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Topics

1. Why is GPU compilation different from CPU?
SIMT model, wavefronts, divergence

2. GPU Architecture - What the compiler must know
Registers (VGPR/SGPR), memory, ALU

3. Compilation pipeline
GLSL/HLSL — SPIR-V — LLVM IR —- AMDGPU ISA

4. Key LLVM passes for GPU
Structurization, lowering, instruction selection

5. Optimizations and challenges
Occupancy, register pressure, divergence
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CPU vs. GPU Architecture - Simplified overview

CPU

- -

Thousands of small cores

Complex Control Logic

SIMT Control (No Oo00)

LATENCY Optimized THROUGHPUT Optimized
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SIMT Execution Model

What is a “wavefront”?
Group of threads executing the SAME instruction

32 threads execute the SAME instruction simultaneously

32 threads (RDNA™) or 64 threads ...........L:g!:!gggﬁggs)...........

(GCN™/CDNA™) .

ALL threads in wavefront execute the same == Maske- Active Fane Gonfrel

instruction SRR RER T RRTEERT AR R BREEE N
B -ccive23) = masked (9)

S”VIT = Slngle InStrUCtlon’ MU|t|p|e Threads DIVERGENCE: Threads have different branch conditions

U n I | ke C P U S I M D (SS E/AVX)’ the Compiler executes BOTH branches sequentially, uses EXEC mask to control results
programmer writes scalar code

Hardware executes it on 32/64 threads at
once

Cycle 1: v_add _f32 v0, v1, v2 — all 32 threads do addition
Cycle 2: v_mul _f32 v3, v0O, v4 — all 32 threads do multiplication
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Divergence - GPU Compiler's Biggest Problem

if (x > 0) {

a = sqrt(x);
} else {

a = 0;
}

Problem: Some threads have x>0, others don't
Thread 0: x = 5.0 — wants THEN
Thread 1: x =-2.0 —» wants ELSE
Thread 2: x = 3.0 — wants THEN
Thread 3: x =-1.0 —» wants ELSE

Solution: Execute BOTH branches, mask results
EXEC MASK = hardware bitmask that tells which

threads execute

32 threads execute the SAME instruction simultaneously

Lane 0-31 (RDNA: 32, GCN/CDNA: 64 threads)

EXEC Mask - Active Lane Control

B -ccive23) = masked (9)

DIVERGENCE: Threads have different branch conditions

Compiler executes BOTH branches sequentially, uses EXEC mask to control results

Step 1: All threads: evaluate x > 0, create EXEC mask
Step 2: THEN branch: only threads where x > 0 compute
Step 3: ELSE branch: only threads where x <= 0 compute
Step 4: Both merge - all threads continue together
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Registers - VGPR and SGPR

r

VGPR (Vector)

- HHE0EE - B8

32 values (one per lane)
Different for each thread!

Used for

* Pixel coordinates
» Per-thread data
* Intermediate results

* Interpolated attributes

256 VGPR per wavefront
A More VGPR = lower occupancy!

64 VGPR = 8KB per wavefront

SGPR (Scalar)

s0 = single value

One value for all lanes
Same for ALL threads!

Used for

» Constants
* Buffer pointers
» Uniform values

* Control flow

108 SGPR available
v Use SGPR when possiblel

Much more efficient
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Exampl

e

#tversion 450

layout(location=0) in vec3 fragColor;
layout(location=0) out vec4 outColor;

void main() {

float brightness = dot(fragColor,

outColor =

}

vec3(0.299, 0.587, 0.114));
vec4(vec3(brightness), 1.0);

BEFORE: RGB Input

fragColor = vec3(R, G, B)

s _mov_b32
s _mov_b32
s _mov_b32
v_mul 32
v_mul 32
v_mul 32
v_add 32
v_add 32
v_mov_b32
v_mov_b32
v_mov_b32
v_mov_b32

SO,
sl,
s2,
v3,
v4,
v5,
v3,
v3,
Vo,
vl,
V2,
v3,

0x3e991687
0x3f1645a2
0x3de978d5
s@, vo
sl, vl
s2, V2
v3, v4
v3, V5
v3 5
v3

v3

1.0

CMm 5 000

; alpha =

.299f
.587f
.114f
* 0.299
* 0.587
* 0.114

; brightness

= B = brightness

1.0

exp mrto vo, vl, v2, v3 ; export to render target

AFTER: Grayscale Output

brightness = 0.299*R + 0.587*G + 0.114*B
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Occupancy and Register Pressure

