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What i1s a GPU?

e Graphics Processing Units

e AU
Image credit: Henrik Wann Jensen

ray tracing gaming 3D rendering
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What GPUs were originally designhed to do

e Simple definition of rendering task: computing how each triangle in 3D
mesh contributes to appearance of each pixel in the image?

3D surface geometry (e.g., triangle mesh) _
surface materials, lights, camera, etc. OQutput: Image of the scene

3D rendering
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Render Highly Complex 3D Scenes Iin Realtime

o 30-60 frames per second (even higher for VR)
» High resolution (2-4 megapixel)
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Real-time graphics primitives (entities)

e Represent surfaces as 3D triangle meshes

o3
o4
o2
Vertices Primitives
(points in space) (e.g., triangles, points, lines)
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Workload in one slide

e Given a triangle, determine where it lies on screen given the
position of a virtual camera

e For all output Image pixels covered by the triangle, compute
the color of the surface at that pixel.
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What does the surface look like at a point?

I g
1 o
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Great diversity of materials and lights in the world!

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers



Example “shader program”

OpenGL shading language (GLSL) shader program: defines behavior of fragment processing stage

myTexture Is a texture map
sampler mySamp;

Texture2D<float3> myTex; read-only global variables
float3 lightDir; v

float4 myShader(float3 norm, float2 uv) —1

{

float3 kd; u

“Shader” function
_ o S—
kd = myTex.Sample(mySamp, uv); (the function invoked

kd *= clamp( dot(lightDir, norm), 0.0, 1.0); to compute the color
return floatd4(kd, 1.0); of the pixel)

per-pixel output: RGBA surface color at pixel
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Shaded result

e Image contains output of myShader() for each pixel covered by surface
o pixels covered by multiple surfaces contain output from surface closest to camera
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Example “shader program”

OpenGL shading language (GLSL) shader program: defines behavior of fragment processing stage

sampler mySamp;
Texture2D<float3> myTex;
float3 lightDir;

float4 myShader(float3 norm, float2 uv)
{
float3 kd;
kd = myTex.Sample(mySamp, uv);
kd *= clamp( dot(lightDir, norm), 0.0, 1.0);
return floatd4(kd, 1.0);

e How much compute Is this? 4k @ 60fps
4 multiply-adds & 1 texture fetch

AK = 8 MPixels
X bx Overdraw = 40 MPixels / frame
x 60hz = 2.4 GPixels/sec

~10 GFLOPS

A real game is 10s to 100s of times more!
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Outline

e GPU Architecture
o Three major ideas that make GPU processing cores run fast
o Closer look at real GPU designs
o The GPU memory hierarchy: moving data to processors
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GPU ARCHITECTURE:
THREE BIG IDEAS
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Throughput processing

e Three key concepts behind how modern GPUs run code

e Knowing these concepts will help you:
o Understand space of GPU core designs
o Understand how “GPU” cores do (and don't!) differ from "CPU" cores
o Optimize shaders/compute kernels

o Establish intuition: what workloads might benefit from the design of these
architectures?
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What's in a GPU?

e A GPU Is a heterogeneous chip multi-processor (highly tuned for graphics)

Shader

Shader

Input Assembly

Rasterizer

Output Blend

Video Decode

Tex
Core Core
Shader Shader e
Core Core
Shader Shader Tex
Core Core
Shader Shader Tex
Core Core

Work
Distributor
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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 floatd4(kd, 1.0);
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e Shader programming model

o Fragments are processed
Independently,

o but there is no explicit parallel
programming
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Compile shader

sampler mySamp;
Texture2D<float3> myTex;
float3 lightDir;

ed fragment input record

!

<diffuseShaders>:

sample ro, v4, to, so

float4 diffuseShader(float3 norm, float2 uv) :Ezd
{ ‘ madd
float3 kd; ;ﬂ?
kd = myTex.Sample(mySamp, uv); mul
kd *= clamp( dot(lightDir, norm), 0.0, 1.0); :Ei

return floatd4(kd, 1.0);
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1 unshaded fragment output record

r3,
r3,
r3,
r3,
00,
o1,
02,
o3,

Vo,
vl,
v2,
r3,
ro,
rl,
r2,

1(1.

cbo[0]

cbo[1], r3
cbo[2], r3
1(0.0), 1(1.0)
r3

r3

r3

0)

!
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Execute shader

J
!

