‘? @ ?‘f é XA v" é # 1742 A4 & it

and Technology of Chin COMP6201P.01

CUDAREREILT

Lec 2: GPU Architecture Overview
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— 5 RiE

» 354, Instruction
* ETSAERN TR TIHITHARE
 e.g. MUL, ADD. LD, ST. BR. JMP etc.
» #{E, Operation
s ITEHITATHRIES MIHITRIRE
* e.g. FLT32 operation, INT operation etc.

M pLy st
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» B§hEHA, Clock Cycle
- HERESKNENERLEN
. e.g. MUL. ADD. LD. ST. BR. JMP etc.
» Bshik E/5#E, Clock Speed/Frequency
- BF (I17) BETHREIEAZL

« e.g. 1 GHz =109 cycles per second

M pLy st
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» #EJR, Latency (memory or instruction)
- HERTHENEARRA
* e.g. 200 cycles for global memory read
» &¥ir=, Throughput (memory or instruction)
—EMNEBRALENT B/ASSHEAE
* e.g. Instructions Per Cycle (IPC), or GB/s etc.
» o, Bandwidth (memory)

23
« HIEFWEREK
« e.g.1008 GB/s for a RTX 4090

o
T

L -

M pLy st
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» FLOPS - Floating-point OPerations per Second
> GFLOPS - One billion (10°) FLOPS

> TFLOPS - 1000 GFLOPS

> PFLOPS — 1000 TFLOPS

> EFLOPS - 1000 PFLOPS

m pLy st
KRB



TR CPURISR

> S7K%% - Pipeling

> ST -

Branch Prediction

» #FRE - SuperScalar

» ZLF 1T — Out-of-Order Execution
> ZiE88 =X - Memory Hierarchy

» M =R {E — Vector Operations

> ZIZALIE -

pLy st
KRB
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SEEH

» S22 HE:

GTENIARSEIT: B E/4REFEA)
GTENRRE: EMTRTE)
> SRR

* Joe Deviettl, CIS 501, University of Pennsylvania

A=,

RUHR S *
x) PR-L3EN R4 -A s

COMPUTER ORGANIZATION f
AND DESIGN Risc-v Eomon : ;

COMPUTER
ARCHITECTURE

pLy st
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https://www.cis.upenn.edu/~cis5710/fall2019/

TARECPU?

> MITIES . AERIEASEMA
« EREANZEMERNIES

> BLAELEIN T R R T8E
* NTFED
- SMERIEE RO

INPUT

*  Keyboard

*  Mouse

* Scanner

* Card reader
* Disk

e KEBRAEE
cE¥Z (L12)

pLy st
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MEMORY

MAR

MDR

$

|

PROCESSING UNIT

TEMP

A
I

OUTPUT

*  Monitor
*  Printer
* LED

* Disk

}

|I—— — >

CONTROL UNIT

%

IR




S
H<

> 25451
« KR35 ADDr3,r4 > r4
* H1F1E< . LD [r4] 2 17
* EHIEL JZEND
* T —1MRIEFNER RILHER

cycles seconds

. X
Iinstruction cycle

CP ( ZIESHIRTEPEN) & A shE A
T X ERRE L FE AN TR ST

pLy st
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SREMNFA Desktop Programs

» RERHRE, DEZRIE Lightly threaded

» KED XM H#E Lots of branches

» REMTFERS51a Lots of memory access
» EIF A TH{EEENESED

vim 1ls
Conditional branches 13.6% 12.5%
Memory accesses 45.7% 45.7%
Vector instructions 1.1% 0.2%

M wEE
KRB



DDR3 Memory 12.8 GB/s

PCl Express* 2.0 Graphics

2nd Generation
Intel® Core™i7
2x16 and 1x8 or 1 GB/s per x1° Processors
1x16 and 3x8 or (bi-directional) LGA 2011

1x16, 2x8 and 2x4

DDR3 Memory 12.8 GB/s

Support for multi-card
configurations:

40 lanes total

DDR3 Memory 12.8 GB/s

DDR3 Memory 12.8 GB/s

DMI
20 Gb/s

Intel® High
Definition Audio

14 Hi-Speed USB 2.0 Ports; IRSGALC
Dual EHCI; USB Port Disable

Intel® X79 1 GB/s per x1°
Express Chipset (bi-directional)

