base structure Light. The object
expression L in line 22 can simply be moved as first argument into the function call of the member
function. When the member function belongs to a base class, we need to insert the respective base-field
expressions again. This is the case in line 20 for instance, where the data field color is initialized. The
content of the functions in this example only perform very basic lighting effects. This approach works
quite well even when the same function name is used in the global scope, due to function overloading!.
Nevertheless it is useful to attach the class name to their member functions in the translation, just to
make sure a conflict in function overloading is impossible. The member function in this example could
then be named PointLight_Shade for instance. Otherwise the user could get an interface to either
enable or disable this kind of renaming. A similar approach was implemented in the ancestor of the
C++ programming language back in 1979 when its predecessor was named “C with Classes” [52]. The
source code was compiled into C instead of assembler directly and member functions were translated
into global functions which are compatible with the C language.

4.2.11 Boolean Vector Expressions

There are a few special intrinsics for Boolean vectors in GLSL that we have not covered so far. The
functionality of these intrinsics is also supported in HLSL but they are part of the expression syntax
instead. They are used to compute Boolean expressions for vectors such as a < b where a,b € R*. In

! Function overloading refers to a feature that a function name is used multiple times, but the compiler can still determine

which function is used as long as the functions can be distinguished by their parameter lists.
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HLSL, this vector comparison results in a 4D Boolean vector where each component has either the value
true or false and the less-than-comparison is performed per-component. The same effect is achieved with
a lessThan(a, b) intrinsic function call in GLSL, and there is an intrinsic for each Boolean operator.
The mapping between the operators in HLSL and the intrinsics in GLSL is shown in the following table:

HLSL == = < <= > >=
GLSL | equal | notEqual | lessThan | lessThanEqual | greaterThan | greaterThanEqual

Note that these operators/intrinsics cannot be used as conditional expressions, i.e. they cannot appear
inside the condition of an if-statement for instance. Instead, they can be used to initialize a Boolean
vector (e.g. bool4 in HLSL or bvec4 in GLSL). However, there is one exception for conditional expressions
in HLSL, which is the so-called ternary operator®. The ternary operator allows selecting its result between
the two branches per-component. This can be achieved with the mix intrinsic in GLSL and is illustrated
in Listing 4.32 and Listing 4.33.

Listing 4.32: Boolean Vector in HLSL Listing 4.33: Boolean Vector in GLSL

float4 a = float4(l, 2, 3, 4);
float4 b = floatd4(4, 3, 2, 1);
bool4 condition = a < b;

float4 x = condition ? a : b;

vecd a = vecd(l, 2, 3, 4);

vecd b = vecd (4, 3, 2, 1);

bvec4 condition = lessThan(a, b);
vecd x = mix(a, b, condition);

N wN

A WN -

From the example above, the resulting vectors are condition = (true, true, false, false)” ,x = (1,2,2,1)7
for both GLSL and HLSL. In this case we don’t even have to handle duplications of any expressions which
makes the transformation on AST level quite easy to implement. However, it is important that the tree
structure of binary expressions is correct in the AST, taking into account the operator precedence. Oth-
erwise, an expression like a < b + c might be erroneously translated to lessThan(a, b) + c instead
of lessThan(a, b + c). If GLSL supported the same syntax as HLSL for Boolean vectors, the correct
operator precedence would be less important, since the cross-compiler would produce the same output
independently of the AST hierarchy.

Apart from Boolean vectors, it should be mentioned that only GLSL has a Logical-Exclusive-OR operator
(also Logical-XOR, but not to be confused with Bitwise-XOR) to compare two Boolean values. If we have
those declared as bool P,Q; the comparison P "" Q (Exclusive-OR) in GLSL is equivalent to P != Q
(Inequality) in HLSL. That this is indeed the case, shows the following truth table:

P|Q|P!=Q|P """ Q
F|F F F
F|T T T
T|F T T
T[T F F

4.2.12 Name Mangling

We already mentioned briefly the process of name mangling in a previous section. Now we are going
to discuss at which point name mangling is required. The general idea is simply to append a prefix (or
suffix) to the name that is written to the output code to avoid duplicate identifiers or reserved words.
Various programming languages use the prefix of two consecutive underscores for their internal name
mangling. GLSL for instance is one of those languages where identifiers beginning with two underscores
are reserved, i.e. declaring a variable like __example will result in a compile error. The easiest way to find

! Ternary operator consists of three expressions: a condition, a then-branch, and an else-branch; It is usually written with

the ?7: characters.
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a valid prefix is to let the user of the cross-compiler choose. This is a contract between the user and the
compiler that no identifier in the code will begin with that prefix. Otherwise the shader cross-compiler
can report an error.

Name mangling is at least required for reserved words such as intrinsics, built-in variables, and key-
words. For auto.-generated/temporary variables, it is more of a recommendation rather than a require-
ment. But anonymous structures for instance that have been renamed should also be taken into account
for name mangling. If our name mangling prefix is defined to be “NM_" for instance, a function named
main in HLSL could be renamed to NM_main in GLSL. The process of name mangling must be performed
at the right place, otherwise a translated intrinsic might be erroneously renamed. For example, there is
an intrinsic to compute the fractional part of an argument which is named fract in GLSL and frac in
HLSL. So declaring a function named fract is valid in HLSL but must be renamed in GLSL, while a call
to frac in HLSL is valid, too, it must be renamed to fract in GLSL without name mangling. As we have
seen earlier, the renaming of member functions can be part of the name mangling process, too.

4.3 Restrictions

After examining many different language features, we will now summarize the restrictions we have
gathered. We have seen various language features that can be translated straightforward such as constant
buffers and matrix ordering. We have also seen that an elaborated type system is absolutely necessary
to provide a solid basis for a source-to-source compiler. Compromises are sometimes unavoidable as
the tessellation-shader-related attributes have shown. In those cases an appropriate interface for the
user has to be provided. This in our case could be a command line tool with corresponding commands
and/or a software library with the respective input parameters. Especially the translation of the IO
semantics is challenging. In combination with embedded structures and multiple uses of 10 structures the
HLSL—GLSL translation needs an extensive code analysis to work properly. Moreover, some restrictions
related to sampler states must be accepted, at least when the GLSL shaders are targeted to OpenGL
rather than Vulkan.

There are a few language components we have not covered: techniques from older HLSL versions,
and submodules from GLSL. Both components are obsolete. Therefore it is justifiable to ignore them.
We will briefly mention them here anyway. Techniques were used in so-called effect files to specify how a
collection of shaders is meant to be compiled and executed. This is primarily done on CPU-side but it was
a convenient way to specify it within the shader source file. It would be possible to develop a software
interface which allows the user of our cross-compiler to query all techniques of a shader so the user
can transfer them to the respective OpenGL commands. But since techniques are outdated nowadays,
we can safely ignore them. Hence, our compile will parse them just like commentaries whenever they
appear in a shader. We can do the same for submodules in GLSL. They even have been removed from the
GLSL specification for Vulkan. Furthermore, they were widely rejected by shader programmers, among
other things because of their disadvantageous overlap with uniforms. They have a similar purpose as the
dynamic linkage in HLSL with classes and interfaces. It is meant to provide a mechanism to dynamically
change the behavior of the shader to eliminate the need for so-called uber shaders'. Since the translation
of submodules into interfaces/classes and vice-versa requires a high effort, and the fact that this language
component is obsolete, we can ignore it with good reason.

! Uber shaders combine multiple purposes with static compile-time conditions that are commonly implemented with macro

expansion, which makes those shaders hard to read and maintain.
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5 Implementation

In this chapter we will analyze in more depth how a practical source-to-source compiler for shading
languages can look like. We will focus on various implementation details and see how difficulties can be
circumvented. A prototype for this thesis, as a proof-of-concept, is available at github.com in form of
the XShaderCompiler project [14]. A basic overview of the compiler infrastructure is illustrated in Figure
5.1. In the following sections, we will analyze these compiler stages in detail. Since the XShaderCompiler

Front-End Middle-End Back-End

i [ GLsL — i i [ GLsL
GLSL ™ Pparser AST i /7] Converter

E ) h
' [ HLSL ] i\,[ HLSL
HLSL > Pparser AST :”| Converter

GLSL
Generator

Analyzer

HLSL

Analyzer Generator

Figure 5.1: Basic graph of the XShaderCompiler; White = data models, Blue = compiler stages.

is only a prototype, some compiler stages might be incomplete. However, the compiler is already able
to perform HLSL—GLSL translations properly. In contrast to the usual compiler pipeline, the middle-end
does not contain optimization passes. Instead, it includes the part of converters to transform the AST
into the target language. This is where new AST nodes and temporary variables are generated, others
are removed and reconnected. We will now go through all stages of this pipeline step-by-step.

5.1 Front-End

5.1.1 Uniform AST Design

Since the AST is a fundamental structure wherewith the compiler needs to work throughout the entire
infrastructure, its design is crucial. Since we do not use an IR but still want to support multiple source
and target languages, it is important to have a unified AST design. As a result, we can neither use a
parser generator nor derive the AST classes directly from the grammar of any shading language. We
need to reduce our hierarchy to a common denominator which is compatible with all provided shading
languages, i.e. GLSL and HLSL in our case. Fortunately, GLSL and HLSL have a very similar syntax and
are both derived from the C programming language. Among a few other things, the major differences
are their different sets of keywords. There will be some AST classes which need to be defined exclusively
for either one of both languages. But most of the AST classes can be shared between them. If we were
also supporting MSL, then we would have to rethink this approach. This is because MSL is derived from
C++14 which is a very extensive programming language. Among other things, the type system would
need to be far more complex, due to the C++ templates. A compiler for such a complex language is
often based on the Clang/LIVM framework. But since we are limited to GLSL and HLSL, we can certainly
develop our own one.

First of all, we need to classify our AST classes. This will specify the class inheritance as well as the
base classes. AST is the name of the root, i.e. each AST class is a sub class (or sub-sub class etc.) of
AST. The major base classes are for statements and expressions. An expression is usually a combination
of several sub-expressions. For example, 1+2 is a binary expression with operator + and the two literal
expressions 1 and 2 as sub-expressions. A statement usually stands for its own and may contain multiple
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sub-expressions, while an expression naturally cannot contain something like a ‘sub-statement’. In many
programming languages derived from C, a statement is most of the time terminated by a semicolon,
which is called the statement terminator. Other programming languages use the new-line character as
statement terminator. Let us now divide our AST classes into these four categories:

* Statement (abbr. Stmnt): Common control flow and collection of object declarations.

* Expression (abbr. Expr): All kinds of expressions, e.g. arithmetic, function calls, assignments etc.
Declaration (abbr. Decl): Object declaration such as variables, buffers, textures etc.
Miscellaneous: All remaining AST classes such as array dimension, code blocks, program root etc.