<diffuseShader>:

sample ro, v4, to, soO

mul r3, v, cbo[0]

madd r3, vi, cbo[1], r3
madd r3, v2, cbo[2], r3
clmp r3, r3, 1(0.0), 1(1.0)
mul o006, re, r3

mul o1, rl, r3

mul o2, r2, r3

mov o3, 1(1.0)

!
L]
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Execute shader

ALU
(Execute)
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_J

!

<diffuseShader>:

sample ro, v4, to, so

mul
madd
madd
clmp
mul
mul
mul
mov

r3,
r3,
r3,
r3,
00,
ol,
02,
o3,

vo,
vl,
v2,
r3,
ro,
rl,
r2,

1(1.

cbo[0]

cbo[1], r3
cbo[2], r3
1(0.0), 1(1.0)
r3

r3

r3

)

!
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Execute shader

ALU
(Execute)
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_J

!

<diffuseShader>:

sample ro, v4, to, soO
r3, vo, cbo[o]

madd r3,
madd r3,
clmp r3,

mul

mul
mul
mul
mov

00,
ol,
02,
o3,

vl,
v2,
r3,
ro,
rl,
r2,

1(1.

cbo[1], r3
cbo[2], r3
1(0.0), 1(1.0)
r3

r3

r3

)

!
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Execute shader

]
!

<diffuseShader>:

sample ro, v4, to, soO

mul r3, v, cbo[0]

madd r3, vi, cbo[1], r3
madd r3, v2, cbo[2], r3
clmp r3, r3, 1(0.0), 1(1.0)
mul 00, re, r3

ALU
(Execute)

mul o1, rl1, r3
mul o2, r2, r3
mov o3, 1(1.0)

!
L]
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Execute shader

]
!

<diffuseShader>:

sample ro, v4, to, soO

ALU mul r3, v, cbo[0]
(Execute) madd r3, vi, cbe[1], r3
. madd r3, v2, cbe[2], r3

clmp r3, r3, 1(0.0), 1(1.0)
mul 00, re, r3
mul o1, rl1, r3
mul o2, r2, r3
mov o3, 1(1.0)

!
L]
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Execute shader

]
!

<diffuseShader>:

sample ro, v4, to, soO
ALU mul r3, vO, cbo[0]
(Execute) madd r3, vi, cbo[1], r3
madd r3, v2, cbo[2], r3
. clmp r3, r3, 1(0.0), 1(1.0)
mul 00, re, r3
mul o1, rl1, r3

mul o2, r2, r3
mov 03, 1(1.0)

!
L]
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Execute shader

ALU
(Execute)
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_J

!

<diffuseShader>:

sample ro, v4, to, soO

mul
madd
madd
clmp
mul
mul
mul
mov

r3,
r3,
r3,
r3,
00,
ol,
02,
o3,

vo,
vl,
v2,
r3,
ro,
rl,
r2,

1(1.

cbo[0]

cbo[1], r3
cbo[2], r3
1(0.0), 1(1.0)
r3

r3

r3

)

!
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“CPU-style” cores

ALU
(Execute)

Data caches
(big ones!)
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Slimming down

ALU

(Execute)

ldea #1:
Remove components that

help a single instruction
stream run fast
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Two cores (two fragments in parallel)

fragment 1

]
!

!
L]
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ALU
(Execute)

e

ALU
(Execute)

e

fragment 2

]
!
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Four cores (four fragments in parallel)

-]
«|

ALU
(Execute)

ALU
(Execute)

ALU
(Execute)

ALU
(Execute)

! !
[ [
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Sixteen cores (sixteen fragments in parallel)
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16 cores

16 simultaneous instruction streams
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Instruction stream sharing
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But ... many fragments should be
able to share an instruction stream!

<diffuseShader>:

sample ro, v4, tO, sO
mul r3, vO, cbo[0]

madd
madd
clmp
mul
mul
mul

mov

r3,
r3,
r3,
00,
ol,
02,
o3,

vl,
v2,
r3,
ro,
rl,
r2,

cbo[1], r3
cbo[2], r3
1(0.0), 1(1.0)
r3

r3

r3

1(1.0)
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Recall: simple processing core

ALU
(Execute)

i3
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Add ALUs

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

oo [oo] =

Shared Ctx Data

ldea #2:

Amortize cost/complexity of
managing an instruction stream

across many ALUs

SIMD processing
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Modifying the shader

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

oo [oo] =

Shared Ctx Data
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<diffuseShader>:

sample ro, v4, to, so

mul r3,
madd r3,
madd r3,
clmp r3,
mul 00,
mul o1,
mul o2,
mov 03,

vo,
vl,
v2,
r3,
ro,
rl,
r2,

cbo[0]

cbo[1], r3
cbo[2], r3
1(0.0), 1(1.0)
r3

r3

r3

1(1.0)