8 PCI Express* 2.0

Intel® Rapid Storage

Intel® Integrated
10/100/1000 MAC

Up to 6 Gb/sP 6 Serial ATA Ports;
eSATA; Port Disable

Intel® Gigabit LAN Connect

Intel® ME Firmware
and BIOS Support

Intel® Extreme
Tuning Support
2Theoretical maximum bandwidth.

bAll SATA ports capable of 3 Gb/s. 2 ports capable of 6 Gb/s. Optional -

Intel® X79 Express Chipset Block Diagram

Technology enterprise 3.0

m BRI
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A Simple CPU Core

: C

)
N
|
b

4
PLL s ' Register ‘
C S File ”
> > 5152 d D%

Fetch » Decode » Execute - Memory - Writeback

Ay RESE Image: Penn CIS501
M KRR


https://www.seas.upenn.edu/~cis501/lectures/04_pipeline.pdf
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Pipelining
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s > Rng_llster T
e ata
o N > s1s2 Mem
Me 1 > 7
>m
Tinsn—mem Tregfile Tdata-mem

S

Tsinglecycle




Pipelining

» FI IS FH1T (ILP, Instruction-Level Parallelism)

+ *&kﬂ']di‘ill\ﬂﬁﬂﬂﬁﬂ (Significantly reduced clock period)

— dEn—eeZE R A EER (Slight latency & area increase, pipeline
latches)

? AR RANIES
? R EBALE

> SRIKZRKE B Alleged Pipeline Lengths
* Core 2: 14%4%

* Pentium 4 (Prescott) : 20%4k
* Sandy Bridge: 14 <? <20

it 1
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Branches

F/D

\ 4

Register
File

\ 4

s1s2 d

v

A A

D/X

??7?
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nop

\ 4

J

@
?—_'. . 11
D
> -@-———[d > >
Data
Mem
: m WY
>
XIM M/W
>t
> —@ " R

P97

jeq loop

15



9500 Branch Prediction

- T — %154
» Guess what instruction comes next
» RT3 XS IEX
» Based on branch history
» 245 BET£BicENBEIN
» Example: two-level predictor with global history
« Maintain history table of all outcomes for M successive branches

« Compare with past N results (history register)
« Sandy Bridge employs 32-bit history register

M pLy st
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9500 Branch Prediction
+ BT =% AT EE K T90%

Modern predictors > 90% accuracy
BRI R EEERER

Raise performance and energy efficiency

——

~ EFRENN, Area increase
- O SIEINFEIR, Potential fetch stage latency increase

=+

S L4 afi? Spector/Meltdown

pLy st
KRB
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22 ErE Another option: Predication

> A MHEaEM®RDX

> Replace branches with conditional instructions

CMOVEQ R3, R1l, R2
» M 9 FMES, Avoids branch predictor

* + Avoids area penalty, misprediction penalty
* BOERR, RO EERTUN
* Introduces unnecessary nop If predictable branch

» ZEGPURR{E 9 X MrE (GPUs also use prediction)

pLy st
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I=HIPC

» EHIPC (instructions/cycle) S2PR-
* instruction/clock

1S

» #8FRE Superscalar - IR KLEE

S 2
> _lEr =

m B 19
KRB




I=HIPC
+ IE{EIPCAN (NEEBIFE)

Peak IPC now at N (for N-way superscalar)
* PXMFEERFETTH
- FEERITRERIEE

— &7 'R
« NZZREH
* SEERRZEN2
s FEEZNT T NEFHEST

o

ZpEE 20
KRR
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Sandy Bridge Superscalar

Sandy Bridge

6 instructions

https://www.realworldtech.com/sandy-bridge/10/

BRI
KRB

(" 168Entry Reorder Buffer (ROB) )

4 pops™~.