The reason why we gave declarations an own category is that almost every object declaration can con-
tain multiple named objects within a single statement. For example, float a,b; declares two objects,
namely “a” and “b”, which are contained within a single variable declaration of type float. The single
declarations (i.e. Decl) will later be used for decorating the AST during the context analysis. In this way,
the DAST can have references (or rather pointers) to the Decl base class. For example, in an assignment
expression like a+=42 the respective expression class must have a reference to a Decl object for “a”,
otherwise the compiler cannot determine, if “a” was declared as a variable on which such an operation
is allowed. There is another base class (or rather an interface) we have not mentioned yet, because it
is more a helper class for simplification rather than a category. We will call this class TypedAST which
holds a type denoter and is used for each AST class which can return a type. Its base class is AST and its
sub-classes are Expr and Decl. In this way, we can query the type of each expression and declared object.
For example, if “a” was declared as a floating-point variable, its Decl object will return the respective
type denoter for floating-points.

Expressions

Let us now focus on the design of our expression classes. Expressions can be quite complex in many
programming languages, as well as in shading languages. There are even programming languages in
which (almost) everything is considered being an expression and thus yields a value, like in Scala or
Haskell. Statements like the loop-statements, in contrast, are easy to parse and also easy to analyze. This
is because they have a distinct meaning and they also have their own keywords which makes it easy to
identify them during the parsing process. The meaning of expressions, however, highly depends on the
context and the grammar is generally overloaded. A sophisticated design for expression classes is also
desired for performance reasons. If we need to traverse a sub-tree many times only to access a simple
variable within an expression, we would waste a lot of computation time. The tree hierarchy for a binary
expression is self-explanatory but for object- and sub-object-expressions there are two basic approaches:
we can either define a postfix or a prefix sub-expression. Consider a vector a € R* whose first two
components are accessed in an expression like this: a.xy. This expression consists of two sub-expressions
where both refer to an object: ‘a’ and ‘xy’. If we were to use postfix expressions the tree hierarchy could
look like shown in Figure 5.2a. If we were to use prefix expressions instead, the tree hierarchy might
look as shown in Figure 5.2b. In both cases the expression class ObjectExpr will have the same fields
(only different names were used). The difference is in the construction of the AST and thus in the way of
traversing it, too. Choosing between the two approaches affects further classes. We can apply the same
hierarchy for an array index expression, such as a[0]. In this case we would end up with two classes
like ObjectExpr and ArrayExpr. Both classes need either a postfix or prefix field of type Expr, i.e. the
base class of all expressions. The question now is which approach is the better one. Recall that traversing
the AST is a frequently used task during the entire compilation process. Although the type information
depends on the entire expression tree, only the rightmost expression holds the type we are interested in.
Therefore, the prefix approach is an elegant and efficient solution, although it may look extraordinary,
due to the reverse order of identifiers in the hierarchy. For the sake of clarity, consider the example
from Figure 5.2b again. Here our topmost AST node is the object we actually want to access in the
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Figure 5.2: AST object expression examples with postfix and prefix construction/traversal.

expression a.xy. And this node already holds the type information we need, assumed that the type has
already been deduced during the analysis. In the other case, shown in Figure 5.2a, we would first need
to traverse to the next sub-expression to access the object we are looking for. This obviously exacerbates
with each new hierarchy level. It is also advisable to follow the Divide-and-Conquer (D&C) principle.
That is, we will divide all expression classes into small pieces, each with a single functionality. For
example, the ArrayExpr class will only hold a list of array indices and a prefix expression, nothing else.
For a better understanding of the AST design for expressions

consider another example. This time, we will use several types

of sub-expressions to be sure that we cover all sorts of ex- ObJ;.f‘C:EE,?(pr

pressions that are possible in our shading languages. Espe- ‘Preﬁx

cially the concatenation of sub-expressions is quite interesting. v
Since only HLSL supports member functions and has thus a lit- ) fgglel?é?gr”
tle more extensive expressions, we will take an example from

that language. An extensive expression example is shown in

Prefix Argument,

Listing 5.1. ObjectExpr LiteralExpr
"material" "0.3"
Listing 5.1: Extensive expression in HLSL Prefix

( Scene::getLights() )[7].material.fadeColor(®.3).rgb ArrayExpr

Prefix

All identifiers are marked with their meaning: Structure

( ), function ( ), structure field ( ), and com- BracketExpr Lite:a7|'|'5Xpr ’
ponents ( ). All these identifiers can be covered by the

ObjectExpr AST class. However, the function calls, namely ‘S""

CallExpr, will have their own identifier. Although this is CallExpr

against our D&C principle, it will make the traversal easier and ‘getlights”

since dynamic function objects do not exist in our shading lan- [Prefix (isstatic=true)
guages, we don’t need to handle them as object expressions. If ObjectExpr

we were supporting function pointers, as the C programming _Scene’

language does, it would be sensible to cover all function names

with the ObjectExpr. Hence, the call expressions hold a list of Figure 5.3: AST of the extensive expres-
arguments, an identifier for the function name, and again a sion example in HLSL.

prefix expression. Static functions must be concatenated with :: instead of ., which can be stored in a
Boolean field of the CallExpr class, like isStatic € B. The resulting AST hierarchy is illustrated in Figure
5.3, which shows pretty clearly the advantage of the prefix approach: The entire expression ends in the
access of the rgb components which results in a 3D-vector type that can be buffered in the AST node.
If this expression were assigned to another 3D-vector, our compiler can check very quickly if the assign-
ment is valid. All the types in between this expression are irrelevant for this type check. They are only
necessary during the first time the type of each sub-expression is deduced. In addition, the traversal is
always from right-to-left. Mixing the two approaches should be avoided in principle. For other expres-
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sions and especially the binary expression, namely BinaryExpr, the order of traversal is determined by
the language specification. An arithmetic expression like 1-2%3+4 can of course not be traversed simply
from right-to-left. It depends on the operator precedence as well as on the associativity.

Class Hierarchy

We will now summarize the entire AST class hierarchy and discuss certain classes specifically. For an
outline of all AST classes, take a look at Figure 5.4. All classes in blue are only provided for GLSL, and all

( AST h
~
TypedAST Stmnt
Decl ( Expr AliasDeclStmnt
BasicDeclStmnt
ArrayExpr BufferDeclStmnt
AssignExpr CodeBlockStmnt ArrayDimension
BinaryExpr CtrlTransferStmnt Attribute
AliasDecl BracketExpr DoWhileLoopStmnt | CodeBlock
BlockDecl CallExpr ElseStmnt PackOffset
BufferDecl CastExpr ExprStmnt Program
FunctionDecl InitializerExpr ForLoopStmnt Register
SamplerDecl LiteralExpr IfStmnt SamplerValue
StructDecl ObjectExpr LayoutStmnt SwitchCase
VarDecl SequenceExpr NullStmnt TypeSpecifier
TernaryExpr ReturnStmnt
UnaryExpr SamplerDeclStmnt
SwitchStmnt
VarDeclStmnt
\ J J WhileLoopStmnt
N AN
- J

Figure 5.4: Outline of the AST class hierarchy; Blue = GLSL only, Green = HLSL only.

classes in green are only provided for HLSL. Any other classes are shared between both languages. Some
of them may have various data fields that are only used in either one of those languages, though. This
hierarchy is just a proposal but almost identical to the implementation in the XShaderCompiler project.
There are a few additional AST classes that are only used for simplification during the parsing process. It
is also legitimate to combine more classes like the loop statements for instance. A too small set of classes,
however, could make the handling more difficult.

Let us briefly discuss a couple of specific classes. AliasDecl and AliasDeclStmnt are for type aliasing
via the typedef keyword in HLSL. Just like variable declarations, an alias declaration can have several
members within a single statement, too. For example, typedef int Intl,Int2[2]; results in two in-
stances of AliasDecl, one for Intl of type integer and another one for Int2 of type array-of-integer.
The classes PackOffset and Register are for the HLSL keywords of the same name. For GLSL, this
offset and register information is stored inside a layout attribute, which is covered by the Attribute
class. In addition, the SamplerValue class is only for the entries of a static sampler state declaration, i.e.
when the attributes of a sampler state are specified within the shader program. This is only supported in
HLSL, while in GLSL the sampler states can only be configured by the runtime system on the CPU. The
LayoutStmnt class is for global layout qualifiers like we have seen in Listing 4.15 for instance. They do
not belong to a variable declaration but for the global shader itself. The interested reader may have no-
ticed the class ExprStmnt, which may seem strange at first sight. It is used for all expressions that occur
as standalone statements such as function calls or variable assignments. Pointless statements like binary
operations that are not assigned to anything (e.g. ;1+2;) are allowed as well which are also covered
by this class. The class BasicDeclStmnt is the default class for all single declaration objects: functions,
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structures, and block declarations, where the latter one covers constant buffers/UBOs and SSBOs. All
remaining AST classes are more or less self-explanatory. The UnaryExpr class could also be split up into
a pre- and post- unary operator. For example, one for ++i and one for i++. But keep in mind that an in-
creasing amount of AST classes will increase the effort of maintainability throughout the entire compiler
infrastructure.

Now recall that we mentioned earlier that it might be quite reasonable to use a CST instead of an
AST for a cross-compiler. This is because we want the code structure as well as commentaries to be
preserved in the output code. However, we still use an AST since it is much easier to handle than a
CST. Especially white spaces, i.e. blanks, tabulators, and new-line characters, make the parsing process
even more complicated. Nevertheless, we want to preserve the commentaries at least. We can do this by
adding a list of strings as data field into the Stmnt base class. This list will store all commentary lines that
appear in front of a statement. All other commentaries like the one inside an expression will be ignored.
This is a reasonable compromise since most commentaries that are used for documentation are written
in front of a statement like a function declaration.

5.1.2 Generic Parsing

To follow the Don’t Repeat Yourself (DRY) principle and avoid redundant code, we have to split the parser
into several classes, each of which performs a certain task of the parsing process. Even the preprocessor
is part of this class hierarchy, since it requires to parse and evaluate constant expressions like the #if-
directive. Several language constructs such as the loop statements and almost every expression can be
moved into a base class, too. A proposal for a class hierarchy of parsers is shown in Figure 5.5. For our

Parser

/R«

SLParser PreProcessor

e

GLSLParser HLSLParser  GLSLPreProcessor HLSLPreProcessor
Figure 5.5: Outline of the Parser class hierarchy.

cross-compiler, an LL(1) parser is sufficient to process both GLSL and HLSL source code. That means
our parser can only look ahead one token to derive the AST. The root class Parser contains the basic
functionality like error handling, accepting tokens from the token scanner, and also expression parsing
which can be treated equally in all sub classes. The SLParser (for “Shading Language Parser”) is the
base class for the GLSL and HLSL parser and covers the parsing of common statements like code blocks,
loops, return statement etc. The same abstraction is applied for the preprocessors. However, the base
class PreProcessor can handle almost every preprocessor directive, since its sub-language is almost
identical between GLSL and HLSL. Hence, GLSLPreProcessor for instance has only a few additional
directives to process such as the #version-directive. A similar class hierarchy for the token scanners is
recommended.