_active wavefronts
OCCUPANCY = maximum wavefronts

Why it matters
GPU hides latency by switching between wavefronts
More wavefronts = better latency hiding
Fewer wavefronts = GPU stalls waiting for memory

What limits occupancy
VGPR usage (most common limiter)
SGPR usage
LDS usage
Workgroup size

Compiler can use -amdgpu-num-vgpr to limit VGPR and
increase occupancy

Occupancy (%)

Occupancy vs. VGPRs

100

m— \Nave64

m— \Nave32

80

60
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L
1
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VGPRs per Thread

RDNAS3 Limits (per SIMD)
Hardware: 16 Wave64 or 32 Wave32
VGPRs: 1536 total — waves = 1536/(vgprsxsize)
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CFG Structurization

GPU ISA does NOT require structured control flow

AMD ISA has s_branch, s_cbranch_* for arbitrary jumps -
if.then
// then code

Why structurize anyway?
LLVM's SelectionDAG/GloballSel work better with structured CFG if £low

Easier to generate correct EXEC mask save/restore code s vor b32 exec
Simplifies register allocation and instruction scheduling

Avoids irreducible CFG (loops with multiple entry points)
Makes analysis and optimization much harder

if.else

// else code

Solution: StructurizeCFG pass
Transforms arbitrary CFG to single-entry-single-exit regions
Inserts "flow" variables to track which path was taken
Ensures all divergent paths reconverge

if.end

s _or b32 exec

Passes: AMDGPUUnifyDivergentExitNodes, StructurizeCFG
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Compilation Pipeline

glslang / DXC

LLPC / Mesa

LLVM passes

RegAlloc

S
\/
S
\/
S
\/
S
\/
_

High level

Binary IR

SSA form

Machine IR

Machine code

Key: CFG Structurization | Divergence Analysis | Lowering | Register Allocation

Instruction Scheduling | Waitcnt Insertion | Code Emission

AMDZN

together we advance_



Key LLVM Passes for AMDGPU

IR Level

- AMDGPUUNnifyDivergentExitNodes - ensures single exit
InferAddressSpaces - optimizes memory access

- AMDGPUPropagateAttributes - propagates function attributes

Pre-ISel
SIAnnotateControlFlow - marks divergent branches
- AMDGPUCodeGenPrepare - prepares IR for codegen

Post-1Sel
SlLowerControlFlow - lowers to EXEC mask operations
SIWholeQuadMode - handles derivative operations
SlinsertWaitcnts - inserts memory synchronization

Register Allocation
SIRegisterInfo - defines register classes
GCNRegPressure - tracks register pressure

Compilation Pipeline

» Optimizations

* Legalization
Instruction Selection * Lowering

--------------------------------------------

1

1

1

1

* Reg Alloc :
* Scheduling :
* Frame Layout 1
1

1

1

1

1

1

1

’

Code Emission




Divergence Analysis
Goal: Determine which values differ across threads

Uniform values Divergent values
Loop induction variables (sometimes) Thread ID (SV_DispatchThreadID)

Values loaded from uniform buffers Pixel coordinates _
. Values from per-vertex attributes
Results of scalar operations

Results of operations on divergent values

Why it matters:
Uniform — can use SGPR, scalar instructions
Divergent — must use VGPR, vector instructions

LLVM pass: AMDGPUAnNnNnotateUniformValues
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Instruction Selection for AMDGPU

From LLVM IR to machine instructions

LLVM IR
sresult = fadd float %a, %b

SelectionDAG (or GloballSel)
(fadd f32:%$a, f32:%$b)

Pattern matching
def :
Pat<(fadd f32:$srco, f32:$srcl),
(V_ADD_F32_e32 VGPR32:$src@, VGPR32:$srcl)>;

Output
v_add_f32 vo, vl1, v2

Selection considerations

« VOP2 vs. VOP3 encoding
* Immediate operands

« Modifiers (neg, abs)

v_xor_b32 v3, 0x80000000, vl
v_and_b32 v4, OX7FFFFFFF, v2
v_add_f32 e32 vO, v3, v4

v_add_f32 e64 vo, -vi, |v2]|

AMDZU

together we advance_



GPU Memory Spaces

LLVM Address Spaces

addrspace (1) = global addrspace (3) = LDS

addrspace (5) = private addrspace (4) = constants
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Memory Operations

Buffer operations (global memory)
buffer_load dword v@, vl, s[0:3], ©
buffer store _dword vo, vl, s[0:3], ©

LDS operations (shared memory)
ds _read b32 vo, vl
ds_write_b32 vi, v@

Scalar memory (constants)
s_load _dword s@, s[2:3], ox0

Flat operations (generic address)
flat load dword vO, v[1l:2]