Original compiled shader:

Processes one fragment using
scalar ops on scalar registers
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Modifying the shader

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

oo [oo] =

Shared Ctx Data
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<VEC8_dif fuseShader>:

VEC8 samp'e vec_ro, vec_v4, to, vec_s©O
VEC8 mul vec_r3, vec_vO, cbo[0]

VEC8 madd vec_r3, vec_vl, cbo[1], vec_r3
VEC8 madd vec_r3, vec_v2, cbo[2], vec_r3
VEC8 clmp vec_r3, vec_r3, 1(0.0), 1(1.0)
VEC8 mul vec_o@, vec_ro, vec_r3

VEC8 mul vec_ol, vec_rl, vec_r3

VEC8 mul vec_o2, vec_r2, vec_r3

VEC8 mov 03, 1(1.9)

New compiled shader:

Processes eight fragments using
vector ops on vector registers
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Modifying the shader

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

oo [oo] =

Shared Ctx Data
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<VEC8_diffuseShader>:

7

4

VEC8 sample vec_ro, vec_v4, tO, vec_s©O

VEC8_mul
VEC8_madd
VEC8 madd
VEC8_clmp
VEC8_mul
VEC8 mul
VEC8_mul
VEC8_mov

vec_r3, vec_veo,
vec_r3, vec_vil,
vec_r3, vec_v2,
vec_r3, vec_r3,
vec_o@, vec_ro,
vec_ol, vec_ri,
vec_o2, vec_r2,

03, 1(1.0)

\ ¢

cbo[0]
cbo[1], vec_r3
cbo[2], vec_r3
1(0.0), 1(1.0)
vec_r3
vec_r3
vec_r3
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128 fragments In parallel
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16 cores X 8 = 128 ALUs, 16 simultaneous instruction streams
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128 fragments In parallel
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fragments

OpenCL work items / CUDA threads
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But what about branches?

1

2

8

Time (clocks)

ALU1 ALU 2. .

. ALUS

|
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<unconditional
shader code>

if (x > 0) {
y = pow(x, exp);
y *= Ks;
refl = y + Ka;
1} else {
X = 0;
refl = Ka;
}

<resume unconditional
shader code>
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But what about branches?

Time (clocks) LI

7]

=

ALU1 ALU 2. .
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_J

_J

-

<unconditional
shader code>

Iif (x > 0) {
y = pow(Xx, exp);
y *= Ks;
refl = y + Ka;

1} else {

X = 0;
refl = Ka;

}

<resume unconditional
shader code>
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But what about branches?

Time (clocks) I;ll;ll_ll_ll_ll_ll_llil

ALU1 ALU 2. ..

Not all ALUs do useful work!

...ALUS

Worst case: 1/8 peak
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performance

<unconditional
shader code>

if (x > 0) {

<resume unconditional
shader code>
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But what about branches?

Time (clocks) ILI&II_II_II_ILN_NLI

ALU1 ALU 2. ..
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...ALUS

<unconditional
shader code>

if (x > 0) {

<resume unconditional
shader code>

43



Clarification

e SIMD processing does not imply SIMD instructions

e Option 1: explicit vector instructions
o x86 AVX, ARM NEON, RISC V Vectors

e Option 2: scalar instructions, implicit HW vectorization

o HW determines instruction stream sharing across ALUs (amount of
sharing hidden from software)

o NVIDIA GeForce ("SIMT” warps), ATl Radeon architectures (“wavefronts”)

o o o o o o o o gooaaoaooaoooaoaac
aooo o o o o o o o o o o o o o o o o o o

RESSSERSEEEREEEE

In practice: 16 to 64 fragments share an instruction stream.

]
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What about sta//s?

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

e Texture access latency = 100s of cycles
e We've removed the fancy caches and logic that helps avoid stalls

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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But we have LOTS of independent fragments!

ldea #3:

Interleave processing of many fragments on a single core to
avoid stalls caused by high latency operations.

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Time (clocks) Frag1... 8
o o e o P

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

Hiding shader stalls

ALU al ALU d ALU i ALU d

o o o ]
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Time (clocks)

Frag1..8
Oooooooo

il
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Hiding shader stalls

Frag 9 ... 16 Frag 17 ... 24 Frag 25 ... 32
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Time (clocks)

Frag1..8
Oooooooo

Runnable
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Hiding shader stalls

Frag 9 ... 16 Frag 17 ... 24 Frag 25 ... 32
o { { | | o o { { | | o o o | o

® o ®

49



Time (clocks)

Frag1..8
Oooooooo

Runnable
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Hiding shader stalls

Frag 9 ... 16 Frag 17 ... 24 Frag 25 ... 32
o { { | | o o { { | | o o o | o

L) L) @
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Throughput!