Non-Context-Free Parser

The grammar as well as the parser for our shading languages are usually context free. However, there is
one syntactic ambiguity within HLSL, which is the cast expression. We have already seen various examples
of cast expressions but never mentioned what other expressions can look equally. An example of this
situation is shown in Listing 5.2 and Listing 5.3.
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Listing 5.2: Cast Expression in HLSL Listing 5.3: Non-Cast Expression in HLSL

int MinusOne() { int MinusOne() {

typedef int X;
return (X) - (1);

int X = 0;
return (X) - (1);

A wN R
a b WON—

} }

We have two variants of the function MinusOne, which returns the value —1 in two different and cumber-
some ways. In line 4, the expression of the return-statement of both examples looks the same. Although
they return the same value, it does not mean the same. The first variant from Listing 5.2 is a type cast
from the unary-expression - (1) to the type named X (via type aliasing). The second variant from Listing
5.3 is a subtraction binary operation between the value of the local variable X and the constant value 1.
Both functions will return the value —1, but the parser must create two different ASTs. However, without
the context information what (X) denotes, the parser is not able to generate the correct AST. Alterna-
tively, the parser could always generate one of those variants and the compiler must then transform the
AST during the context analysis. But a simple and effective solution is to integrate a symbol table into
the parser. This symbol table keeps track of all type names within the current scope. The parser can then
determine whether the name inside parentheses is a type name or not. As a result, we no longer have a
context-free parser. But it is a good trade-off between specification and simplicity. In a programming lan-
guage more complex than HLSL this simple solution would probably fail. This is because in programming
languages that don’t require forward declarations, types can be used before they were defined.

Bidirectional Keyword Mapping

In a very basic cross-compiler that does not perform any contextual analysis we could simply store
the input keywords and map them directly to the respective output keywords. For example, for a call
expression of the intrinsic fract in GLSL, we could translate this name directly to frac in HLSL using
a hash-map or any other kind of lookup table. But since we are developing a more sophisticated cross-
compiler that performs various transformations on the AST, we need to work with these keywords more
than once. If we were using the keywords in our AST directly, we would have to make a lot of string
comparisons. Moreover, dealing with strings all the time is very unhandy and generally bad practice
in computer programming, due to potentially unrecognized typing errors that even the compiler cannot
detect. Therefore, we translate the keywords into constant integrals from a fixed set of enumerations. We
can then operate on these enumerations and translate them back into the target keyword during the code
generation. These enumerations could be described as a kind of IR, although this term is actually reserved
for another scope. Furthermore, there are various keywords which have the same meaning, especially
in HLSL. For example, bool, booll, and boollx1 are keywords for the same Boolean type in HLSL,
just in scalar, vector, and matrix notation. To avoid unnecessary enumeration entries, we have to map
those keywords to the same value. As a result, our string-to-enumeration mapping function fg_,z: ¥ —= N
is surjective, and our enumeration-to-string mapping function f;_ ,c: N — X is injective. To recall the
definition of surjectivity and injectivity, see Equation 5.1.

If f: X =Y, then f is said to be surjective if Yy € Y,Ix € X, f(x) = y. 5.1)

If f: X =Y, then f is said to be injective if Va,b € X, f(a) = f(b) = a = b. '
The mapping from enumeration to string is required for the code generation where we only need one
keyword. This is why the function f;_,s is injective or rather we have more keywords than enumeration
entries. Both functions can be defined inductively, as shown in Equation 5.2. With such a bidirectional
mapping functionality, we can easily define our sets of keywords and map them efficiently between
our source and target languages. In order to better understand the performance benefit, consider the
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following example: when we have a keyword that we need to compare against a set of N strings, each
of which has an average length of M characters, we would need to make roughly N x M character
comparisons in a worst case scenario.

fop(*b00l”) =0 fy_s(0) = “bool”
fs5(*b0011”) =0
fop(“bool1x1”) =0 (5.2)
foop(imt) =1 fyg(1) = “int”

In contrast, the enumeration can be associated in constant time. This is a complexity improvement from
O(N x M) to O(1), in the Landau Notation which is also referred to as Big O Notation [25].

5.1.3 Context Analysis

The context analysis is the phase in which all associations between AST nodes are established. This phase
must also detect all typing errors by checking if every used identifier has been declared according to the
language specification. The core of this analysis is the symbol table which must also support function
overloading, i.e. the association of an identifier to multiple instances. The symbol table that we have
used for the parser may be less extensive, since it is only used to check type names, which cannot be
overloaded.

Overloadable Symbol Table

We will now describe the mode of operation of our symbol table in detail. The symbol table has to provide
four basic functions which we will denote as the following:

* OpeN new scope for subsequent symbols.

* Crosk current scope and release all symbols that are associated with that scope.

* RecisTER new symbol and associate it with a specified identifier, or emit error on failure.
* FetcH the symbol that was associated with a specified identifier, or emit error on failure.

The functionality of overloading is not handled by the symbol table itself, or at least not directly. Instead,
the symbols that are stored inside the symbol table can have multiple references. The FeTcH function
will only return such a symbol, and if it’s overloaded, a further analysis must be done. Otherwise, the
error of an ambiguity must be reported. The basic idea of these four functions is illustrated in Algorithm
2. For this algorithm, let Tx,_,g be a lookup table that maps identifiers to stacks of symbols, let Ty} be a
stack of lists of identifiers, and let 2 be the set of symbols that can be overloaded. For an identifier i, our
lookup table Ty,_,g provides the symbols for all identifiers in a bottom-up fashion. That is if the identifier
i is used multiple times but in different nested scopes, the lookup table Ty,_,5 provides the symbol from
the deepest scope. The stack Tyy; is used to release all symbols from their respective scopes when they
are closed. Moreover, the set of symbols that can be overloaded, namely (2, generally only contains the
symbols for function objects. As a result, the symbols in our symbol table are not the instances of AST
objects, like VarDecl or FunctionDecl for instance. Instead, they are delegates for these AST nodes. A
symbol for a function identifier such as “VectorLength” might have multiple references to the actual
FunctionDecl AST nodes. For example, one for a 2D-vector and another one for a 3D-vector. Whether
overloading is allowed or not for a given function object must be determined when the new identifier is
about to be registered. The information for this is already stored inside the FunctionDecl class in form of
the parameters and their type denoters. The final deduction rules to choose one of the references when a
symbol is fetched depend on the source language. These deduction rules are very similar between GLSL
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Algorithm 2 Basic Functions for Symbol Table

1: procedure OPEN(T(y})
2 Ty < {} > Push empty list of identifiers onto stack
3: procedure CLOSE(Tyy, Tx_s)
4 Y« Tix3(0) > Get top most list of identifiers from stack
5: for alli € ¥ do
6 S « Ty_s(1) > Find stack of symbols via identifier in lookup table
7 S—e > Pop top most symbol from stack
8 if S = @ then
9 Ts_s(i) — € > Remove stack for identifier i from lookup table
10: T(0) — € > Pop top most list of identifiers from stack
11: procedure REGISTER(T(xy, Ts 5, 2,1 € 1,5 €S)
12: if i € Ty, then > Check if identifier is already defined in current scope
13: s" — Ts_,s(1) > Find previous symbol in lookup table
14: if s’ € Q then
15: s'es > Overload identifier i by integrating s into s’
16: else
17: ERrrOR(1) > Report error about duplicate use of identifier i
18: else
19: Ty s(i) «s > Append symbol for identifier i to lookup table

20: procedure FETcH(Ty 5,1 € 20)
21: return Ty,_,s(1) > Find symbol in lookup table

and HLSL, but there are some additional rules for the latter one. In HLSL, a texture object can optionally
be declared with a generic type for the texture elements, such as Texture2D<float3> TexRGB;. The
default sub type is a 4D-vector, i.e. float4. GLSL has only very limited support for texture sub types
and the dimension of the texture elements cannot be changed. Now consider an overloaded function
whose instances take only one parameter each. For each instance, this parameter is a 2D-texture type
and the functions can only be distinguished by the generic sub type of this texture parameter. Our cross-
compiler must translate all of these parameter types to sampler2D (or texture2D for Vulkan). Hence,
the information to distinguish the functions is lost. The only way to prevent this is that our compiler
generates different names for these functions in the output code. This can also be integrated into the
process of name mangling. An example of this translation is illustrated in Listing 5.4 and Listing 5.5.

Listing 5.4: Function Overloading in HLSL Listing 5.5: Function Overloading in GLSL

float3 RGB(Texture2D<float3> tex) {
return tex.Sample(S, P);

vec3 RGB_1(sampler2D tex) {
return texture(tex, P).rgb;

B
float3 RGB(Texture2D<floatd> tex) {

return tex.Sample(S, P).rgb;

}
vec3 RGB_2(sampler2D tex) {
return texture(tex, P).rgb;

AUl A WN =
AU WN -

} }

In this example, S denotes a sampler state which is ignored in the GLSL output, P is a global position to
sample the texture from, and RGB denotes the overloaded function.

Next, we will analyze how a function is deduced when its name is overloaded. A function in HLSL
has a minimal and a maximal number of arguments. They only differ if the function has any parameters
with default argument (sometimes misleadingly referred to as default parameter). That is, that some
arguments in a function call are optional whenever their respective parameter has a default value. In the
following, let TI; be the set of all parameters of a function f, Ay C Il be the set of parameters with
default argument, and A be the set of arguments that are given for a function call with the identifier of
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f. Then w; = [II¢| is the maximal number of arguments and a; = |II; \ A¢| is the minimal number of
arguments. That is, ay < |A| < w; must hold true, otherwise the function call is invalid. Now let f, f; be
two functions with the same identifier but with different parameter lists. There are basically two cases
where an ambiguity in a function call can occur: Firstly, if |A| = a; = w;, holds true, and secondly
if all arguments can be implicitly assigned to the parameter lists of all function candidates equally. In
these cases, the compiler must report an error since the argument list does not fit to any given function
candidate. Both cases of ambiguity are illustrated in Listing 5.6.