( 144 Entry FP Physical Register File ) ( 160 Entry Physical Register File )
4 pops~§~

( 54 Entry Unified Scheduler )

Port 5

21
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Coffee Lake Superscalar

Register Alias Table (RAT)

uoOP poP P pwOP pOP poOP |Branch Order Buffer
ﬁ, l l 1 l l I (BOB) (48-entry)

(58QD) 595ng =3} Q UOWWOD

|Move Elimination|

Rename / Allocate / Retirement [ Ones idioms | [Zeroing idioms |

ReOrder Buffer (224 entries)

=
E

Port 0

Execution Engine

nteger Physical Register File Unified Rese
(180 Registers) ~NIEd RESE

g1LS pagiun

Aepy-v G196 T

ayped z1

32B/cycle

Store Buffer & Forwarding
(56 entries)

https://en.wikichip.org/wiki/intel/microarchitectures/coffee_lake#Individual_Core

BRI
KRB

79
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{5ESIEE Scheduling

> ZERIN TS
xor ri,r2 -> r3
add r3,r4 -> r4
sub r5,r2 -> r3
addi r3,1 -> ri
> add {fK§i xor (Read-After-Write, RAW)
» addi fK¥i sub (RAW)

> xor 1 sub FLHKHi (Write-After-Write, WAW)

m pLy st
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SiFs=Eap™ Register Renaming
> BT FeR

xor pl,p2 -> pé6

add p6,p4 -> p7

sub p5,p2 -> p8

addi p8,1 -> p9
> xor 1 sub B I FHFTHET

pLy st
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= 1T Out-of-Order Execution

>

>%-

RS, RAMEHER

S HEZE P X, Reorder Buffer (ROB)
c ILERFIERITHIESRES
5 178830, Physical Register File (PRF)

lnn

» R HIBAFI/BERS, Issue Queue/Scheduler

pLy st
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* EFET—FMITRIIES

25



= 1T Out-of-Order Execution

+ IPCIEIE IR BIRTE
— EFRIBI
— ThFEB I
> Il 4T Modern Desktop/Mobile In-order CPUs
* Intel Atom, Intel Knights Corner - } T — |
+ ARM Cortex-A8 ] g

A Ttivends < 16B/Cycle (2 IPC)
In-Order Decode }CZ?luCodeT

» LT Cem N B B
* Intel Pentium Pro and onwards | vuse | [xare | e =
- ARM Cortex-A9 AT \ALUU% J
* Qualcomm Krait R el

lnn

L2 512KB

Data Cache |Dcache miss | - "

x86 specific logic < 2% of core + L2 area

Knights Corner Core
i ggat
KBRS

Ctl L2 Cache

Core To On-Die Interconnect

26
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Memory Hierarchy

> TFfif BR KR
> HEE R
#ER H B A
SRAM (L1, L2, L3) 1-2ns 200-3000GBps |1-20MB
DRAM (memory) /0ns 20GBps 1-20GB
Flash/SSD (disk) /0-90us |200-500MBps  |100-1000GB
HDD (disk) 10ms 1-150MBps 500-3000GB

pLy st
KRB
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‘&1FCaching

> FERREWMAER TR E

> FI F:

- BEEEPME, Temporal locality

o WIRIE A EIER D]
- Z[a)FERME, Spatial locality
« {BuEF{F A B E R P AV £

pLy st
KRB

INAN
At =

AR
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Cache Hierarchy

» Hardware-managed
* L1 Instruction/Data caches
L2 unified cache
L3 unified cache

» Software-managed

* Main memory
* Disk

BRI
KRB

ot

ot & O = i O

# A

I

(not to scale)

Py eyt

29
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S S ‘p-__-_-,z; B RSRNVTEr VRRRWRRRRRTL
Reate LA 2
iy Queue Uncore |

Shared

-~ L3 Cache - :

-_~—.....__._-

mh‘u‘h e . S

i3 3 S ] 'TOTF—_—L

s e

7O OO

I‘—. " :

Intel Core |7 3960X (Sandy Bridge) - ISMB L3 (25% of die).
4-channel Memory Controller, 51.2GB/s total

Source: https://en.wikichip.org/wiki/intel/core i7eeli7-3960x

30


https://en.wikichip.org/wiki/intel/core_i7ee/i7-3960x

CPURIERRIHITIE

» 1529 FH 1T Instruction-Level (ILP)
- #BERE, Superscalar
« ELF#1T, Out-of-order
» FIELkFt17 Data-Level Parallelism (DLP)
« [@=EITE, Vectors
» Thread-Level Parallelism (TLP)
« [EN%ZFE, Simultaneous Multithreading (SMT)
« Z%%, Multicore

m B 32
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Vectors Motivation

for (int i1 = 0; 1 < N; i++) {
A[i] = B[i] + C[i];

pLy st
KRB
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FIEMFE1T Data-level Parallelism