Time (clocks) Frag1..8 Frag 9 ... 16 Frag 17 ... 24
(i [ o | (o o o [ o [ (i o o [ [ [
O

Start
Stall UI!IHI'HHI!J
4” Start
'Stau,‘ I
AN Ll
Stall -
Runnable aAh
IIIIIIII Runnable
Done! IIIIIIII Runnable
oone: T
Increase run time of one group to Done!

Increase-throughput of many.groups
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Frag 25 ... 32
| | o o o | o

)

Start

il

'Stall <
a'Ah

Runnable

Done!
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Storing contexts

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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(maximal latency hiding)

Eighteen small contexts

ALU
ALU

ALU 1| ALU d ALU ﬂ
ALU d

53
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Twelve medium contexts

ALU

ALU

ALU 1| ALU d ALU ﬂ
ALUi ALUd ALU ZI

54
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Four large contexts
(low latency hiding ability)

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Clarification

e Interleaving between contexts can be managed by hardware or
software (or both!)

e NVIDIA / ATl Radeon GPUs

o HW schedules / manages all contexts (lots of them)
o Speclal on-chip storage holds fragment state

e Intel Larrabee
o HW manages four x86 (big) contexts at fine granularity
o SW scheduling interleaves many groups of fragments on each HW context
o L1-L2 cache holds fragment state (as determined by SW)

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

56



My GPU!

e 16 cores
e 16 simultaneous inst. streams
e 3 mul-add ALUs per core (128 total)

e 64 concurrent (but Interleaved)
INstruction streams

e 512 concurrent fragments

8 ALUs x 2 FLOPs = 16 FLOPs / cycle / core

16 cores x 16 FLOPs
= 256 GFLOPs (@ 1GHz)
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My bigger GPU!
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32 cores, 16 ALUs per core (512 total) =1 TFLOP (@ 1 GHz)
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Summary: three key ideas

e Massive Parallelism: use many “slimmed down cores” to run in
parallel

o SIMD—SIMT: pack cores full of ALUs (by sharing instruction
stream across groups of fragments)

o Option 1: Explicit SIMD vector instructions
o Option 2: Implicit sharing managed by hardware

e Warp Interleaving: avoid latency stalls by interleaving execution
of many groups of fragments
o When one group stalls, work on another group

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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A comparison of the CPU and GPU architecture
CPU Streaming GPU

Cores multiprocessors
P L
Ctl Al fuls |
ALU Control ALU Control
LT || ||
|
L1 Cache L1 Cache Ctl Al fuls |
LT || ||
ALU | |Control ALU | |control| | [P > AfL uls |
LT || ||
L1 Cache L1 Cache el
Ctl NE I E |
K || ||
L2 ond L3 Cache
L2 Cache
DRAM <> DRAM
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PUTTING THREE IDEAS INTO PRACTICE:
A CLOSER LOOK AT REAL GPUs

NVIDIA GEFORCE GTX 1080
NVIDIA GEFORCE RTX 2080 ~ 5080

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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NVIDIA GeForce GTX 1080

e NVIDIA-speak:
o 2560 stream processors (“CUDA cores”)

o “SIMT execution”

e Generic speak:
o 20 cores
o4 groups of 32 SIMD functional units per core
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NVIDIA GeForce GTX 1080 “core”
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0000 CooD Oodd QoQE =S'MD|f‘:1“°tid°“ unit, 32 un
0000 COoOo0 OO0O0 CobOb io,\r;,ttr,ci ZS,;G acrlossk units
OO00 OO00 OoE0 OEgo (1 MUL-ADD per clock)
O0O0O0 Oo00 OO0 CoOD
[} o] ] o) i ]| ] T ] ]| o ]
O00g D000 §ogg @ggg | * Groursof32
OSoog ot oot ogg [fragments/vertices/CUDA threads]
OocO OEc0 OEc0 oG share an instruction stream

Execution contexts  Up to 64 groups are simultaneously

(registers, 256 KB) interleaved

“Shared(;é leTemory « Up to 2,048 individual contexts can be
stored

Source: NVIDIA Pascal tuning guide
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the GTX 1080
“CUDA

960

There are 20 of these
That’s 40,960 fragments!

things on
threads”)
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LI
SO
[

1]

[11]