Listing 5.6: Ambiguous Function Calls in HLSL

void First(int x);

void First(int x, int y = 3);
void Second(float x);

void Second(double x);

First(1);
Second (2);

Now that we know how those ambiguous function calls can occur, we can focus on the part that deduces
the functions where no ambiguity exists. This algorithm can be summarized into the following steps,
assumed that we already have the list of function declarations with the same identifier from our symbol
delegate:

1. Match number of arguments to function declarations.
2. Find function candidates:

a) Find candidates with explicit type matching, or ...
b) ...find candidates with implicit type matching otherwise.

3. Return deduced function or emit error if number of deduced candidates is # 1.

In the first step, we check if there is any function whose number of parameters matches to the number of
arguments. This can be done by applying our formula from above, namely a; < |A| < w;, until we find a
function for which this formula holds. The function candidates are determined by matching the argument
types to their parameter types. This functionality can be implemented within the type denoter classes
and should provide an explicit and implicit type matching. The explicit type matching must compare the
types for equality, and the implicit type matching must compare the types for compatibility via type-cast.
If only one candidate remains in the last step, the function has been deduced successfully. Otherwise,
either no function could be deduced (like with Second from Listing 5.6), or more than one function has
been deduced (like with First from Listing 5.6).

The last part for our symbol table is the structure members. This can be implemented directly inside
the StructDecl AST class. The only functionality we need here is to fetch a member by its identifier
from each structure. The registration of the identifiers can be processed during the parsing. As a result,
we only need an equivalent of the Fercu function.

Type Deduction

In section 4.2.4 we have seen an outline of all classes for our type system. Now we will discuss how the
type of an arbitrary expression can be deduced. This is done primarily by the interface of two functions:
one for type denoters and the other one for the typed AST classes (i.e. all sub-classes of TypedAST). We
will call the first function SusstiTuTE With which we replace an input expression by the sub types of
a type denoter. The second function is called Depuce which passes the references of the DAST to the
SussTITUTE function. After DEbuck has successfully deduced a type for an AST node, the function buffers
the type so it does not have to deduce it again. DEpuck is primarily used to combine multiple types with
each other. This is why the AST classes with the most non-trivial implementations of this function are
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UnaryExpr, BinaryExpr, TernaryExpr, and CallExpr. The latter one is discussed in the next section. For
example, BinaryExpr needs to find a common type denoter from its two sub-expressions of the left-hand
side and the right-hand side as well as its operator. All other typed AST classes will predominantly pass
its sub-expression to the SuBsTiTUTE function. The function SuBsTITUTE, on the other hand, will mainly
deduce the type for concatenated expressions with prefixes. In this way, the task is divided between these
two functions, again according to the D&C principle. Primitive expressions like LiteralExpr can deduce
the type directly from their data fields. For example, the literal “3” can be deduced to an integer type,
while the literal “3.14” can be deduced to a floating-point type.

Let us now return to the example of the BinaryExpr class. For this class, DEpuce must find a suitable
type, or rather the type of the operation result. For instance, 1+1.5 should result in 2.5, so the deduced
type must be a floating-point although the left-hand side expression is an integer. If the sub-expressions
cannot be combined, as with two different types of structures, DEpuct must terminate the type deduction
process with an error. The Debuck function should also be provided with a parameter that specifies an
optional expected type. This is only required for initializer expressions (i.e. the InitializerExpr AST
class), but the interface must be uniform throughout all function implementations. Initializer expressions
can only be used to initialize a variable at its declaration and its type depends on the type of that variable.
An example of various initializer expressions with different types are illustrated in Listing 5.7.

Listing 5.7: Initializer Expressions in HLSL

int2 EW ={1, 2 3};
int alf2] = {1, 2 };
struct { int x, y; } a2 ={1, 2 };

All three initializers in this example are exactly the same. However, their types are quite different. There-
fore, to deduce their types the expected type of the respective variable must be provided. Debuck then
needs to check whether the types of the initializer elements are compatible with the expected type.
Most of the work for the function SusTITUTE is in the prefix expressions, i.e. the concatenated ex-
pressions from ObjectExpr and ArrayExpr. For example, the BasE type denoter needs to implement this
function which is responsible for the type deduction of vector suffixes such as vec4 (1) .xy — 2D-vector.
As another example, the STrucT type denoter needs to implement this function which is responsible
for the type deduction of structure members. This can be done by fetching the member via the iden-
tifier from the structure AST node, and then continue the type deduction with the fetched AST ob-
ject using the Depuck function again. In this way, our two main functions for type deduction work

in cooperation. In the case of the variable a2 from Listing 5.7, this type deduction works as follows:

SUBSTITUTE DEDUCE . . .
a2.x —— int x — INTEGER. The function SussTITUTE calls FETcH on its structure AST node (i.e.

StructDecl class) to retrieve the symbol for the variable declaration x (i.e. VarDecl class). Then the
function Depuck is applied on this AST symbol to deduce its integer type. For long expressions, like
the one in Listing 5.1 from above, the type deduction may take a considerable amount of computation
time. Especially the memory access between all the references (or rather pointers) is time-consuming,
due to lots of cache misses. This is why it is important to buffer the deduced type, so that further type
deductions of the same expression become trivial.

Intrinsic Matching

The last major part of the type deduction we want to discuss is the type matching of intrinsics. For
this, it is first of all important to know that almost all intrinsics are generically declared. This means
all generic intrinsics are heavily overloaded for lots of different types. For example, the intrinsic for
the trigonometric function sin in HLSL is declared as sin: RM*¥ — RM*N with M,N € {1,2,3,4}. As
a result, the sin function is overloaded for scalars, vectors, and matrices of all supported dimensions
(but only for floating-points, for which R is representative). What most shader compilers usually do to
check the type compatibility and determine which overloaded function is used is that they declare all
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overloaded variants of all intrinsics inductively. These declarations are commonly stored in a string which
is then passed to the parser as a pre-defined part of the code. This is the simplest solution but very robust.
However, it is also very inefficient since generic functions can also be analyzed generically. Providing the
intrinsics as part of the code expands the original code enormously. Consequently, the parsing process
becomes much slower, the AST becomes much larger, and a lot of additional functions must be handled
during the type deduction. In addition, some typing errors may occur during the declaration, although
the inductively approach is generally quite robust.

The approach proposed in the following is more generic, which fits well with the equally generic
nature of the intrinsics. Instead of declaring all overloaded variants of the intrinsics, we declare a list of
all intrinsics that is enumerated by their number of arguments. Furthermore, this list will not be declared
as a string but as structure entries which are indexable in constant time. The elements of this structure
contain the information of the generic return type and parameter types. In case of the sin intrinsic from
above, we need one single structure because all overloaded variants of this function always have the
same number of parameters. The structure for this intrinsic then needs an entry to describe that the
return type is the same as the type of the first argument. There are also intrinsics where the return
type has the same dimension as the input argument but a different scalar type. One of them is the isinf
intrinsic which returns either true or false whether the respective vector component is infinite or finite.
A list of all required generic types as well as static types is provided in the following table:

Type Remarks
Voip No return type.
BooLN Static Boolean scalar, 2D-, 3D-, or 4D-vector type where N € {1, 2, 3,4}.
INTN Static integer scalar, 2D-, 3D-, or 4D-vector type where N € {1, 2, 3,4}.
UINTN Static unsigned integer scalar, 2D-, 3D-, or 4D-vector type where N € {1, 2, 3, 4}.

FLoatN Static floating-point scalar, 2D-, 3D-, or 4D-vector type where N € {1, 2,3,4}.

DouUBLEN Static double-precision floating-point [...] type where N € {1, 2, 3,4}.

GENERIC; Same type as the i-th argument.

BooLGENERIC; | Generic Boolean type with same dimension as the i-th argument.

FroarGEeNERIc; | Generic floating-point type with same dimension as the i-th argument.

Most parameters will be declared with the GENERIc; type name, some other parameters have static types,
and a few exceptions have a static scalar type but with generic dimension. When a function call is ana-
lyzed, the compiler first tries to map the function identifier to an entry in the enumeration of intrinsics.
If that fails, the compiler tries to fetch the function name from the symbol table, i.e. for non-intrinsics. If
it succeeds, however, the compiler uses the structure from our intrinsic declaration list to match the ar-
gument types with the respective parameters. In addition, we also need to specify which parameters are
output parameters. For example, the sincos intrinsic, which we have already mentioned in section 4.2.6,
has two of them: one to assign the sine of the input argument, and another one to assign the cosine of
the input argument. Otherwise, our compiler could not determine if an intrinsic parameter only allows
R-value! arguments.

There are a few intrinsics that need a custom procedure for type analysis. One of them is the mul
intrinsic (for matrix/vector multiplications) where the return type cannot be trivially determined by a
simple declaration list. This is because the dimension of the return type depends on the dimensions of
the two parameters. For instance, let be A € RN*M2 and B € RN2*M3 | then mul (A, B) :=A x B € RM*N3,
Hence, we need to deduce the dimension of the return type by the number of rows of the left hand side
N; and the number of columns of the right hand side N5. If we were to declare all combinations of this

! R-value denotes expressions that must only appear on the right hand side of an assignment. However, output parameters

require L-value expressions because they will eventually appear on the left hand side of an assignment.
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intrinsic we would end up with a very long list. A similar situation occurs with the transpose intrinsic
where the number of rows and columns in the output matrix type are swapped.

5.2 Middle-End

5.2.1 Transformation

In the transformation phase, the AST gets converted to make the code generation a lot easier for the
respective target language. This refers to the implementation of the converters in the compiler pipeline
of Figure 5.1. Among other things, this is where unsupported sampler states are removed, temporary
variables are inserted, and calls to member functions get converted into calls to global functions.

Statement Insertion

Since the reattachment of AST nodes is absolutely trivial, we will not discuss this further. Instead, we
focus on implementing the insertion of new AST nodes that belong to the class of statements. Why this
is non-trivial shows the example translation in Listing 5.8 and Listing 5.9.

