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Reading Assignment #4 (until Sep 29)

Read (required):

• Get an overview of NVIDIA Ampere (GA102 and A100) GPU white papers:
https://www.nvidia.com/content/PDF/

nvidia-ampere-ga-102-gpu-architecture-whitepaper-v2.pdf

https://www.nvidia.com/content/dam/en-zz/Solutions/Data-Center/
nvidia-ampere-architecture-whitepaper.pdf

• Get an overview of NVIDIA Hopper (H100) Tensor Core GPU white paper:
https://resources.nvidia.com/en-us-hopper-architecture/nvidia-h100-tensor-c

• Get an overview of NVIDIA Blackwell (GB202) GPU white papers:

https://images.nvidia.com/aem-dam/Solutions/geforce/blackwell/
nvidia-rtx-blackwell-gpu-architecture.pdf

https://www.nvidia.com/content/dam/en-zz/Solutions/design-visualization/quadro-product-
literature/NVIDIA-RTX-Blackwell-PRO-GPU-Architecture-v1.0.pdf

Read (optional):

• Look at the “Tuning Guides“ for different architectures in the CUDA SDK

• PTX Instruction Set Architecture (9.0): https://docs.nvidia.com/cuda/parallel-thread-execution/
Read Chapters 1 – 3; get an overview of Chapter 9;
browse through the other chapters to get a feeling for what PTX looks like

• CUDA SASS ISA (13.0), Chap. 6: https://docs.nvidia.com/cuda/pdf/CUDA_Binary_Utilities.pdf
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Concepts: Latency vs. Throughput

Latency

• What is the time between start and finish of an operation/computation?

• How long does it take between starting to execute an instruction
until the execution is actually finished / its results are available?

• Examples: 1 FP32 MUL instruction; 1 vertex computation, …

Throughput

• How many computations (operations/instructions) finish per time unit?

• How many instructions of a certain type (e.g., FP32 MUL)
finish per time unit (per clock cycle, per second)?

GPUs: High-throughput execution (at the expense of latency)
(but: hide latencies to avoid throughput going down)
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Concepts: Types of Parallelism

Instruction level parallelism (ILP)

• In single instruction stream: Can consecutive instructions/operations
be executed in parallel? (Because they don’t have a dependency)

• Exploit ILP: Execute independent instructions (1) via pipelined execution (instr. pipe),
or even (2) in multiple parallel instruction pipelines (superscalar processors)

• On GPUs: also important, but much less than TLP (compare, e.g., Kepler with current GPUs)

Thread level parallelism (TLP)

• Exploit that by definition operations in different threads are independent
(if no explicit communication/synchronization is used, which should be minimized)

• Exploit TLP: Execute operations/instructions from multiple threads in parallel
(which also needs multiple parallel instruction pipelines)

• On GPUs: main type of parallelism

more types:
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• Bit-level parallelism (processor word size: 64 bits instead of 32, etc.)
• Data parallelism (SIMD/vector instructions), task parallelism, …



Concepts: Latency Hiding

Not about latency of single operation or group of operations:
It’s about avoiding that the throughput goes below peak

Hide latency that does occur for one instruction (group) by
executing a different instruction (group) as soon as current one stalls:

→ Total throughput does not go down

In GPUs, hide latencies via:

• TLP: pull independent, not-stalling instruction from other thread group

• ILP: pull independent instruction from down the inst. stream in same thread group

• Depending on GPU: TLP often sufficient, but sometimes also need ILP

• However: If in one cycle TLP doesn’t work, ILP can jump in or vice versa

Markus Hadwiger, KAUST 6
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From Shader Code to a Teraflop:
How Shader Cores Work

Kayvon Fatahalian
Stanford University



Where this is going...



Where this is going...

GPUs are here!
(usually)
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What’s in a GPU?