1]

i
1]
1]

||

1=/
fim[im]
Q=

1]

[11]

1]

0] il
o g 1 i

LI | il
OOOoOoOOoOD

m
111
1]

OOo0O0OooOo0
Ooooooog

gOoooog
] o
DO0DDo

1]
1]
1]

L
ooo
ooo

]
1]
1]

NVIDIA GeForce GTX 1080

1]
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Block Diagram of the GP104 GPU

PCI Express 3.0 Host Interface

GPC

Raster Engine Raster Engine
4 = 3 - 4 3
TPC TPC
PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMerph Engine PolyMorph Engine PolyMorph Engine

e Pascal

Memory Controller
J9|jonuog Aiowap

Simultaneous
Multiprocessor

Memory Controller
Jajjos3uon fiowapy

J9jj03u0) Kiowap

3
2
t
S
o
£}
S
=
(]
=

SM SM M sM 5™ SM M SM sM SM
PolyMorph Engine PolyMorph Engina PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine PolyMorph Engine
TPC TPC TPC TPC TPC TPC TPC TPC TPC TPC
T3 T3 & T3 - 3 T T

& - 4 : : -
e
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NVIDIA GeForce GTX 1080 “core”

Instruction Cache

Instruction Buffer Instruction Buffer
Warp Scheduler Warp Scheduler

Dispatch Uit Dispatch Unit Dispatch Unit Dispatch Unit

L 2 a3 3 s
. a S Ca Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)
Ll
Core | Core | Core  LDIST Core | Core v L D/ST U n I ts

Core Core  Core LDIST Core  Core
- L] -
‘ SpeC|aI Function Units
Core |Core | Core  LD/ST Core  Core !
Core |Core | Core  LDIST Core  Core
Core | Core | Core LDIST Core  Core
Core | Core | Core  LDIST Core  Core

32 CUDA cores HEEE =

Texture / L1 Cache

Warp Scheduler Warp Scheduler

Warp schedulers
Dispatch units

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

Core | | Core | Core | Lo Core | | Core | Core | LisT Re g i Ste rs

Core Core Core s Core | Core | Core LDIST

Core Core Core i Core | Core |Core LDIST
Core Core Core i Core | | Core | Core LDIST
Core Core Core f Core | Core @ Core LDIST

Core Core  Core i Core |  Core | Core LDiST

—T—TT T L1 Caches
Scratchpad

Texture / L1 Cache

96KB Shared Memory
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Warp Scheduler

Warp Scheduler Warp Scheduler

Instruction Dispatch Unit

Instruction Dispatch Unit

CUDA Cores (x16) CUDA Cores (x16) m

CUDA Core

Dispatch Port

Operand Collector

ke

|

FADD LD
FADD RCP
FFMA FFMA
IADD IADD

MOV LD
FFMA SIN
IADD ICMP
FFMA ST
FFMA IADD

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers 67



Warp Scheduler

Warp Scheduler Warp Scheduler

Warp 8 instruction 11 Warp 9 instruction 11

Warp 2 instruction 42 Warp 3 instruction 33

Warp 14 instruction 95 Warp 15 instruction 95

time

Warp 8 instruction 12 Warp 9 instruction 12

Warp 14 instruction 96 Warp 3 instruction 34

Warp 2 instruction 43 Warp 15 instruction 96
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NVIDIA GeForce RTX 2080 “core”

e Turing

https://developer.nvidia.com/blog/nv

idia-turing-architecture-in-depth/

NVIDIA Tesla V100 GPU
Architecture Whitepaper

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

TENSOR

INT32  FP32 —

LDIST  LDIST  LDIST  LDIST SFU

Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

TENSOR

INT32 FP32 CORES

LDIST LD/ST LD/ST LD/ST SFU

Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

TENSOR

INT32 | FP32 —

LDIST  LD/ST  LD/ST  LDIST SFU

Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

TENSOR

INT32 FP32 CORES

LDIST LD/ST LD/ST LDIST SFU

96KB L1 Data Cache / Shared Memory

RT CORE

Tensor Core?

RT Core?
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http://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf
http://images.nvidia.com/content/volta-architecture/pdf/volta-architecture-whitepaper.pdf

Tensor Cores

FP16 or FP32 FP16 FP16 FP16 or FP32

https://developer.nvidia.com/blog/tensor-core-ai-performance-milestones/
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Tensor Cores

TURING TENSOR CORE TURING TENSOR CORE TURING TENSOR CORE

PASCAL

INT 4
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HW Structure: Systolic Arrays

a4

43 dyy

42 das oy

D41 d3p dy3 a4

a .