Listing 5.8: Critical Expression in HLSL

for (int i = 0; 1 < N; V[£(i)] *= 1.5) {

}

Listing 5.9: Critical Expression in GLSL

int tmp;
for (int i = 0; i < N; tmp = £(i), imageStore(V, tmp, imagelLoad(V, tmp) * 1.5)) {

}

In Listing 5.8 the last expression in the for-loop is a critical expression for a translation to GLSL. The
translation looks similar to the one we have already seen in Listing 4.25, assumed that V denotes an
RW-buffer. Since the function £ might have side effects, such as writing to another buffer, the ex-
pression £(i) inside the array index must not be duplicated. This is why we need to split up the last
expression into two sub-expressions: The first one stores the array index in a temporary variable, and
the second one performs the actual buffer access. The translation of this single expression into two
sub-expressions is actually quite easy, since we can use the so-called sequence operator (i.e. the comma
between ...£(i), imageStore...) to concatenate several expressions. However, we also need to insert

the variable declaration statement for the temporary variable tmp. Finding the right place to insert this
statement is the key problem we are facing here. The easiest way is to generate all those temporary
variables at the beginning of the scope of each function. A more convenient result, however, can be
accomplished by inserting the statement right before the position where it is needed, as in Listing 5.9.
This not only ensures that the lifetime of our temporary variables is kept as short as possible, but also
reduces the risk of name overlaps. Recall that mobile devices have only limited support for code opti-
mization. Therefore, keeping the lifetime of local variables short is crucial for efficiency. There are further
situations where additional statements must be inserted and a simple expression split-up is inoperative.
For example, the scalar expression in a scalar-to-structure type cast in HLSL must be duplicated for the
number of structure members in GLSL. This again involves a temporary variable as in the example above.

To solve this problem we need a handler which allows us to insert statements while we are traversing
the AST. The insertion must take place before the current statement. If we return to the example in Listing
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5.9, the current statement is the entire for-loop block at the point we are traversing the last expression
within this loop statement. As soon as we traverse into that code block (i.e. after the open brace), the
insertion must take place inside the code block. As a result, we cannot rely on the previous visitor pattern
we used in our compiler so far. Our statement handler keeps track of the current scope and also manages
the statement traversal in the current scope. Furthermore, in some situations the handler needs to insert
a code-block if the respective conditional- or loop statement does not have one. This is a frequently used
convention by omitting the curly braces when only a single sub-statement is defined. An illustration of
this situation is shown in Listing 5.10 and Listing 5.11.

Listing 5.10: Statement without Code-Block Listing 5.11: Statement with Code-Block

if (condition) if (condition) {

action();

N wN -

action();

g ph wWwN -

}

If a temporary variable declaration must be inserted into the conditional statement from Listing 5.10,
the statement handler needs to insert a code block before additional sub-statements can be inserted. The
insertion of such a code block as well as a temporary variable is illustrated in Figure 5.6 with a simplified
AST. This can of course also be solved by moving this problem to the code generator. The code generator

IfStmnt IfStmnt IfStmnt
"condition" "condition" "condition"

A 4 Y Y

ExprStmnt CodeBlockStmnt CodeBlockStmnt
”aCtiOﬂ();” n{ }H ”i: zu

Stmnt, StmfngJ @4
A 4

ExprStmnt VarDeclStmnt ExprStmnt
"action();" "temporary..." "action();"
(a) Initial AST (b) Code-block inserted (c) Temporary variable inserted

Figure 5.6: Simplified AST to illustrate the insertion of a code block into a conditional statement.

then always needs to write curly braces for conditional- and loop statements. However, our statement
handler can insert these code blocks quite easily alongside the remaining transformations. This again
ensures a higher correlation between input and output code.

Expression Conversion

The transformation process can be split-up according to the D&C principle, too. As we have already seen,
the expressions are a complex part of our compiler, so it is reasonable to implement their conversion into
a separate class and thus into a separate conversion step. This class will also assist our implementation to
reduce redundant code since several expression conversions can be used for multiple target languages.
Especially the conversion of implicit to explicit type casts are handled by this class. The execution of
expression conversions can also be split-up into several steps. This may be required due to changes of
the expressions during other conversion steps. A special characteristic of this AST visitor is the way the
nodes are traversed. Consider a texture sampling call where the Sample HLSL intrinsic has already been
converted into the respective texture GLSL intrinsic. If, however, the element type of the texture we are
sampling from is not a 4D-vector, we also need to convert this implicit vector subscript into an explicit
one. For example, such a conversion could look like this: v=texture(...) — v=texture(...).rgb. The
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best location to check if such a conversion is required is inside the visitor function of the call expression.
Unfortunately, a part of the conversion involves the parent AST node of that call expression, i.e. the
assignment expression in this case. This is because the sub-expression of the assignment transforms
from a call expression (referring to texture(...)) to an object expression (referring to .rgb), due
to our prefix approach. Therefore, a member field of the parent node must be converted, too. If we
stored a reference to the parent for each AST node, this would not be an issue. This in turn would
make the reordering as well as the generation of AST nodes more complicated. Moreover, the expression
conversion is the only task where references to the parent nodes are valuable. Hence, we implement
the primary conversion check into a function which is then called for each sub-expression inside all
expression visitors where they are needed. This results in a little more effort at this point, but saves us a
lot of work in the remaining AST handling.

Scope Rearrangement

Every variable can only be declared once within each scope and the scope rules are almost identical
between GLSL and HLSL. However, there is one difference: In GLSL, the sub-statement of for- and while-
loops does not introduce a new scope for variable names. In HLSL, on the other hand, the opposite is
the case. Consider a loop where the iteration variable is only required to define the number of iterations,
but it is not used inside the loop body. In this case, another variable with the same identifier can be
declared inside the loop. This is perfectly valid in HLSL, but results in a ‘redeclaration’error in GLSL. In
consequence, we need to rename those inner variables for which we need to deduce the correct scope
again. The first time we deduced the scope was during the context analysis for the source language, and
now we need to deduce a new scope for the target language. Although the scope rules are only slightly
different, it is advisable to deduce a full-fledged scope. This ensures a reliable and robust scope system.
In addition, it allows our AST converter to detect overlapping names caused by the remaining name
mangling.

5.3 Back-End

5.3.1 Code Generation

At the point we are in the back-end, our compiler already transformed the entire AST so that there is
not much leftover and the final code generation can be implemented quite easily. The last analysis in
the back-end is performed by the reference analyzer. It determines, starting from the entry point, which
functions and global objects are referenced. This is important because some attributes, such as those
for tessellation shaders, must not appear in other kinds of shaders. So if a single source file contains
multiple shaders, which is frequently the case for HLSL, all parts of the shader that do not belong to the
output entry point must be culled. After all function- and global object declarations are marked as either
referenced or unreferenced, the code generator can omit all unreferenced AST nodes.

Object Referencing

The reference analyzer is one of the few AST visitors where the first node that is traversed is not the
Program root node. As the name implies, the first node is the entry point which is represented as a
function declaration object. Starting from this point, the function body is traversed next. Whenever
a call expression appears, the declaration object that is referenced by that call will be traversed and
the procedure repeats. In order to prevent the analyzer from traversing the same function more than
once, it must be checked whether a function object has already been traversed or not. In this way
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only the objects (and not only functions) that are actually used by the output shader will be marked
as referenced. The information for the markers can be stored in a bit-mask. Further bit-fields can be
added to determine which local variable is eventually written or read, which can be utilized as additional
analysis and code reflection. Another feature that can be implemented in the reference analyzer alongside
the object referencing is to verify whether the shader is free of recursive function calls. They are not
supported in any shading language, since GPUs do not have a stack®. It is advantageous to perform this
kind of analysis within the reference analyzer instead of the context analyzer, because the former has
the adequate order of traversal. This order also allows us to track the entire call stack to output a high
quality report on such recursive calls. The effect of doing this analysis in the back-end is that illegal
recursive calls that do not appear in the output code are not recognized by the compiler. Which in turn
is a negligible fault tolerance.

Shader Model Identification

In HLSL, the SM (also known as target profile) is determined by the host application when the shader
is compiled. In GLSL, on the other hand, the SM or rather shader version must be specified within the
shader itself. And not only that, the #version-directive must also be the very first statement in every
GLSL shader. As a result, the required shader version must be known before any output code is gener-
ated, at least for an HLSL—GLSL translation. The easiest implementation could simply output always the
highest possible shader version. However, there are many platforms that do not support the latest GLSL
version. It is therefore crucial to output only the highest necessary but at the same time the lowest possi-
ble version. This is very important especially for embedded systems. We can achieve that with another
traversal over the entire AST to determine which intrinsics and buffer types are used. For example, the
SSBOs are only available since GLSL version 430. If none of those buffers and other languages features
are used, the output version can be much lower. Note that it is beneficial to perform this process after the
reference analyzer, since buffer objects that are not used in the output code should not affect the output
version. Our compiler can also provide the option to output a fixed version and compensate missing
language features by their respective GLSL extension. For instance, arrays of multiple dimensions such
as int a[4][2] require either GLSL version 430 or the extension GL_ARB_arrays_of_arrays. While
traversing the AST, each node can indicate which version or extension it requires and the SM analyzer
can gather these information. The code generator then outputs the determined version and all required
extensions.

Writing Output Code

We have finally reached the last stage of our compiler pipeline. The part that writes the output code
to a stream of characters (e.g. a file stream) can be kept very simple. However, to make a couple of
formatting options available to the compiler user, it is advisable to separate the actual text-writing into
a distinct class which we will call the code writer. The interface of this class offers various basic writing
functionality such as: write string of characters, begin new line, end current line, begin new scope,
end current scope, increase indentation, decrease indentation. These functions can provide a flexible
output formatting in collaboration. While this has only an aesthetic purpose, it can still be very useful
for cross-platform developers since the coding style can vary a lot between software projects. Moreovet,
some programming languages even have officially specified and commonly acknowledged coding style
guidelines. Violating these guidelines often leads to communication difficulties among the developers.
Having a cross-compiler that provides flexible formatting can therefore be advantageous.

1 Stacks are used by programming languages to store local variables and registers. This makes recursion very simple to

implement on hardware level, but GPUs have a lot more registers than CPUs. Hence, providing a stack would become
inefficient.
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In the code generator itself, we can utilize the bidirectional keyword mappings we have discussed in
section 5.1.2. With them we can convert the enumerations into their respective keywords for the target
language. Here we also write all the wrapper functions whose requirements were determined during
the context analysis and transformation phase. Some parts in the code generator can contain subtle
problems. One of them is the generation of the unary operator (i.e. UnaryExpr AST nodes). Consider
an input code with an expression like - - x (i.e. double negation) which results in two sub-expressions
of that class. If the visitor function of our code generator simply generates a hyphen character for this
subtraction operator and continues with its sub-expression, the output code would look like this: --x.
However, this specifies only one unary expression or more specifically the decrement operator which is
something completely different. To avoid this erroneous output, the visitor must either append a space
character between the operator and the sub-expression or wrap the sub-expression in brackets.
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6 Results and Discussion

We will now compare the translation results of our cross-compiler against other state-of-the-art tech-
nology. Since XShaderCompiler is just a prototype which only supports HLSL—GLSL translation at
the present time, we will always use HLSL as source language and GLSL as target language. Then
we discuss the results of the following translation methods: handwritten which is assumed to be the
ground truth, XShaderCompiler as source-to-source approach, glslang/SPIRV-Cross as IR approach,
and fxc/HLSLCrossCompiler [18] as byte-code approach in which fxc denotes the DirectX Effects Com-
piler to translate HLSL into byte-code. In the end, we also present a performance comparison of all
applied technologies. For reasons of redundancy, we only present the results of the first example in full
length. The remaining examples are shortened.

