
GPU Architectures

UCSD CSE 272 
Advanced Image Synthesis

Tzu-Mao Li

slides heavily borrowed from Kayvon Fatahalian
https://graphics.stanford.edu/~kayvonf/

https://graphics.stanford.edu/~kayvonf/


The power wall
• Clock rates of CPUs have linear relationship with power consumption

• reducing voltage helps power consumption, but it’s already extremely low these days

from Patternson & Hennessy, “Computer Organization and Design: the hardware/software interface”



Parallelism to the rescue
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A simple processor

instruction 
decoder

ALU

registers

• a processor fetches instructions and execute them in serial order

load r0, 5 
add r1, r0, r0 
mul r1, r0, r1 
… 
store addr[10], r1



Pre multi-core era processor

instruction 
decoder

ALU

registers

big cache

speculative 
execution

branch 
predictor

memory 
prefetcher

lots of logic/transistors to make serial instructions run fast



GPU/multi-core processor idea 1
• transistors are used to add more cores, not complex logic

• each core is more “stupid”, but collectively they are faster

instruction 
decoder

ALU

registers

instruction 
decoder

ALU

registers

instruction 
decoder

ALU

registers

instruction 
decoder

ALU

registers



GPU/multi-core processor idea 2
• save transistors for instruction decoding by using the same instructions for many ALUs

load r0, 5 
add r1, r0, r0 
mul r1, r0, r1 
… 
store addr[10], r1

instruction decoder

ALU

registers

ALU ALU ALU

ALU ALU ALU ALU

Single Instruction, Multiple Data (SIMD)
data are processed in parallel

modern GPUs usually have 8-32 ALUs per unit



Each core can do its own thing

instruction decoder

ALU

registers

ALU ALU ALU

ALU ALU ALU ALU

instruction decoder

ALU

registers

ALU ALU ALU

ALU ALU ALU ALU

instruction decoder

ALU

registers

ALU ALU ALU

ALU ALU ALU ALU

instruction decoder

ALU

registers

ALU ALU ALU

ALU ALU ALU ALU

multiply 16 numbers add 16 numbers subtract 16 numbers divide 16 numbers



clock
ALU 1 ALU 2 ALU 3 ALU 4 ALU 5 ALU 6 ALU 7 ALU 8

What about conditions?

t = x[i] 
if (t > 0) { 
  t = t * t 
  t = t * 50; 
  t = t + 100; 
} else { 
  t = t + 30; 
  t = t / 10; 
} 
y[i] = t;
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What about conditions?

t = x[i] 
if (t > 0) { 
  t = t * t 
  t = t * 50; 
  t = t + 100; 
} else { 
  t = t + 30; 
  t = t / 10; 
} 
y[i] = t;

clock
ALU 1 ALU 2 ALU 3 ALU 4 ALU 5 ALU 6 ALU 7 ALU 8

T T F F T F T T

F F T T F T F F

some ALUs need to idle and wait for the others!



Thread divergence = bad

t = x[i] 
if (t > 10) { 
  t = t * t 
  t = t * 50; 
  t = t + 100; 
} 
y[i] = t;

clock
ALU 1 ALU 2 ALU 3 ALU 4 ALU 5 ALU 6 ALU 7 ALU 8

T F F F F F F F

we’re all waiting for you!! \ _ /

12.5% peak performance inside condition



When do we have bad thread divergence?
BRDF1

BRDF2

• ray tracing (especially secondary bounces) 
is extremely incoherent!
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is extremely incoherent!