3 dy; dy3 0
dsj dyy 0 0
an 0 0 0

byy b3z by by 0 0

bagbaz bgy by 0 0 0

[1] HT Kung, CE Leiserson, Systolic arrays (for VLSI), Sparse Matrix Proceedings 1978 1, 256-282
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https://scholar.google.com/citations?view_op=view_citation&hl=en&user=gWBoNCsAAAAJ&citation_for_view=gWBoNCsAAAAJ:Xz60mAmATU4C

MM on Systolic Arrays

-

y (@]
SZ
o/
QH

|
|
KxKxC I i
-t > |
1 Input l'
:‘_':::: : %
< [
X
& S Y
| Buffer |
v capacity
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Matrix Multiplication

A matrix: 3x3
W matrix; 3x3
C=WxA
Wi Wio Wi3
Waq Wiz Wa3 X
W3q W32 W33

gy ago Qg3
azq Az azz
azq Qazz Qazz

C11

Ci2

Ci3

Ca1

Ca2

C23

C31

C32

C33

= Wjyq X Q117 + Wiy X Ap1 +Wy3 X azq
=Wy X Q13 + Wiy X Qyp +Wi3 X Q3
= Wj1 X Q3 + Wy X Q3 + Wy3 X Az3

= W3q X Q13 + W3y X A3 + W33 X Q33



https://deep-math.tistory.com/29

iy iz i3
i3y i3z fiay
i3y i3z fig3

© 2008-

Compute

13 @)z 4] —™

Wiy

figg fizz Az; 0 ——

Waq

figg @z 33 0 0 ——

Wi3

Wiy

Wa3

Wiz
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SIMD vs. Systolic Array

e Trade off general-purpose flexibility for specialization
SIMD Systolic Array

Instruction

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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SIMD vs. Systolic Array

e Trade off general-purpose flexibility for specialization

Feature SIMD (CUDA Cores)

Model General-purpose vector processing
Execution Same instruction over multiple data lanes
Communication Registers/shared memory

Control Logic More flexible but control-heavy

Target Workloads General parallel computing

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

Systolic Array (Tensor Cores)

Specialized dataflow architecture

Pipelined wave of data through fixed-function units

Local neighbor communication in hardware

Very low control overhead, data flows autonomously

Repeated matrix multiplies (e.g., DNNs, GEMMs)
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Real-Time Ray Tracing

A

f &2 e o
= =5

A
- —

RTX Mega Geometry enables hundreds of millions of animated triangles through real-time subdivision surfaces
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https://developer.nvidia.com/blog/nvidia-rtx-neural-rendering-introduces-next-era-of-ai-powered-graphics-innovation/
https://developer.nvidia.com/blog/nvidia-rtx-neural-rendering-introduces-next-era-of-ai-powered-graphics-innovation/
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Bounding Volume Hierarchy

N1
N1 a
o
J N2 N3
Ns
O3
l 0/ Ns{ ) Ne N7(.
Na
01 N2

O1 O2 03 0Oz Os Os O7 Os

https://developer.nvidia.com/blog/thinking -parallel-part-ii-tree-traversal-gpu/
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Software Emulation for BVH Search

Pascal SM Shaders

e e

Fetch box
Decode box
Intersection test
Sub-box or tris?

v

|

Ray/triangle
intersection test

v

v

Return hit

© 2008-2022bythe MIT €. _ ... cooC coocoe

Many thousands

> of instruction slots

per ray
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Ray Tracing with RT Cores

Turing SM Shaders RT Core

Fetch box
Decode box
Intersection test
Sub-box or tris?

Box
Intersection
Evaluators

|

Ray/triangle
intersection test

Triangle
Intersection
Evaluators

|

Return hit

53



Turing Ray Tracing Performance

>10 Giga Rays

GTX 1080 Ti ™ RTX 2080 Ti

ES

g 11.3 TFLOPS 68 RT Cores

3 o

)

3 1.1 Giga Rays 10+ Giga Ra
3 8 ga Rays
T

o

©

20 10 TFLOPS / Giga Ray ~10X faster than 1080 Ti
O

Mustang Dragon Veyron-NG  Blade Buddha GeoMean
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NVIDIA GeForce RTX 3080 “core”

e Ampere

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

LO i-Cache + Warp Scheduler + Dispatch (32 thread/clk) LO i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

TENSOR TENSOR
CORE CORE
3rd Gen 3rd Gen

LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST

LO i-Cache + Warp Scheduler + Dispatch (32 thread/clk) LO i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