6.1 Benchmarks

6.1.1 Simple Texturing

We start with a simple texture shader as shown in Listing 6.1. It contains a very basic constant buffer
to store the matrix which transforms the vertex coordinates from world-space into projection-space. The
fragment shader performs a straightforward sampling function of a 2D texture.

Listing 6.1: Simple Texturing in HLSL 14
15
cbuffer Matrices :.register(bm { 16 void VS(in VertexIn i, out VertexOut o) {
floatdx4 wvpMatrix; 17 o.position = mul (wvpMatrix, i.position);
iy 18 o.texCoord = i.texCoord;
19 |}
struct VertexIn { 20
float4 position : POSITION; 21 Texture2D tex : register(t0);
float2 texCoord : TEXCOORD; 22 | SamplerState smpl : register(s0);
b 23
24
struct Verte:.(Olllt { L 25 | float4 PS(in VertexOut i) : SV_Target {
float4 position : SV_Position; 26 return tex.Sample(smpl, i.texCoord);
float2 texCoord : TEXCOORD; 27 }
b

Ground Truth

In the ground truth, we keep the GLSL version as low as possible. This implies that we use OpenGL
semantics instead of Vulkan semantics. Therefore, the sampler state will be removed and only the texture
remains. We keep the commentaries as well as formatting style as it is. The handwritten translations are
shown in Listing 6.2 and Listing 6.3.

Listing 6.2: GLSL Vertex Shader

; #version 149 Listing 6.3: GLSL Fragment Shader
3 | layout(stdl140, row_major) uniform Matrices { 1 | #version 130

4 mat4 wvpMatrix; 2

5 }; 3 in vec2 vTexCoord;

6 4

7 |in vec4 position; 5 | out vec4 outColor;

8 in vec2 texCoord; 6

9 7 | uniform sampler2D tex;

10 | out vec2 vTexCoord; 8

11 9

12 10 void main() {

13 void main() { 11 outColor = texture(tex, vTexCoord);
14 gl_Position = position * wvpMatrix; 12 |3}

15 vTexCoord = texCoord;

16 |}
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Results of XShaderCompiler

With the results of this simple texturing shader XShaderCompiler can already emphasize its benefits.
The translations have exactly the same size as the ground truth, commentaries are preserved, and only
a different name for the shader IO field texCoord is used. Thanks to the avoidance of wrapper functions
as well as reference analysis, further optimization attempts are unnecessary.

Listing 6.4: GLSL Vertex Shader

é #version 140 Listing 6.5: GLSL Fragment Shader
3 |in vec4 position; 1 | #version 130
4 in vec2 texCoord; 2
5 3 | in vec2 xsv_TEXCOORD®;
6 |out vec2 xsv_TEXCOORDO; 4
7 5 out vec4 SV_Target®;
8 layout(std14®, row_major) uniform Matrices { 6
9 mat4 wvpMatrix; 7 | uniform sampler2D tex;
10 | }; 8
11 9 Pixel shader entry point
12 / Vertex shader entry point 10 void main() {
13 void main() { 11 SV_Target® = texture(tex, xsv_TEXCOORD®);
14 gl_Position = (position * wvpMatrix); 12 3
15 xsv_TEXCOORD® = texCoord;
16 |}
Results of glslang/SPIRV-Cross
Listing 6.6: GLSL Vertex Shader
#version 450
struct VertexIn . .
{ Listing 6.7: GLSL Fragment Shader
vecd position; 1 | #version 450
vec2 texCoord; 9
b 3 | struct VertexOut
struct VertexOut 4 { .
f 5 vec4 position;
L. 6 vec2 texCoord;
vec4 position; 7 s
vec2 texCoord; 8
b 9 | struct VertexOut_1
struct VertexOut_1 10 114
- 11 vec2 texCoord;
{ 12 | };
vec2 texCoord; 13
b 14 layout (binding = 0, stdl140) uniform Matrices
Lo . . 15 | {
%ayout(b1nd1ng = 0, stdl40) uniform Matrices 16 layout (row_major) matd wypMatrix;
1 55;
layout (row_major) mat4 wvpMatrix; 1; P
26; : .
P26 19 uniform sampler2D SPIRV_Cross_Combinedtexsmpl;
20
. _ : 4 R
layout(locat%on 0 ?n vecd position; 21 layout (location = 0) in VertexOut_1 i;
layout (location = 1) in vec2 texCoord; .
. 22 layout(location = ®) out vec4 _entryPointOutput;
layout(location = 0) out VertexOut_1 o; 23
void _VS(VertexIn i, out VertexOut o_1) ;g \{/ec4 -PS(VertexOut i_1)
{ .. . - . . 26 return texture(SPIRV_Cross_Combinedtexsmpl, i_1.
o_l.position = i.position * _26.wvpMatrix;
R — texCoord);
o_1.texCoord = i.texCoord;
} 27 |}
28
void mainQ) 29 void main()
{ 30 | {
VertexIn i: 31 VertexOut i_1;
. A . 32 i_l.position = gl_FragCoord;
i.position = position; .
) 33 i_1.texCoord = i.texCoord;
i.texCoord = texCoord; X
. 34 VertexOut param = i_1;
VertexIn param = ij; .
35 _entryPointOutput = _PS(param);
VertexOut param_1; 36 }
_VS(param, param_1);
VertexOut o_1 = param_1;
gl_Position = o_l.position;
o.texCoord = o_1.texCoord;
}
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With the results of glslang/SPIRV-Cross, shown in Listing 6.6 and Listing 6.7, we have a much larger
output code. The overhead comes mainly from the initialization of wrapper functions. It is therefore to be
assumed that the overhead ratio will decrease with larger shaders. Nevertheless, this is a good example
of the benefit of our approach compared to glslang/SPIRV-Cross. Also note that the unreferenced UBO
Matrices has not been removed from the fragment shader in Listing 6.7.

Results of fxc¢/HLSLCrossCompiler

The results of fxc/HLSLCrossCompiler, shown in Listing 6.8 and Listing 6.9, are very unrelated to the
input code. There are several temporary variables automatically generated by the cross-compiler. In ad-
dition, the matrix/vector multiplication has been unrolled into multiple statements. SPIR-V for instance
has a distinct op-code for this operation, but in the HLSL byte code this operation is transformed into
multiple operations.

Listing 6.8: GLSL Vertex Shader

1 | #version 430

2 struct vecl {

3 float x;

4 |}

5 | struct uvecl {

6 uint x;

7 |}

8 | struct ivecl {

9 int x;

10 | }; T
11 |out gl_Pervertex { Listing 6.9: GLSL Fragment Shader
12 | vec4 gl_POS%thI‘l; 1 | #version 430
13 float gl_PointSize; 2 | struct vecl {
14 float gl_ClipDistancel[];}; 3 float x:
15 | layout(location = 0) uniform struct MatricesVS_Type { 4 |3 !
16 mat4 wvpMatrix; 5 s1‘:ruct uvecl T
17 } MatricesVS; 6 dint x:

18 | layout(location = ) in vec4 dcl_Input®; 7 13 !

19 | vect Inputf; 8 s1’:ruct ivecl {
20 layout (location = 1) in vec4 dcl_Inputl; 9 int x:

21 | vec4 Inputl; 10 |3 !

22 | #undef Output®

23 | #define Output® phase®_Output®

24 | vec4 phase®_Output®;

25 | layout(location = 1) out vec4 VtxGeoOutputl;
26 | #define Outputl VtxGeoOutputl

27 |vec4 Temp[1];

28 ivec4 Temp_int[1];

11 layout (location = 0) uniform sampler2D tex;
12 layout (location = 1) in vec4 VtxGeoOutputl;
13 vec4 Inputl;

14 layout(location = ®) out vec4 PixOutput®;
15 | #define Output® PixOutput®

16 void main(Q)

. 17 | {

29 uv?d szmp_ulnt[l]; 18 Inputl = VtxGeoOutputl;
30 void main()
31 f 19 Output® = texture(tex, Inputl.xy);
32 Input® = dcl_Input®; ;‘1) } return;
33 Inputl = dcl_Inputl;
34 Temp [0] = Input®.yyyy * MatricesVS.wvpMatrix[1];
35 Temp[0] = MatricesVS.wvpMatrix[0] * Input®.xxxx + Temp

— [0]1;
36 Temp[0] = MatricesVS.wvpMatrix[2] * Input®.zzzz + Temp

— [0];
37 Output® = MatricesVS.wvpMatrix[3] * Input®.wwww + Temp

— [0];
38 Outputl.xy = Inputl.xy;
39 gl_Position = vec4(phase®_Output®);
40 return;
41 |}

6.1.2 Compute Shader for Filtering

The next shader we consider is a compute shader for filtering and is shown in Listing 6.10. It is a
slightly modified version of a shader from the DirectX Software Development Kit (SDK) samples. The
shader makes use of different language features: RW buffers, shared resources, memory barriers for
synchronization between the shader invocations, texture load intrinsics, and static compile options by
using macros.
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Listing 6.10: Compute Shader in HLSL 28 Input.Load( uint3(DTid.xy + uint2(BLOCKSIZE_X*g_param.x,
- <~ BLOCKSIZE_Y*g_param.y), 0) );
Texture2D Input : register(t0); 29 #else
RWStructuredBuffer<float> Result : register(u®); 30 Input.Load( uint3((float)DTid.x/81.0f*g_param.z, (float)
3 <~ DTid.y/81.0f*g_param.w, 0) );
cbuffer cbCS : register(b®) { 31 #endif
// xy: dimension of Dispatch, zw: texture size 32
uint4 g_param; 33 accum[GI] = dot(s, Lum);
e 34
. 35 Parallel reduction algorithm follows
#def%ne BLOCKSIZE X 8 36 GroupMemoryBarrierWithGroupSync();
#define BLOCKSIZE_Y 8 37 if (GI < 8)
#define GROUPTHREADS (BLOCKSIZE_X * BLOCKSIZE_Y) 38 accum[GI] += accum[8+GI];
groupshared float accum[GROUPTHREADS]; ig GroupMemoryBarrierWithGroupSync () ;
. 41 if (GI < 4)
static const float4 Lum = float4(.299, .587, .114, 0); 42 accum[GI] += accum[4+GI];
[numthreads (BLOCKSIZE_X, BLOCKSIZE_Y, 1)] Zi GroupMemoryBarrieriithGroupSync () ;
void CS(C uint3 Gid : SV_GroupID, 45 if (GI < 2)
uint3 DTid : SV_DispatchThreadID, 46 accum[GI] += accum[2+GI];
uint3 GTid : SV_GroupThreadID, 47
uint  GI : SV_GroupIndex ) 48 GroupMemoryBarrierWithGroupSync();
{ 49 if (GI < 1)
floatd s = 50 accum[GI] += accum[1+GI];
#ifdef CS_FULL_PIXEL_REDUCITON 51
Input.Load( uint3(DTid.xy, 0) ) + 52 if (GI == 0
Input.Load( uint3(DTid.xy + uint2(BLOCKSIZE_X*g_param.x 53 Result[Gid.y*g_param.x+Gid.x] = accum[0];
= .0, 0) )+ 54 |}
Input.Load( uint3(DTid.xy + uint2(®, BLOCKSIZE_Y*g_param
= .y), 0) ) +

Ground Truth

The special thing about the translation from Listing 6.11 is that the #ifdef-directive in line 36 re-
mains. This allows switching between the two render passes at compile time. Unfortunately, keeping

preprocessor directives is not possible for all automatic translations that are presented here.