When do we have bad thread divergence?
BRDF1

BRDF2



Memory access

instruction decoder

ALU

registers

ALU ALU ALU

ALU ALU ALU ALU memory

load r0, addr[0xff326a38]

r0: 42

0xff326a38: 42
0xff326a34: 100

0xff326a30: 0

…

…



Memory access is expensive!

instruction decoder

ALU

registers

ALU ALU ALU

ALU ALU ALU ALU memory

load r0, addr[0xff326a38]

r0: 42

0xff326a38: 42
0xff326a34: 100

0xff326a30: 0

…

…

• often takes hundreds of cycles for loading from the main memory



• threads are stalled when accessing from main memory

Memory access is expensive!

t = x[i] 
…

clock
ALU 1 ALU 2 ALU 3 ALU 4 ALU 5 ALU 6 ALU 7 ALU 8

zzz…

…

“stalling”



GPU/multi-core processor idea 3
• interleave processing of multiple threads on the same core to hide memory latency

• move to different threads if you can’t make progress on one
instruction decoder

ALU

registers 
for thread 1

ALU ALU ALU

ALU ALU ALU ALU

registers 
for thread 2

registers 
for thread 3

registers 
for thread 4



Latency hiding with multi-threading

instruction decoder

ALU

registers 
for thread 1

ALU ALU ALU

ALU ALU ALU ALU

registers 
for thread 2

registers 
for thread 3

registers 
for thread 4

clock

thread 1 
elements 1-8

thread 2 
elements 9-16

thread 3 
elements 17-24

thread 4 
elements 25-32

stall
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Latency hiding with multi-threading

instruction decoder

ALU

registers 
for thread 1

ALU ALU ALU

ALU ALU ALU ALU

registers 
for thread 2

registers 
for thread 3

registers 
for thread 4

clock

thread 1 
elements 1-8

thread 2 
elements 9-16

thread 3 
elements 17-24

thread 4 
elements 25-32

stall
stall

stall
stall

…



Latency-throughput tradeoff

instruction decoder

ALU

registers 
for thread 1

ALU ALU ALU

ALU ALU ALU ALU

registers 
for thread 2

registers 
for thread 3

registers 
for thread 4

clock

thread 1 
elements 1-8

stall

run time for thread 1 is increased,  
but the total throughput is improved

thread 1 is waiting for thread 2-4 here



Latency-throughput tradeoff

instruction decoder

ALU

registers 
for thread 1

ALU ALU ALU

ALU ALU ALU ALU

registers 
for thread 2

registers 
for thread 3

registers 
for thread 4

clock

thread 1 
elements 1-8

stall

run time for thread 1 is increased,  
but the total throughput is improved

thread 1 is waiting for thread 2-4 here

registers for each thread 
are reduced as well



https://gfxcourses.stanford.edu/cs149/fall21/lecture/multicorearch/slide_82

https://gfxcourses.stanford.edu/cs149/fall21/lecture/multicorearch/slide_82


https://gfxcourses.stanford.edu/cs149/fall21/lecture/multicorearch/slide_83
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GPU memory hierarchy
instruction decoder

ALU

registers 
for thread 1

ALU ALU ALU

ALU ALU ALU ALU

registers 
for thread 2

registers 
for thread 3

registers 
for thread 4

shared memory 
or 

L1 cache 
or 

texture cache 
(128 KB)

L2 cache
(6144 KB)

main memory or texture memory
(16 GB)

constant memory 
(64 KB)



What about the graphics stuff?
the graphics pipeline

https://www.khronos.org/opengl/wiki/File:RenderingPipeline.png
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What about the graphics stuff?
the graphics pipeline

https://www.khronos.org/opengl/wiki/File:RenderingPipeline.png

can be combined into a “mesh shader” (Nvidia Turing)

https://www.khronos.org/opengl/wiki/File:RenderingPipeline.png


Graphics workload: diamond structure

https://www.khronos.org/opengl/wiki/File:RenderingPipeline.png

amount of data generated compact geometry

frame-buffer ops

high-res mesh

fragments

pixels

https://www.khronos.org/opengl/wiki/File:RenderingPipeline.png


Parallelizing graphics pipeline



Simplifying a bit
the graphics pipeline

https://www.khronos.org/opengl/wiki/File:RenderingPipeline.png

rasterization

geometry processing

fragment processing

frame-buffer ops
frame-buffer ops

https://www.khronos.org/opengl/wiki/File:RenderingPipeline.png


Assume we have four threads

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops



Molnar’s sorting taxonomy

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

sort first

sort middle

sort last fragment

sort last image 
composition

• how do we assign tasks to each thread?