Shader
Core

Shader
Core

Shader
Core

Shader
Core

Shader
Core

Shader
Core

Shader
Core

Shader
Core

Tex

Tex

Tex

Tex

Input Assembly

Rasterizer

Output Blend

Video Decode

Work
Distributor

Heterogeneous chip multi-processor (highly tuned for graphics)

HW
or

SW?
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A diffuse reflectance shader

sampler mySamp;

Texture2D<float3> myTex;

float3 lightDir;

float4 diffuseShader(float3 norm, float2 uv)

{

float3 kd;

kd = myTex.Sample(mySamp, uv);

kd *= clamp( dot(lightDir, norm), 0.0, 1.0);

return float4(kd, 1.0);   

} 

Independent, but no explicit parallelism
11
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Compile shader

sampler mySamp;

Texture2D<float3> myTex;

float3 lightDir;

float4 diffuseShader(float3 norm, float2 uv)

{

float3 kd;

kd = myTex.Sample(mySamp, uv);

kd *= clamp ( dot(lightDir, norm), 0.0, 1.0);

return float4(kd, 1.0);   

} 

<diffuseShader>:

sample r0, v4, t0, s0

mul  r3, v0, cb0[0]

madd r3, v1, cb0[1], r3

madd r3, v2, cb0[2], r3

clmp r3, r3, l(0.0), l(1.0)

mul  o0, r0, r3

mul  o1, r1, r3

mul  o2, r2, r3

mov  o3, l(1.0)

1 unshaded fragment input record

1 shaded fragment output record

12
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Execute shader

ALU
(Execute)

Fetch/
Decode

Execution
Context

<diffuseShader>:

sample r0, v4, t0, s0

mul  r3, v0, cb0[0]

madd r3, v1, cb0[1], r3

madd r3, v2, cb0[2], r3

clmp r3, r3, l(0.0), l(1.0)

mul  o0, r0, r3

mul  o1, r1, r3

mul  o2, r2, r3

mov  o3, l(1.0)
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mov  o3, l(1.0)
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Execute shader

ALU
(Execute)

Fetch/
Decode

Execution
Context

<diffuseShader>:

sample r0, v4, t0, s0

mul  r3, v0, cb0[0]

madd r3, v1, cb0[1], r3

madd r3, v2, cb0[2], r3

clmp r3, r3, l(0.0), l(1.0)

mul  o0, r0, r3

mul  o1, r1, r3

mul  o2, r2, r3

mov  o3, l(1.0)
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CPU-“style” cores

ALU
(Execute)

Fetch/
Decode

Execution
Context

Out-of-order control logic

Fancy branch predictor

Memory pre-fetcher

Data cache
(A big one)

20



SIGGRAPH 2009: Beyond Programmable Shading: http://s09.idav.ucdavis.edu/ 

Idea #1: Slim down

ALU
(Execute)

Fetch/
Decode

Execution
Context

Idea #1: 

Remove components that
help a single instruction
stream run fast (i.e., that 
reduce latency of a single 
instruction stream)
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Two cores   (two fragments in parallel)

ALU
(Execute)

Fetch/
Decode

Execution
Context

ALU
(Execute)

Fetch/
Decode

Execution
Context

<diffuseShader>:

sample r0, v4, t0, s0

mul  r3, v0, cb0[0]

madd r3, v1, cb0[1], r3

madd r3, v2, cb0[2], r3

clmp r3, r3, l(0.0), l(1.0)

mul  o0, r0, r3

mul  o1, r1, r3

mul  o2, r2, r3

mov  o3, l(1.0)

fragment 1

<diffuseShader>:

sample r0, v4, t0, s0

mul  r3, v0, cb0[0]

madd r3, v1, cb0[1], r3

madd r3, v2, cb0[2], r3

clmp r3, r3, l(0.0), l(1.0)

mul  o0, r0, r3

mul  o1, r1, r3

mul  o2, r2, r3

mov  o3, l(1.0)

fragment 2

22



SIGGRAPH 2009: Beyond Programmable Shading: http://s09.idav.ucdavis.edu/ 

Four cores   (four fragments in parallel)

ALU
(Execute)

Fetch/
Decode

Execution
Context

ALU
(Execute)

Fetch/
Decode

Execution
Context

ALU
(Execute)

Fetch/
Decode

Execution
Context

ALU
(Execute)