Listing 6.11: Compute Shader in GLSL 28
K 29 | void main(Q) {
#version 430 30 uvec3 Gid = gl_WorkGroupID;
. 31 uvec3 DTid = gl_GlobalInvocationID;
uniform sampler2D Input; 32 uvec3 GTid = gl_LocalInvocationID;
33 uint GI = gl_LocalInvocationIndex;
layout (std430) buffer ResultBuffer { 34
float Result[]; 35 vecd s =
i 36 #ifdef CS_FULL_PIXEL_REDUCITON
. 37 texelFetch(Input, DTid.xy, 0) ) +
layout (std140) uniform cbCS {
'/ xy: dimension of Dispatch, zw: texture size 40 texelFetch(Input, DTid.xy + uvec2 (BLOCKSIZE_X*g_param.x,
uvec4 g_param; < BLOCKSIZE_Y*g_param.y), 0) );
¥ 41 #else
. 42 texelFetch(Input, ivec2(float(DTid.x)/81.0f*float(
#define BLOCKSIZE X 8 — g_param.z), float(DTid.y)/81.0f*float(g_param.w)
#define BLOCKSIZE_Y 8 <y, 0);
#define GROUPTHREADS (BLOCKSIZE_X * BLOCKSIZE_Y) 43 #endif
44
shared float accum[GROUPTHREADS]; 45 accum[GI] = dot(s, Lum);
46
vecd Lum = vecd(.299, .587, .114, 0); 47 Parallel reduction algorithm follows
. . 48 GroupMemoryBarrierWithGroupSync();
layout(local_size_x = BLOCKSIZE_X, local_size_y = 49 if (GI < 8)
< BLOCKSIZE_Y, local_size_z = 1) in; 50 accum[GI] += accum[8+GI];
void GroupMemoryBarrierWithGroupSync() { 65 ik.(GI = @)
grouPMemoryBarrier(); 66 Result[Gid.y*g_param.x+Gid.x] = accum[0];
barrier(); 67 }
}

Results of XShaderCompiler

The result of XShaderCompiler, shown in Listing 6.12, can again preserve commentaries. It also generates
a wrapper function for the memory barriers, namely GroupMemoryBarrierWithGroupSync. In this case,
all parameters of the main entry point are replaced by their respective built-in variable, although a
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local variable would be more convenient. As mentioned earlier, the optional render pass that could be
enabled or disabled during compile time is removed completely, due to the lack of preprocessor directive
preservation.

Listing 6.12: Compute Shader in GLSL 21 | shared float accum[64];
K 22
#version 430 23 |vec4 Lum = vec4(.299, .587, .114, );
X . . 24
layout(local_size_x = 8, local_size_y = 8, local_size_z = 25 void main(©) {

— 1) in; 26 uvec3 xst_temp® = uvec3(float(gl_GlobalInvocationID.x) /

— 81.0f * float(g_param.z), float(

void GroupMemoryBarrierWithGroupSync(O { < gl_GlobalInvocationID.y) / 81.0f * float(g_param

groupMemoryBarrier(); S oW, 0);
barrier Q; 27 vec4d s = texelFetch(Input, ivec2(xst_temp®.xy), int(
} — xst_temp0.z));
. 28 accum[gl_LocalInvocationIndex] = dot(s, Lum);
uniform sampler2D Input; 29
1 30
ayout(std430) buffer xst_Result { 31 GroupMemoryBarrierWithGroupSync(Q);

float Result[]; 32 if (gl_LocalInvocationIndex < 8u)

B 33 accum[gl_LocalInvocationIndex] += accum[8u +
) < gl_LocalInvocationIndex];
layout (std140) uniform cbhCS {

43 if (gl_LocalInvocationIndex == Qu)

_UVEC4 9-param; 44 Result[gl_WorkGroupID.y * g_param.x + gl_WorkGroupID.x
}; — 1 = accum[0];
45 |}

Results of glslang/SPIRV-Cross

For the results of glslang/SPIRV-Cross, shown in Listing 6.13, we only consider the main function _CS
that is called within the wrapper function of the entry point. We first notice that the arithmetic expression
inside the load-intrinsic has been duplicated. This is allowed in this case, because this expression has no
side-effects but it is a redundant computation. Although an optimizing compiler in any modern graphics
driver most likely removes this redundancy, it is preferable to remove it in advance. Moreover, the literals
of the floating-point constants have changed quite a bit. Their values are almost identical though. This is
due to floating-point inaccuracy, but XShaderCompiler could keep the literals because they were stored
as strings. This is another benefit of source-to-source compilers over IR-based cross-compilation. Also
note that the set of barrier-intrinsics are different in this output. And the next result example has also a
different set of barrier-intrinsics. In this case, various translations are allowed.

Listing 6.13: Compute Shader in GLSL

void _CS(uvec3 Gid, uvec3 DTid, uvec3 GTid, uint GI)
{
vec4d s = texelFetch(Input, ivec3(uvec3(uint((float(DTid.x) / 81.0) * float(_34.g_param.z)), uint((float(DTid.y) / 81.8) *
«— float(_34.g_param.w)), Ou)).xy, ivec3(uvec3(uint((float(DTid.x) / 81.0) * float(_34.g_param.z)), uint((float(DTid.y)
— / 81.0) * float(_34.g_param.w)), Ou)).z);
accum[GI] = dot(s, vec4(0.2989999949932098388671875, 0.58700001239776611328125, 0.114000000059604644775390625, 0.0));
memoryBarrierShared();
barrier();
if (GI < 8u)
{
accum[GI] += (accum[8u + GI]);

}

if (GI == Qu)
{

Result._data[(Gid.y * _34.g_param.x) + Gid.x] = accum[0];
}

Results of fxc/HLSLCrossCompiler

For the results of fxc/HLSLCrossCompiler, shown in Listing 6.14, we only consider the main entry point.
The output is once again very unrelated to the input code. There are many unnecessary bitwise con-
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versions between floating-points and integrals, too. This result again has a poor maintainability, which
makes it quite difficult to expand the code in the target language.

Listing 6.14: Compute Shader in GLSL

void main()

{
Temp [0] . xy
Temp [0] . xy
Temp [0] . zw
Temp [0] . xy

vec4(gl_GlobalInvocationID.XyxX).Xy;
Temp[0].xy * vec2(intBitsToFloat(®x3C4A4588), intBitsToFloat(0x3C4A4588));
vec4 (cbCSCS.g_param.zzzw) .Xy;
Temp[0].zw * Temp[0].xy;
Temp [0] . xy uintBitsToFloat (uvec4 (Temp [0].Xyxx).xy);
Temp [0] . zw vec2(intBitsToFloat (0x0), intBitsToFloat(0x0));
Temp [0].xyz = texelFetch(Input, floatBitsToInt(Temp[0]).xy, 0).xyz;
Temp[0].x = dot(Temp[0].xyz, vec3(intBitsToFloat(®x3E991687), intBitsToFloat(0x3F1645A2), intBitsToFloat(®x3DE978D5)));
TGSMO[int (gl_LocalInvocationIndex)].value[0x0/4u + 0] = (floatBitsToUint(Temp[0]).x);
groupMemoryBarrier();
memoryBarrierShared();
Temp_uint[1] = uvec4(lessThan(uvec4(gl_LocalInvocationIndex), uvec4(8u, 4u, 2u, 1lu))) * OxFFFFFFFFu;
if((Temp_uint[1].x) !=0u){
Temp[0].y = intBitsToFloat(int(gl_LocalInvocationIndex) + 0x8);
Temp [0] .y uintBitsToFloat (TGSMO[floatBitsToInt(Temp[0]).y].value[(Ou >> 2u) + 0]1);
Temp [0].x Temp[0].y + Temp[0].x;
TGSMO[int(gl_LocalInvocationIndex)].value[0x0/4u + 0] = (floatBitsToUint(Temp[0]).x);
//ENDIF
}

if((gl_LocalInvocationIndex)==0u){
Temp[0].x = intBitsToFloat(int(gl_LocalInvocationID.y) * int(cbCSCS.g_param.x) + int(gl_LocalInvocationID.x));
Temp[0].y = uintBitsToFloat (TGSMO[0x0].value[(Ou >> 2u) + 0]);
Result[floatBitsToInt(Temp[0]).x] = (Temp[0].y);
ENDIF
}

return;

6.1.3 Practical Shaders

Two more examples of practical shaders have also been tested. However, we will only discuss a small
excerpt of the first one, since the source codes are too large. The first example is NVIDIA FaceWorks [43].
This is a framework for realistic skin shading with a code base of roughly 1300 Lines Of Code (LOC).
The second one is a shader for standard forward shading with per-pixel lighting and shadow mapping.
We will return to this shader in the performance comparison in section 6.2. As last output comparison,
we want to emphasize the benefits of our source-to-source approach, in which many temporary variables
can be avoided. This is illustrated via the translations of a single function for diffuse lighting. The result
of XShaderCompiler is shown in Listing 6.15.