> 385 Z #3E Single Instruction Multiple Data (SIMD)

* MARMTEIT (ALU) EE
- FEfF, IIKFFREE

for (int i = 93 1 < N; i+= 4) {
// in parallel

A[i] = B[i] + C[i];

A[i+0] = B[i+0] + C[i+0@];
A[i+1] = B[i+1] + C[i+1];
A[i+2] = B[i+2] + C[i+2];
A[i+3] = B[i+3] + C[i+3];

pLy st
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Vector Operations in x86

» SSE2

« MBIEY R/ BEIER
* Intel Pentium 4 onwards
« AMD Athlon 64 onwards

» AVX

8J E/? .J__,—/%z%[;f
* Intel Sandy Bridge

« AMD Bulldozer

pLy st
KRB
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FIZ22NFF1T Thread-Level Parallelism

> LR FELH X
« 355, Instruction streams
« MEEFFES: PC, registers, stack
- HFT WL /T E. HE, Shared globals, heap

» R RO LI FSHE

> B AMFRERREH T IAIER

pLy st
KRB
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[FERI2 4% - Simultaneous Multithreading

T

> R BT

IR

> BEXDEH
+ BRINMETEFE

EFZEMX (ROB) FIHfBZE X

-}

+ ARLFHLT

(000) iRt

—HEIRRITZ 1 %=

tEZMIAEARE

- ZENRITRENRF IR FRELEMR

pLy st
KRB
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2% Multicore
» BT ERR K

» Coffee Lake: 8 cores

+ BBNZ, BTRE—RERF, THEHMEHR
+ RE 5 O] ISR+ FMoore’s Law

- ZiZFEFAF AR [0 H

R G 38
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Locks, Coherence, and Consistency

> [ : ZLEIRES B —RER
> RIRIIE: IS

> AR IEMBIEEIERN?
> BRI L ZEFEBEHICoherence

-

> B8 HAFERNBIELELEFHA? Consistency
> fBIRTTE: TR — IR E

M pLy st
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CPU Conclusions

> CPUABRITERILK

« Pipelines, branch prediction, superscalar, OoO
. i_iiaEE'E“HT%PEF%D%UFH%%@%Z&"%??H#FH
> %’l‘“ﬂﬁlﬂﬁ F = A0
> FFITAL: -.i%iliéléﬂ’]ﬁl’j
« Sandy Bridge-E great for 6-12 active threads
* How about 32K threads?

lnn
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50 Years of Microprocessor Trend

& Y
T — L N
: ; : | ad | ransistors
P S S N A | (thousands)
L A ; ; J—
1) AR R A BIREE TR b
s s N o - s e
10 Y NRTEHEEMEE—5.
103 _ ,,,,,,,,,,,,,,,,,,,,,,,, A AAA: ,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, -
102 _ ,,,,, A A A ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _
L — S N— :
100 s ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1
| | i | |
1970 1980 1990 2000 2010 2020
Year

Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp
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50 Years of Microprocessor Trend

7 |
10 Transistors

10 (thousands)

REIREERISTER RIS 7 AR EIAY
ffﬁ%“, EAE/NIRIANER
L)LE’H&i{Bt)JTﬁ ...... RNy
20057,

10°
104
10°
10°
10]
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1970 1980 1990 2000 2010 2020
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp
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50 Years of Microprocessor Trend

7 —
10 Transistors
10° (thousands)
10°
104

|
103 Il*l“i 5 ‘ﬂ.l Frequency (MHz)
Y| Typical Power

102 (Watts)
10]
10°

1970 1980 1990 2000 2010 2020
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp

M200 SEFHI‘* SERpYIE S
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50 Years of Microprocessor Trend

7 _
10 Transistors
106 (thousands)
10° Single-Thread

Performance

4 | (SpecINT x 10

10
|
? *‘Hi g8 ‘u.l Frequency (MHz)
Y| Typical Power

102 (Watts)
10
10°

1970 1980 1990 2000 2010 2020

Year
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Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp

RS ESE T2
IEMERERISIE, (NGRS
MmiFmit R R E0H,
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50 Years of Microprocessor Trend

7 ?
10 | Transistors
108 (thousands)
10° SngeTead  BALLTRNRERYISTEISFHT

~ |(SpecINT x10%) I ‘

10* - {OpeeNTX10D) s eppsoti, ERNEEA

3 T ] ‘.'ﬂ.l Frequency (MHz)

u o

1 o SRTESMES RSB SR
102 o (Watts) -

1 Y"INumber of L
10 *ILogical Cores
10°

1970 1980 1990 2000 2010 2020

Year

Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte, O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2021 by K. Rupp
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Approaches to Processor Design

Latency-Oriented Design Throughput-Oriented Design

— - TR
7Y H

 RIMEBNMES BT [E] - RAUL—ENEARTHESE

pLy st
KRB
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Approaches to Processor Design

Latency-Oriented Design

A few powerful ALUs

© FEATEHRIEER
Large caches

« BRKEIRRNFIHE iR AR EIRNE 750
Sophisticated control

o ERAD IO H B b

« {FAFEforwarding B > EIRE R

o EEMIT

Modest multithreading to hide short latency
© BB ZLEFRESMT, BLEREHT
High clock frequency

pLy st
KRB

Throughput-Oriented Design

* Many small ALUs

- ERERK, EeFHE

- SERKE H—TRESHFUHE
Small caches

- ERRERT, TEVFE
- BEZHATIUHE

Simple control
- BEZERATITE

Massive number of threads to hide the very
high latency!

Moderate clock frequency

47



38

CPU Die Shot

CPU :: CPU

)

Core S Core i Core iS¢ Core

ot
L
o
]
o
m
-~

ayoe) €1
L3 Cache

Ring Intcnt. Ring lntcnt!. Ring Inticnt!. Ring Int,cn)}., 37;'_

Agents Agents Agents  Agents

CPU CPU
Core "~ Core

CPU
Core

L3 Cache
yaed g7
3 Cache
yaed g1
3 Cache

ayoe) £

L3 Cache

@
L

https://en.wikichip.org/wiki/intel/microarchitectures/coffee_lake#Die
BRI
KRR

ayse) g1

> Intel Coffee-Lake
19 9900 Series
14 nm++ process

11 metal layers

~174 mm2 die size

8 CPU cores + 24
GPU EUs

48



GPU Die Shot

el - NV AD102
‘““‘f‘@‘?‘.”?., SO Tl - AN TSMC
> + 608 mm?

W
1I'N
G
1 G
1116
(X

>NV GH100
* 4N TSMC
* 814 mm?

Nvidia Ada Lovelace AD102 Nvidia Hopper GH100
4N TSMC 4N TSMC
608.44 mm=2 w/o scribe lines (official) 814 mm2 w/o scribe lines (official)
76.3B xtors, 125.4 MTr/mm?2 80B xtors, 98.3 MTr/mm?2

X https.//locuza.substack.com/p/nvidias-ad102-officially-revealed
TR ?-:
kR \IF
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Graphics Workloads

> Triangles/vertices and pixels/fragments

http://http.developer.nvidia.com/GPUGems3/gpugems3 ch14.html

BRI
KRB
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http://http.developer.nvidia.com/GPUGems3/gpugems3_ch14.html

Why GPUs?

» B2 T Ef# (Graphics workloads) EESEMNFTH
« BRI
o STIKEEFEAT

» CPU 1 GPU T U F T84T

> JE SRR, ek, F

T

M B 51
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Part 1: throughput processing

>» Three key concepts behind how modern GPU
processing cores run code

> Knowing these concepts will help you :

1. Understand space of GPU core (and throughput CPU
processing core) designs

2. Optimize shaders/compute kernels

3. Establish intuition: what workloads might benefit from
the design of these architectures?

pLy st
KRB
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What' s in a GPU?