Fetch/
Decode

Execution
Context
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Sixteen cores   (sixteen fragments in parallel)

ALU ALU

ALUALU

ALU ALU

ALUALU

ALU ALU

ALUALU

ALU ALU

ALUALU

16 cores = 16 simultaneous instruction streams
24
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Instruction stream sharing

<diffuseShader>:

sample r0, v4, t0, s0

mul  r3, v0, cb0[0]

madd r3, v1, cb0[1], r3

madd r3, v2, cb0[2], r3

clmp r3, r3, l(0.0), l(1.0)

mul  o0, r0, r3

mul  o1, r1, r3

mul  o2, r2, r3

mov  o3, l(1.0)

But… many fragments should
be able to share an instruction
stream! → big idea #2 ! 

25
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Idea #2: Add ALUs

Idea #2:

Amortize cost/complexity of
managing an instruction
stream across many ALUs

SIMD processing

(or SIMT, SPMD)

27

Fetch/
Decode

Ctx Ctx Ctx Ctx

Ctx Ctx Ctx Ctx

Shared Ctx Data 

ALU 1 ALU 2 ALU 3 ALU 4

ALU 5 ALU 6 ALU 7 ALU 8
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How does shader execution behave?

<diffuseShader>:

sample r0, v4, t0, s0

mul  r3, v0, cb0[0]

madd r3, v1, cb0[1], r3

madd r3, v2, cb0[2], r3

clmp r3, r3, l(0.0), l(1.0)

mul  o0, r0, r3

mul  o1, r1, r3

mul  o2, r2, r3

mov  o3, l(1.0)

Original compiled shader:

Processes one fragment
using scalar ops on scalar registers

28

Fetch/
Decode

Ctx Ctx Ctx Ctx

Ctx Ctx Ctx Ctx

Shared Ctx Data 

ALU 1 ALU 2 ALU 3 ALU 4

ALU 5 ALU 6 ALU 7 ALU 8
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How does shader execution behave?

Fetch/
Decode

<VEC8_diffuseShader>:

VEC8_sample vec_r0, vec_v4, t0, vec_s0

VEC8_mul  vec_r3, vec_v0, cb0[0]

VEC8_madd vec_r3, vec_v1, cb0[1], vec_r3

VEC8_madd vec_r3, vec_v2, cb0[2], vec_r3

VEC8_clmp vec_r3, vec_r3, l(0.0), l(1.0)

VEC8_mul  vec_o0, vec_r0, vec_r3

VEC8_mul  vec_o1, vec_r1, vec_r3

VEC8_mul  vec_o2, vec_r2, vec_r3

VEC8_mov  vec_o3, l(1.0)

Ctx Ctx Ctx Ctx

Ctx Ctx Ctx Ctx

Shared Ctx Data 
Processes 8 fragments
using “vector ops” on “vector registers”
(Caveat: This does NOT mean there are actual 
vector instructions/cores/regs! See later slide.)

ALU 1 ALU 2 ALU 3 ALU 4

ALU 5 ALU 6 ALU 7 ALU 8

Actually executed shader:

29
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How does shader execution behave?

Fetch/
Decode

<VEC8_diffuseShader>:

VEC8_sample vec_r0, vec_v4, t0, vec_s0

VEC8_mul  vec_r3, vec_v0, cb0[0]

VEC8_madd vec_r3, vec_v1, cb0[1], vec_r3

VEC8_madd vec_r3, vec_v2, cb0[2], vec_r3

VEC8_clmp vec_r3, vec_r3, l(0.0), l(1.0)

VEC8_mul  vec_o0, vec_r0, vec_r3

VEC8_mul  vec_o1, vec_r1, vec_r3

VEC8_mul  vec_o2, vec_r2, vec_r3

VEC8_mov  vec_o3, l(1.0)

Ctx Ctx Ctx Ctx

Ctx Ctx Ctx Ctx

Shared Ctx Data 

2 31 4

6 75 8

ALU 1 ALU 2 ALU 3 ALU 4

ALU 5 ALU 6 ALU 7 ALU 8
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128 fragments in parallel 