Listing 6.15: Result of XShaderCompiler

vec3 EvaluateSSSDiffuseLight(vec3 normalGeom, vec3 normalShade, vec3 normalBlurred, float shadow, float curvature,
— GFSDK_FaceWorks_CBData faceworksData) {
/ Directional light diffuse
vec3 rgbhSSS = GFSDK_FaceWorks_EvaluateSSSDirectLight (faceworksData, normalGeom, normalShade, normalBlurred,
< g_vecDirectionallLight, curvature, g_texCurvaturelLUT);
vec3 rgbShadow = GFSDK_FaceWorks_EvaluateSSSShadow(faceworksData, normalGeom, g_vecDirectionallLight, shadow, g_texShadowLUT);
vec3 rgbLightDiffuse = g_rgbDirectionallLight * rgbSSS * rgbShadow;

IBL diffuse
vec3 normalAmbient®, normalAmbientl, normalAmbient2;
GFSDK_FaceWorks_CalculateNormalsForAmbientLight (normalShade, normalBlurred, normalAmbient®, normalAmbientl, normalAmbient2);
vec3 rgbAmbient® = texture(g_texCubeDiffuse, normalAmbient®).rgb;
vec3 rgbAmbientl = texture(g_texCubeDiffuse, normalAmbientl).rgb;
vec3 rgbAmbient2 = texture(g_texCubeDiffuse, normalAmbient2).rgb;
rgbLightDiffuse += GFSDK_FaceWorks_EvaluateSSSAmbientLight (rgbAmbient®, rgbAmbientl, rgbAmbient2);
return rgbLightDiffuse;
}

It can be seen that no temporary variables have been inserted. Also the variable declaration statements
are written in the same manner as the input code. Now look at the result of glslang/SPIRV-Cross, which
is shown in Listing 6.16. In this case, a lot of temporary variables are being allocated, namely param_1
to param_17. Such an output is completely acceptable when the cross-compiler is used to translate the
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shaders continuously at runtime, but the result is quite impractical whenever it is used for manual

alteration.

Listing 6.16: Result of glslang/SPIRV-Cross

vec3 EvaluateSSSDiffuseLight(vec3 normalGeom, vec3 normalShade, vec3 normalBlurred, float shadow, float curvature,
— GFSDK_FaceWorks_CBData faceworksData)

{
GFSDK_FaceWorks_CBData param = faceworksData;
vec3 param_1 = normalGeom;
vec3 param_2 normalShade;
vec3 param_3 normalBlurred;
vec3 param_4 _176.g_vecDirectionallLight;
float param_5 = curvature;
vec3 rgbSSS = GFSDK_FaceWorks_EvaluateSSSDirectLight(param, param_1, param_2, param_3, param_4, param_5,

<~ SPIRV_Cross_Combinedg_texCurvatureLUTg_ssBilinearClamp);
GFSDK_FaceWorks_CBData param_6 = faceworksData;
vec3 param_7 = normalGeom;
vec3 param_8 = _176.g_vecDirectionalLight;
float param_9 = shadow;
vec3 rgbShadow = GFSDK_FaceWorks_EvaluateSSSShadow(param_6, param_7, param_8, param_9,
< SPIRV_Cross_Combinedg_texShadowLUTg_ssBilinearClamp);

vec3 rgbLightDiffuse = (_176.g_rgbDirectionalLight * rgbSSS) * rgbShadow;
vec3 param_10 = normalShade;
vec3 param_11 = normalBlurred;
vec3 param_12;
vec3 param_13;
vec3 param_14;
GFSDK_FaceWorks_CalculateNormalsForAmbientLight (param_10, param_11, param_12, param_13, param_14);
vec3 normalAmbient® = param_12;
vec3 normalAmbientl param_13;
vec3 normalAmbient2 = param_14;
vec3 rgbAmbient® = vec3(texture(SPIRV_Cross_Combinedg_texCubeDiffuseg_ssTrilinearRepeat, normalAmbient®).xyz);
vec3 rgbAmbientl vec3 (texture(SPIRV_Cross_Combinedg_texCubeDiffuseg_ssTrilinearRepeat, normalAmbientl).xyz);
vec3 rgbAmbient2 = vec3(texture(SPIRV_Cross_Combinedg_texCubeDiffuseg_ssTrilinearRepeat, normalAmbient2).xyz);
vec3 param_15 = rgbAmbient®;
vec3 param_16 rgbAmbientl;
vec3 param_17 rgbAmbient2;
rgbLightDiffuse += GFSDK_FaceWorks_EvaluateSSSAmbientLight(param_15, param_16, param_17);
return rgbLightDiffuse;

6.2 Performance Comparison

After we have seen a couple of output results of the different cross-compiler approaches, we can now
take a look at the runtime performance results that are shown in Figure 6.1. The hardware and software

setup of the testing environment is listed in the following table:

Component Setup
Operating System (OS) Microsoft® Windows 10 Education
CPU Intel® Core™ i7-6700 @ 3.40 GHz
Random Access Memory (RAM) 32 GBDDR4 @ 2133 MHz
Runtime Architecture 64-bit (x64/AMD64)
C++ Compiler Microsoft® Visual Studio Enterprise 2015

What we can notice in the benchmark results is that the glslang/SPIRV-Cross approach scales pretty well.
Its increase between the lowest and highest duration is only a factor about x1.48 at a LOC ratio of about
x48.15. The implementation of our approach needs most of the time for the parsing process which may
be primarily caused by the heavy use of dynamic string objects from C++ instead of plain C strings.
XShaderCompiler has still the best performance results though. Nonetheless, the performance results of
the glslang/SPIRV-Cross approach are quite remarkable, since a full CFG and an IR is generated here.
The byte-code approach yields the worst performance scaling. One of the reasons for this might be that
it is more difficult to map Direct3D byte-code to GLSL than it is the case with SPIR-V.
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Figure 6.1: Runtime performances of the previous compilation approaches.
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7 Conclusion and Future Work

7.1 Conclusion

Throughout this thesis, we have seen various approaches for automatic translations between differ-
ent high-level shading languages. Besides simple approaches such as macro expansion we have mainly
focused on state-of-the-art techniques. At the very beginning of this thesis, we have also shown that au-
tomatic translations for shading languages are becoming more important with the increasing appearance
of mobile devices to assure a truly platform-independent infrastructure for graphics development.

The benefits of the presented technique based on the source-to-source compiler approach are clearly
visible in the results we have seen in the previous chapter. Our approach is especially advantageous for
shader code that is meant to be cross-compiled permanently to be used on a new rendering system. The
code remains almost identical wherever possible. Temporary variables are kept to a minimum, expres-
sions are conserved, and the formatting style is flexible. Also commentary preservation is a serious issue
for large and complex shaders that are being modified and/or extended by a programmer. Moreover, our
implementation achieved the best performance results in the comparison.

Of course there are some disadvantages, too. The major drawback in this approach is the poor scalabil-
ity. Using an IR as a common denominator is a clear advantage over the direct path. Without an IR, the
conversion between source and target language quickly becomes a bottleneck in relation to effort and
complexity of the compiler. In addition, working only on the AST can become more difficult compared
to a CFG, especially when transformations are operating on control-flow constructs such as loops.

7.2 Future Work

During the work on this thesis, the developments on the official shader compilers have progressed re-
markably. glslang, the compiler being specified as the official GLSL shader validator by the Khronos
Group, proceeded its HLSL front-end considerably and also updated its GLSL front-end to the latest ver-
sion. At the beginning of 2017, Microsoft published its new HLSL compiler, named DXC, as open-source
on github.com. In addition, developers at Google have joined the DXC project to enhance its interoper-
ability between HLSL and SPIR-V. Especially in the year 2017, the cross-platform shader programming
has thus clearly advanced. The primary shader compilers are all under active development and open for
discussions and enhancements.

The XShaderCompiler project has many features left for future work as well. Although the compiler
was designed generically in the first place, to support multiple source languages as well as multiple target
languages, it currently only offers HLSL as input and GLSL as output. The GLSL parser has just started.
In the end, XShaderCompiler can already be used for productive graphics applications in cross-platform
environments though.

7.3 Appendix

A custom compiler enables many opportunities to add optional extensions to a shading language. One of
them has been implemented in XShaderCompiler to provide a stronger type system for vector spaces. The
original idea has been adopted from the paper Let’s Fix OpenGL [46]. It provides a mechanism to restrict
the assignments of variables to their vector space. For example, vertex coordinates are usually in model
space and should not be assigned to the vertex shader output directly. Instead, they are multiplied by a
projection matrix to transform them from model space into projection space. The compiler can assist the
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programmer by reporting an error on assignments between different vector spaces. The matrix/vector
multiplication serves as change of basis. Since we developed our own compiler we can easily add an
optional language extension. A proposal for such an extension is illustrated as pseudocode in Listing 7.1.

Listing 7.1: Language Extension Proposal 16

17
18 | // Output position in PROJECTION space
19 | [space (PROJECTION)]

20 |out float4 positionOut;

21
22 | // Output normal in WORLD space
23 | [space (WORLD)]

24 |out float4 normalOut;

25
26 |// OK: compiler verifies this assignment

27 | positionOut = mul (toProjection, positionIn);
28
29 | // ERROR: vector space mismatch; must be toWorld
30 |normalOut = mul (toProjection, normalIn);

// Transform from MODEL into PROJECTION space
[space (MODEL, PROJECTION)]
float4x4 toProjection;

// Transform from MODEL into WORLD space
[space (MODEL, WORLD)]
float4x4 toWorld;

// Input position in MODEL space
[space (MODEL)]
in float4 positionIn;

// Input normal in MODEL space
[space (MODEL) ]
in float4 normalln;

The extension is integrated into the attributes. For GLSL, the attribute qualifiers could be used instead.
In the example, the normal vector is erroneously transformed with the projection matrix toProjection
rather than the world matrix toWorld. Thanks to the stronger type system, the compiler can detect this
error and could even provide a suggestion which matrix was originally meant to be used. Adopted from
the output of the Clang compiler the error report could be something like: “did you mean ’toWorld’?”.
Those type checks can be very supportive especially for shading languages where linear algebra is applied
frequently.

Moreover, failures of this kind are hard to detect by just looking at the result. For example, consider
the Lambertian reflectance model from Figure 2.2 again. If we were using the wrong normal vector
transformation from above the result would look like shown in Figure 7.1a. The correct version, however,
should look like shown in Figure 7.1b. Even an experienced graphics developer cannot always detect

(a) Wrong transformation (b) Correct transformation

Figure 7.1: Comparison between normal vector being transformed into projection space and world space.

those mistakes immediately. As a result, automated assistance by the compiler is highly recommendable.
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MSL . ... Metal Shading Language

O-0 ... i Object-Oriented

OS . .. e Operating System

PDA . . .. . e Push-down Automaton

RAM ... ... . Random Access Memory

RSL . ... . RenderMan Shading Language

RW .. Read/Write

SDK . . . . e Software Development Kit

SM . e Shader Model

SPIRV . . . . . Standard Portable Intermediate Representation
SSA .. Static Single Assignment

SSBO . . ... . Shader Storage Buffer Object

TAC . . ... Three-Address Code

TM . . Turing Machine

UBO . .... ... Uniform Buffer Object

UML . ... ... .. .. Unified Modeling Language
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