Image operations (textures)
image _sample v[0:3], v[4:5], s[0:7], s[8:11] AMDZ
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Example - Memory operations

; RDNA4 (GFX12) - Multiple LDS loads

ds_load b32 vio, vO
ds_load b32 vii, vi
ds_load b32 v12, v2

v20, v[3:4], off

v_add_f32 v3e, v40,
v_mul_f32 v31, v42,

s _wait_dscnt 0x2

v_add_f32 v50, vio,

v_mul_f32 v51, v2o0,

s_wait_dscnt 0x0
v_add_f32 v52, vii,

v4l
v43

v30

\41%)

vl2

J

)

3

oo

+ Global load
LDS load #1 (dscnt++)

; LDS load #2 (dscnt++)
; LDS load #3 (dscnt++)

Global load (loadcnt++)

Wait for dscnt < 2
(vlO ready, v11/v12 in flight)
USE v10

Wait for all loads complete
USE v20

Wait for remaining LDS
USE v11, vi2
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Key takeaways

1. GPU executes in SIMT model
Wavefronts of 32/64 threads execute same instruction

2. Divergence is expensive
Compiler must handle if-else with EXEC masking

3. Register pressure affects occupancy
More VGPR = fewer wavefronts = less latency hiding

4. Multiple memory spaces
Each has different latency and requires different instructions

5. Structured control flow required
CFG must be transformed to ensure convergence

6. LLVM AMDGPU backend handles all of this!
From SPIR-V to machine code
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Questions? AM D a

Thank you for your attention
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Bonus: Occupancy

Wavefront A

Wavefront B

Fetching data

https://gpuopen.com/learn/occupancy-explained/

AMDZU

together we advance_



21

Bonus: RDNA™ overview
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Shader Engine
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L25

Scalable Data Fabric
GDDRG6

https://gpuopen.com/download/RDNA __Architecture public.pdf

Shader Engine
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Bonus: RDNA™ 4 Block Diagram

Host CPU

Host Application
Compute Driver

o)

9 @
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https://docs.amd.com/v/u/en-US/rdna4-instruction-set-architecture

Instruction Cache

Instruction Cache

Constant Cache

Constant Cache
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Bonus: Graphics pipeline

VS |

GS
(Prim |
Shader)

VS !

[ &S
(Prim
Shader)

Vs | H + DS |

H5 G5
(Surface » (Prim |
Shader) Shader)

API VS L s LU » DS

[ Hs GS
HW |(surface » (Prim |
Shader) Shader)

Legacy D3D12 graphics pipeline

Mesh shader pipeline

https://docs.amd.com/v/u/en-US/rdna4-instruction-set-architecture
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Bonus: Ray Tracing Pipeline

Graphics, Compute or Ray
Tracing Pipeline

Shading Info '," -

Traversal

. Proceed?
Acc. Structure Top Level Acceleration Structure (AS)

Acc. Structure
Traversal

{ Recursion : Bottom Level AS 2
f Handle Confirm Hit, Generate
Result Details, or Terminate

Implicit Ray and Shader ' . -I Explicit Ray Management

Execution Management _ within Single Shader
Build Step

https://www.khronos.org/blog/ray-tracing-in-vulkan
AMDQ
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Public documents and references

LLVM Project source code
https://github.com/llvm/llvm-project

LLVM Language Reference Manual
https://llvm.org/docs/LangRef.html

LLVM User Guide for AMDGPU Backend
https://llvm.org/docs/AMDGPUUsage.html

AMD RDNA 2 Instruction Set Architecture
https://docs.amd.com/v/u/en-US/rdna2-shader-instruction-set-architecture

AMD RDNA 3 Instruction Set Architecture
https://docs.amd.com/v/u/en-US/rdna3-shader-instruction-set-architecture-feb-2023 0

AMD RDNA 4 Instruction Set Architecture
https://docs.amd.com/v/u/en-US/rdna4-instruction-set-architecture

GPU Open - Occupancy explained
https://gpuopen.com/learn/occupancy-explained/

RDNA Architecture overview
https://gpuopen.com/download/RDNA Architecture public.pdf
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©2026 Advanced Micro Devices, Inc. All rights reserved.

AMD, the AMD Arrow logo, RDNA and combinations thereof are trademarks of Advanced Micro Devices, Inc. Other product names used in this publication are for
identification purposes only and may be trademarks of their respective companies.

The information presented in this document is for informational purposes only and may contain technical inaccuracies, omissions, and typographical errors. The
information contained herein is subject to change and may be rendered inaccurate releases, for many reasons, including but not limited to product and roadmap
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