= 16 simultaneous instruction streams
16 cores = 128 ALUs

31
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128 [                       ] in parallel 
vertices / fragments

primitives
CUDA threads

OpenCL work items
compute shader threads

primitives

vertices

fragments

32
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Clarification

• Option 1: Explicit vector instructions
– Intel/AMD x86 MMX/SSE/AVX(2), Intel Larrabee/Xeon Phi/ …

• Option 2:  Scalar instructions, implicit HW vectorization
– HW determines instruction stream sharing across ALUs

(amount of sharing hidden from software, i.e., not in ISA)
– NVIDIA GeForce (“SIMT” warps), AMD Radeon/GNC/RDNA(2)

SIMD processing does not imply SIMD instructions 

In practice: 16 to 64 fragments share an instruction stream

33
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But what about branches?

ALU 1 ALU 2 . . . ALU 8. . . 
Time 

(clocks)

2 ... 1 ... 8

if (x > 0) {

} else {

}

<unconditional 
shader code>

<resume unconditional 
shader code>

y = pow(x, exp);

y *= Ks;

refl = y + Ka;  

x = 0; 

refl = Ka;  
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But what about branches?

ALU 1 ALU 2 . . . ALU 8. . . 
Time 

(clocks)

2 ... 1 ... 8

if (x > 0) {

} else {

}

<unconditional 
shader code>

<resume unconditional 
shader code>

y = pow(x, exp);

y *= Ks;

refl = y + Ka;  

x = 0; 

refl = Ka;  

TT TT TT FF FFFF FF FF
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But what about branches?

ALU 1 ALU 2 . . . ALU 8. . . 
Time 

(clocks)

2 ... 1 ... 8

if (x > 0) {

} else {

}

<unconditional 
shader code>

<resume unconditional 
shader code>

y = pow(x, exp);

y *= Ks;

refl = y + Ka;  

x = 0; 

refl = Ka;  

TT TT TT FF FFFF FF FF

Not all ALUs do useful work! 
Worst case: 1/8 performance
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But what about branches?

ALU 1 ALU 2 . . . ALU 8. . . 
Time 

(clocks)

2 ... 1 ... 8

if (x > 0) {

} else {

}

<unconditional 
shader code>

<resume unconditional 
shader code>

y = pow(x, exp);

y *= Ks;

refl = y + Ka;  

x = 0; 

refl = Ka;  

TT TT TT FF FFFF FF FF

37



GPU Architecture
Big Idea #3

GPU Architecture
Big Idea #3



SIGGRAPH 2009: Beyond Programmable Shading: http://s09.idav.ucdavis.edu/ 

Next Problem: Stalls!

Texture access latency = 100’s to 1000’s of cycles
(also: instruction pipelining hazards, …)

We’ve removed the fancy caches and logic that helps avoid stalls.

Stalls occur when a core cannot run the next 
instruction because of a dependency on a previous 

operation.

39



Interlude: Instruction Pipelining

Most common way to exploit instruction-level parallelism (ILP)

Problem: hazards (different solutions: bubbles, forwarding, …)

Markus Hadwiger, KAUST 40

wikipedia
https://en.wikipedia.org/wiki/Instruction_pipelining
https://en.wikipedia.org/wiki/Classic_RISC_pipeline
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But we have  LOTS of independent fragments.

Idea #3:
Interleave processing of many fragments on a single core 

to avoid stalls caused by high latency operations.

41

Idea #3: Interleave execution of groups
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Idea #3: Store multiple group contexts

Fetch/
Decode

ALU ALU ALU ALU 

ALU ALU ALU ALU 

Pool of context storage

64 KB

42
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Hiding shader stalls
Time 

(clocks)
Frag 1 … 8

Fetch/
Decode

Ctx Ctx Ctx Ctx

Ctx Ctx Ctx Ctx

Shared Ctx Data 

ALU ALU ALU ALU 

ALU ALU ALU ALU 
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Hiding shader stalls
Time 

(clocks)

Fetch/
Decode

ALU ALU ALU ALU 

ALU ALU ALU ALU 

1 2

3 4

1 2 3 4

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32
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Hiding shader stalls
Time 