> GPU (Graphic Processing Unit)

* An Heterogeneous chip multi-processor (highly tuned for graphics)

388

pLy st
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Shader Shader Input Assembly
Core Core Tex
Rasterizer
Shader Shader T
Core Core ex Output Blend
Shader Shader - Video Decode
Core Core ex
Work HW
or
SI&::I: ' 52::1: ‘ Tex Distributor or
SW?
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A diffuse reflectance shader

pLy st
KRB

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

56
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Compile shader

pLy st
KRB

1 unshaded fragment input record [:]

sampler mySamp;

Texture2D<float3> myTex;
float3 lightDir;

mul r3,
float4 diffuseShader(float3 norm, float2 uv) madd r3,
madd r3,
{ )
clmp r3,
float3 kd;
mul o080,
kd = myTex.Sample(mySamp, uv); mul o1,
kd *= clamp ( dot(lightDir, norm), 0.0, 1.0); mul o2,
return float4(kd, 1.0); mov 03,
}

1 shaded fragment output record Z]

vo,
vl,
v2,
r3,
ro,
ri,

r2,

1(1.

!

<diffuseShader>:

sample ro, v4, to, so

cbo[0]

cbo[1], r3
cbo[2], r3
1(e.0), 1(1.0)
r3

r3

r3

0)

!

57
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Execute Shader

BRI
KRB

ALU

(Execute)

_
!

<diffuseShader>:

sample ro, v4, to, so

mul r3,
madd r3,
madd r3,
clmp r3,
mul o0,
mul ol,
mul o2,

mov 03,

ve, cbe[e]

vl, cbe[1], r3

v2, cbo[2], r3

r3, 1(e.e), 1(1.0)
re, r3

ri, r3

r2, r3

1(1.9)

!
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Execute Shader

BRI
KRB

ALU

(Execute)

_J
!

<diffuseShader>:

sample ro, v4, t0, sO

P TR

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

mov 03,

vli, cbe[1], r3

v2, cbe[2], r3

r3, 1(e.e), 1(1.9)
re, r3

ri, r3

r2, r3

1(1.0)

!

59



CPU- “style” cores

Data cache
(A big one)

m BRI
KRB
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Slimming down

1nEsfE

Blal

BRI
KRB

ALU

(Execute)

Idea #1:

Remove components that
help a single instruction
stream run fast

61



Two cores (two fragments in parallel)

fragment 1 fragment 2
v B

ALU

(Execute)

ALU

(Execute)

:

m BRI
KRB



Four cores (four fragments in parallel)

o o =] (=]
' ' ALU I ALU |
(Execute) (Execute)
U I
O O
J J
2 8 2 8
ALU ALU
(Execute) I (Execute) |
2 1
J O

m BRI
KRB



Sixteen cores (sixteen fragments in parallel)

16 cores = 16 simultaneous instruction streams

64
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Instruction stream sharing

pLy st
KRB

8 5 & =
4 4 4 4
4 4 4 ad
& 0 8 O
Q Q Q Q
U o o o
U & - k:
| 6
O o 0 O
I ks o o
4 o o B
O @ 8 O
Q Q Q O
4 4 4 4
4 . 4 2
(]

But... many fragments should
be able to share an instruction

stream!

<diffuseShader>:

sample ro, v4, t0, so

mul r3,
madd r3,
madd r3,
clmp r3,
mul 00,
mul ol,
mul o2,

mov 03,

vo,
vl,
v2,
r35
ro,
rl,
r2,

cbo[0]

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

r3

r3

1(1.0)
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Add ALUs

ALU

(Execute)

ALU1

ALU 2

ALU3

ALU 4

ALUS

BRI
KRB

ALUG6

ALU7

ALUS

= 2 e e

x| cox | cox | cox
Shared Ctx Data

Idea #2:

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

SIMD processing
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Modifying the shader

ALU1

ALU 2

ALU3

ALU4

ALUS

ALU 6

ALU 7

ALU S

Shared Ctx Data

o e
o e

M BRI
KRB

<VEC8_diffuseShader>:

VEC8_sample vec_ro, vec_v4, t0, vec_sO

VEC8_mul vec_r3, vec_vO,
VEC8_madd vec_r3, vec_vi,
VEC8_madd vec_r3, vec_v2,
VEC8_clmp vec_r3, vec_r3,
VEC8_mul vec_o@, vec_ro,
VEC8_mul vec_ol, vec_ri,

VEC8_mul vec_o2, vec_r2,

VEC8_mov vec_o3, 1(1.0)

cbo[o]

cbo[1],
cbe[2],
1(0.9),

vec_r3
vec_r3

vec_r3

vec_r3
vec_r3

1(1.0)

New compiled shader:

Processes 8 fragments using
vector ops on vector registers
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Modifying the shader

BRI
KRB

ALU1

ALU 2

ALU3

ALU4

ALUS

ALU 6

ALU 7

ALUS

= = =

Shared Ctx Data

]2

e

1[4

EBIE

\

1=

!