Sort first

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

• assign each pipeline for a region of the output image
• do minimal amount of work (compute screen-space positions of triangles) to determine which regions each 

primitive overlap



Sort first

1 2

3 4

• pros:
• cons:



Sort first

1 2

3 4

• pros:
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Sort first

1 2

3 4

• pros:
• simple parallelization, no communication
• early occlusion culling

• cons:
• work balance
• preprocessing time
• duplicate work



Examples of sort first processors



Sort middle

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

• distribute primitives to pipelines (e.g., round robin)
• assign each rasterizer a region of the image
• assign primitives to rasterizers based on region overlap

distribute

sort



How do we assign regions on image?
• fragment interleaving in NVIDIA Fermi

fine granularity interleaving coarse granularity interleaving



Sort middle interleaved

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

• pros:
• cons:

distribute

sort and broadcast



rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

• pros: workload balance, no duplicate work for geometry processing
• cons:

distribute

Sort middle interleaved

sort and broadcast



rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

• pros: workload balance, no duplicate work for geometry processing
• cons: communication cost (larger cost if meshes are highly tessellated) 

          duplicate work for rasterization

distribute

sort and broadcast

Sort middle interleaved



Sort middle tiled

https://graphics.stanford.edu/courses/cs348v-18-winter/lectures/17_schedulinggfx.pdf

https://graphics.stanford.edu/courses/cs348v-18-winter/lectures/17_schedulinggfx.pdf


rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

distribute

sort into buckets

Sort middle tiled

bucket 0 bucket 1 bucket 2 bucket 3 …

populate 
buckets 

with
triangles

dynamically 
assign buckets 
to processors



• pros:

• cons:

Sort middle tiled



• pros:

• good load balance

• low bandwidth requirement

• cons:

• slightly more overhead compared to sort middle interleaved

• duplicate work for rasterization 

Sort middle tiled



Most recent mobile GPUs are 
sort-middle tiled

• due to the low memory bandwidth requirement if tile sizes are roughly the sizes of polygons



Software GPU rasterizers are often 
sort-middle tiled



Sort last fragment

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

• distribute primitives to pipelines (e.g., round robin)
• sort fragments based on their (x, y) positions

distribute

sort



Sort last fragment

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

• pros: no duplicate work, good work balance for frame-buffer ops
• cons: early z culling is tricky, bad sorting memory use (many more fragments than triangles)

distribute

sort



Sort last image composition

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

• each pipeline render some geometry
• merge them in the end based on depth

distribute

frame buffer frame buffer frame buffer frame buffer

merge



Modern GPUs: sort everywhere

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

rasterization

geometry processing

fragment processing

frame-buffer ops

distribute

sort

sort



Where should lighting be done?

rasterization

geometry processing

fragment processing

frame-buffer ops

image

do lighting here: Gouraud shading

do lighting here: Phong shading

do lighting here: deferred shading



Ray tracing

https://images.nvidia.com/aem-dam/en-zz/Solutions/geforce/ampere/pdf/NVIDIA-ampere-GA102-GPU-Architecture-
Whitepaper-V1.pdf

• very little detail has been released

• hardware is only responsible for  
BVH traversal & scene geometry

https://images.nvidia.com/aem-dam/en-zz/Solutions/geforce/ampere/pdf/NVIDIA-ampere-GA102-GPU-Architecture-Whitepaper-V1.pdf
https://images.nvidia.com/aem-dam/en-zz/Solutions/geforce/ampere/pdf/NVIDIA-ampere-GA102-GPU-Architecture-Whitepaper-V1.pdf


The dawn of Moore’s law = 
domain-specific hardware

• writing software/systems for heterogeneous hardware will become a necessary skill

• graphics pipeline’s experience will help



Next: Nanite