TENSOR TENSOR
CORE CORE
3rd Gen 3rd Gen

LD/ST LD/ST LD/ST LD/ST LD/ST LD/ST

128KB L1 Data Cache / Shared Memory

Tex Tex

| RTCORE = _ ,
| —ﬁdG!neratio}(&v//é
] [2d pne D
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Streaming Multiprocessor (SM)

L1 Instruction Cache

| LO Instruction Cache LO Instruction Cache
Warp Scheduler (32 thread/clk) r
Dispatch Unit (32 thread/clk)

L

® EaC| | SM | 1AdS.
Register File (16,384 x 32-bit)
INT32INT32 FP32 FP32 FP64 INT32INT32 FP32 FP32 FP64
D ‘ O r‘ S INT32INT32 FP32 FP32 FP64 INT32INT32 FP32 FP32 FP64

INT32|NT32 FP32 FP32  FP64 INT32INT32 [FP32 FP32  FP64

‘Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Register File (16,384 x 32-bit)

2 FP32 FP32  FP64 INT32INT32 [FP32 FP32
TENSOR CORE

INT32 INT3: FP64
D 3 2 F P 64 ( :O res INT32INT32 FP32 FP32  FPe4 INT32INT32 FP32 FP32  FP64
IT32

INT32INT32 FP32 FP32  FP64 INT32INT32 [FP32 FP32

TENSOR CORE

Register File (16,384 x 32-bit)

064 KB registers [t
0192 KB L1 +
shared mem

INT32INT32 [FP32 FP32

INT32 INT32 FP32 FP32 FP64

L0 (G (20
Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

Warp Scheduler (32 thread/clk)
Dispatch Unit (32 thread/clk)

INT32 INT32 FP32 FP32 FP64

Register File (16,384 x 32-bit) Register File (16,384 x 32-bit)

INT32INT32 FP32 FP32  FP64 INT32INT32 FP32 FP32  FPe4

INT32 INT32 FP32 FP32 FP64

INT32INT32 FP32 FP32  FP64 INT32INT32 FP32 FP32  FP64

INT32INT32 FP32 FP32  FP64 INT32INT32 FP32 FP32  FP64
INT32INT32 FP32 FP32  FP64 INT32INT32 FP32 FP32  FP64
TENSOR CORE

INT32 FP32 FP32  FP64 INT32INT32 FP32 FP32  FP64

TENSOR CORE

INT32 INT32 FP32 FP32 FP64

INT32INT32 FP32 FP32  FPe4 INT32INT32 FP32 FP32  FP64

TENSOR CORE

INT32INT32 FP32 FP32  FP64 INT32INT32 FP32 FP32  FP64
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INT32INT32 FP32 FP32

ST ST ST ST ST ST st sT ST ST ST ST ST ST st sT
192KB L1 Data Cache / Shared Memory
ex ex ex

Tex

FP64.

FP32 FP32

INT32 INT32

INT32 INT32

INT32 INT32

INT32 INT32

LD/ LD/
ST ST

FP32 FP32

FP32 FP32

FP32 FP32

FP32 FP32

LD/ LD/
ST ST

FP64

FP64

FP64

FP64

LD/ LD/
ST ST

LD/
ST

LD/
ST

SFU
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NVIDIA GeForce RTX 3080

There are 68 SMs on

the RTX 3080
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NVIDIA GeForce RTX 4080 “core”

o Ada

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

L0 i-Cache + Warp Scheduler + Dispatch (32 threadiclk)

Register File (16,384 x 32-bit)

FP32 ADA 4™

/ FP32 GENERATION
INT32 TENSOR CORE

LD/ST LO/ST LD/ST LDIST SFU

L0 i-Cache + Warp Scheduler + Dispatch (32 threadiclk)

Register File (16,384 x 32-bit)

FP32 ADA 4t

/ FP32 GENERATION
INT32 TENSOR CORE

LDIST LD/ST LDIST LDIST SFU

L0 i-Cache +Warp Scheduler + Dispatch (32 threadiclk)

Register File (16,384 x 32-bit)

FP32 ADA 4

/ FP32 GENERATION
INT32 TENSOR CORE

LD/ST LDIST LD/ST LDIST SFU

L0 i-Cache + Warp Scheduler + Dispatch (32 threadiclk)

Register File (16,384 x 32-bit)

FP32 ADR 4%

! FP32 GENERATION
INT32 TENSOR CORE

LD/ST LDIST LD/ST LDiST SFU

128 KB L1 Data Cache / Shared Memory

Tex

Tex

RT CORE
3rd Generation
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NVIDIA GeForce RTX 5080 “core”

e Blackwell

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

LO-Cache + Warp Scheduler + Dispatch (32 thread/dk)