(clocks)

Stall

Runnable

1 2 3 4

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32
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Hiding shader stalls
Time 

(clocks)

Stall

Runnable

1 2 3 4

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32
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Hiding shader stalls
Time 

(clocks)

1 2 3 4

Stall

Stall

Stall

Stall

Runnable

Runnable

Runnable

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32
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Hiding shader stalls
Time 

(clocks)

Stall

Runnable

2 3 4

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

1
Start

Start

Start
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Hiding shader stalls
Time 

(clocks)

Stall

Runnable

2 3 4

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

1

Increase run time (latency) of one group
To maximum throughput of many groups

Start

Start

Start

49
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Throughput! (4 groups of threads)
Time 

(clocks)

Stall

Runnable

2 3 4

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

1

Increase run time (latency) of one group
To maximum throughput of many groups

Start

Start

Start

50

throughput: 
8/clk
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Throughput! (4 groups of threads)
Time 

(clocks)

Stall

Runnable

2 3 4

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

1

Increase run time (latency) of one group
To maximum throughput of many groups

Start

Start

Start

51

throughput: 
8/clk

throughput: 
8/clk
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Throughput! (4 groups of threads)
Time 

(clocks)

Stall

Runnable

2 3 4

Frag 1 … 8 Frag  9… 16 Frag 17 … 24 Frag 25 … 32

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

Stall

Runnable

Done!

1

Increase run time (latency) of one group
To maximum throughput of many groups

Start

Start

Start

52

throughput: 
8/clk

throughput: 
8/clk

total 
throughput: 

(8*8*4)/32 / clk
= 8 / clk
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Done!

Throughput! (2 groups of threads)
Time 

(clocks)

2

Frag 1 … 8 Frag  9… 16

Done!

Stall

Runnable

1

Increase run time (latency) of one group
To maximum throughput of many groups

Start

53

throughput: 
8/clk

Stall

Runnable

total 
throughput: 

(8*8*2)/24 / clk
= 5.33 / clk

throughput: 
0/clk

throughput: 
8/clk
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Storing contexts

Fetch/
Decode

ALU ALU ALU ALU 

ALU ALU ALU ALU 

Pool of context storage

64 KB
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Twenty small contexts (few regs/thread)

Fetch/
Decode

ALU ALU ALU ALU 

ALU ALU ALU ALU 

1 2 3 4 5

6 7 8 9 10

11 1512 13 14

16 2017 18 19

(maximal latency hiding ability)
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Twelve medium contexts (more regs/th.)

Fetch/
Decode

ALU ALU ALU ALU 

ALU ALU ALU ALU 

1 2 3 4
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Four large contexts (many regs/thread)

Fetch/
Decode

ALU ALU ALU ALU 

ALU ALU ALU ALU 
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(low latency hiding ability)
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Concepts: SM Occupancy in CUDA (TLP!)

We need to hide latencies from

• Instruction pipelining hazards (RAW – read after write, etc.)
(also: branches; behind branch, fetch instructions from different instruction stream)

• Memory access latency

First type of latency: Definitely need to hide! (it is always there)

Second type of latency: only need to hide if it does occur (of course not unusual)

Occupancy: How close are we to maximum latency hiding ability?
(how many threads are resident vs. how many could be)

See run time occupancy API, or Nsight Compute: https://docs.nvidia.com/
nsight-compute/NsightCompute/index.html#occupancy-calculator

Markus Hadwiger, KAUST 58
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Complete GPU

16 cores

8 mul-add [mad] ALUs per core
(8*16 = 128 total)

16 simultaneous
instruction streams

64 (4*16) concurrent (but
interleaved) instruction streams

512 (8*4*16) concurrent
fragments (resident threads)

= 256 GFLOPs   (@ 1GHz)
(128 * 2 [mad] * 1G)
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“Enthusiast” GPU (Some time ago :)

32 cores, 16 ALUs per core (512 total) = 1 TFLOP  (@ 1 GHz)
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GPUs are here!
(usually)

Where We‘ve Arrived...



Thank you.