<VEC8_diffuseShader>:

VEC8_sample vec_ro, vec_v4, to, vec_s@

VEC8_mul vec_r3,
VEC8_madd vec_r3,
VEC8_madd vec_r3,
VEC8_clmp vec_r3,
VEC8_mul vec_o@,
VEC8_mul vec_o1l,
VEC8_mul vec_o2,

VEC8_mov vec_o3,

@)
.

vec_vo,
vec_vl,
vec_v2,
vec_r3,
vec_ro,
vec_ri,
vec_r2,
1(1.0)

4
&

cbho[o]
cbo[1], vec_r3
cbo[2], vec_r3
1(0.0), 1(1.0)
vec_r3
vec_r3

vec_r3

30
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128 fragments in parallel

BRI
KRB

il

1| H

i

1 [H

i

0000 Q000 0000 Q000
0000 O0Oo 0OOoo 0ooo
4 4 4 4
4 4 4 4
0800 0OBGG6 0eGE GO0
@880 G8eed 60e0 eseo
0000 0000 0000 0000
0000 OO00 O00o0o 0ooo
4 4 4 4
4 4 4 4
0800 0OBG6 0eGE GO0
@880 G8eE0 e0e0 eeeo
0000 0000 0000 Qoo
0000 O0Oo0 0000 0ooo
4 4 . 4 4
4 4 4 4
086G G0EGEe 600
@880 GesGd 60ec eeeo
0000 0000 0000 0000

0000 0000 0ooo

. 4 . L 3

. 4 . . .
0800 086G 0eG@ oo
@880 G8eE0 Goec eeeo

B EaE

e (e [

16 cores =128 ALUs

= 16 simultaneous instruction streams

[ [

i
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128 fragments in parallel

9335 B3 mam_mw =] 1
: ===
: primitives E E

(][] )

@e|n

5008 -. el N—_—
: i

oeea

@eeo
o000 [ )]

. i
fragments
'l

0000 o [ [

0000 %% 1 [ [ o
!

] 1 [l ] @ @

M BRI
KRB



But what about branches?

- DOOO000OOE

(clocks) ALU1 ALU2 ... ... ALUS

L- - - - - - - - <unconditional

shader code>

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

<resume unconditional
shader code>

M BRI
KRB
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But what about branches?

BRI
KRB

Time
(clocks)

SR IER )

)8

ALU1 ALU2 ...

. ALUS

shader code>

i (x>0 {

y = pow(x, exp);

y *= Ks;

refl = y + Ka;
} else {

X = 0;

refl = Ka;
}

<resume unconditional
shader code>
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But what about branches?

BRI
KRB

Time
(clocks)

)OI LIGI s

ALU1T ALU2 ... ... ALUS

Not all ALUs do useful work!
Worst case: 1/8 performance

<unconditional
shader code>

if (x > 9) {

refl = Ka;

ﬂ

<resume unconditional
shader code>

73



38

But what about branches?

BRI
KRB

Time
(clocks)

1] 2

ALU1 ALU2 ...

<unconditional
shader code>

if (x > 0) {

e
X = 0;
refl = Ka;

ﬂ

<resume unconditional
shader code>
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Clarification

> SIMD B HAE 2T EERHSIMDIES
« %I 1: EXHREEERES
« Intel/AMD x86 SSE. AVX. AVX2
« I 2: HREIRL. BHRERARER
s IE{#H{TALUSIES AL E (amount of sharing hidden from
software)

 NVIDIA GeForce (“SIMT” warps), AMD Radeon architectures

o o o |
o [

aEaaisii

In practice: 16 to 64 fragments share an instruction stream

pLy st
KRB
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