Register File (16,384 x 32-bit)

5TH
FP32 [/ INT32 GENERATION
TENSOR CORE

LO-Cache + Warp Scheduler + Dispatch (32 thread/dk)

Register File (16,384 x 32-bit)

5TH

FP32 [ INT32 GENERATION
TENSOR CORE

LO-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

5TH
FP32 [/ INT32 GENERATION
TENSOR CORE

LO-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

5TH

FP32 [ INT32 GENERATION
TENSOR CORE

128 KB L1 Data Cache / Shared Memory

Tex

Tex

4TH GENERATION RT CORE

B || <O

Box Intersection Engine Triangle Cluster Intersection Engine Linear Swept Spheres

NI

=S

Opacity Micromap Engine

Triangle Cluster Compression Engine
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CPU
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Multi-GPU System

PCle

Display GPU NVMe

NViink
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MOVING DATA TO PROCESSORS

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

0.9

PER ORDER OF SPE
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Recall: “CPU-style” core

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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“CPU-style” memory hierarchy

L1 cache
(48 KB)

ALU

L2 cache
(1.25 MB)

L3 cache
(12 MB)

shared across cores

CPU cores run efficiently when data is resident in cache
(caches reduce latency, provide high bandwidth)

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers

70 GB/sec
to memory

)
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Throughput core (GPU-style)

Fetch/

Execution
contexts
(256 KB)

750 GB/sec

(—)

Memory

More ALUs, no large traditional cache hierarchy:
Need high-bandwidth connection to memory

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Bandwidth i1s a critical resource

e A high-end GPU (e.g. RTX 3080) has...
o About sixty times (30 TFLOPS) the compute performance of a 4-core CPU
o No large cache hierarchy to absorb memory requests

e GPU memory system Is designed for throughput
o Wide bus (750 GB/sec)
o Repack/reorder/interleave memory requests to maximize use of mem. bus
o Still, this 1s only ten times the bandwidth available to CPU

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Bandwidth thought experiment

e Task: element-wise multiply two long

vectors A and B

o Load input Ali]

o Load input B[]

o Load input C[i]

Do HEIxX P

o Compute Afi] x B[i] + CJi]
o Store result into DJi]

e Four memory operations (16 bytes) for every MUL-ADD

e RTX 3080 can do 8704 MUL-ADDS per clock

e Need ~240 TB/sec of bandwidth to keep functional units busy
e Roughly 0.33% efficiency::- but 10x faster than CPU!
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Bandwidth limited!

e [f processors request data at too high a rate, the memory system
cannot keep up

e No amount of latency hiding helps this

e Overcoming bandwidth limits are a common challenge for GPU -
compute application developers

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Reducing bandwidth requirements

e Request data less often (instead, do more math)
o “arithmetic intensity”

e Fetch data from mem. less often (share/reuse data across fragments
o on-chip communication or storage

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers
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Reducing bandwidth requirements

e Two examples of on-chip storage
o Texture caches

o Scratchpad (OpenCL “local memory,” CUDA “shared memory”)

1)12](3]4

Texture caches:

Capture reuse across
fragments, not temporal
reuse within a single
shader program

Texture data
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Modern GPU memory hierarchy

ALU ELU EI ALU ﬂ
léLU ZI

I—ll—;
- —
c (@

>
==
c
>
=
c

Texture cache
(read-only)

Shared “local”
storage
or
L1 cache
(128 KB)

L2 cache
(5 MB)

e On-chip storage takes load off memory system
o Many developers calling for more cache-like storage

o (particularly GPU-compute applications)
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GPU Memory Hierarchy

SM-0 SM-1 SM-N
$ $ d $ d
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Summary: GPU Architecture

e Think of a GPU as a vectorized many-core processor optimized
for maximum throughput
o Massive Parallelism
o SIMD processing
o Warp Interleaving
o Specialized Units: Tensor cores, RT cores

e Think about how the various programming models map to
these architectural characteristics

© 2008-2022 by the MIT 6.172 and 6.106 Lecturers 103



Summary: GPU Architecture

e An efficient GPU workload ...

o Has thousands of independent pieces of work
¢ Uses many ALUs on many cores
+ Supports massive interleaving for latency hiding

o ls amenable to instruction stream sharing
+ Maps to SIMD execution well

o ls compute-heavy: the ratio of math operations to memory access Is high
+ Not limited by memory bandwidth

e Next lecture: GPU Programming
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