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Clock rate and IPC are at odds with each other
n Pipelining
. Fast clock
~ Increased hazards lower IPC

» Wide issue
. Higher IPC
- N? bypassing slows down clock

Al @Qa H & H s AmKydo

Al @i H AT | b ILPT  OBIX W3
A "QQ1 X & DLPC

AMr QQF U & D A "HA

Aj bILP" x X “Yrpi a2 = ©IHA
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AGd wd A oparaliglism (DLP)

for (I = 0; I < 100; I++)
Z[I] = A*X[I] + Y[I];

LO: 1df X(r1),f1 // 1 is in rl
mulf 0O, f1,f2 // A is in 0O
1df Y(rl1),f3
addf f2,f3,f4
stf f4,7Z(r1)
addi r1.,4,r1
blti r1,400,L0

One example of DLP: inner loop-level parallelism
s Iterations can be performed in parallel

6ys ' kXY <5>



A"Ow

A Exploiting DLP With Vectors

kXY

regfile |e

V-regfile |e

One way to exploit DLP: vectors
» Extend processor with vector “data type”

» Vector: array of MVL 32-bit FP numbers
- Maximum vector length (MVL): typically 8-64

» Vector register file: 8-16 vector registers (vO—v15)

NIP
S U l&;
& A
< )
‘—
I598

ez XY

PEKING UNIVERSITY

<6>



A"Ow 5

A Exploiting DLP With Vectors
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1df X(rl1) ,f1
mulf fO,f1,f2
1df Y(rl) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1),f1
mulf fO,f1,f2
1df Y(r1) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1),f1
mulf fO,f1,f2
1df Y(rl) ,f3
addf f2,f3,f4
stf f4,7Z(r1)

1df X(r1) ,f1
mulf fO,f1,f2
1df Y(rl1),f3
addf f2,f3,f4
stf f4,Z(rl)

addi r1,4,r1

addi r1.4,r1 |
111, ,

addi r1,4,r1

addi r1.,4,r1 |
111, )

+

bITT r1,400,0

*

1df.v X(rl1) ,vl
mulf.vs vl,{f0,v2
1df.v Y(rl1) ,v3
addf .vv v2,v3,v4
stf.v v4,Z(r1)

addil rl,10,rl

blti r1,400,0

0ys ' Nk Xy

Aggregate loop control
» Add increment immediates

Pack loop body into vector insns
s Horizontal packing changes execution order

ez XY
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A MIPS -V Instructions

Vector-vector instructions
s operate on two vectors
s produce a third vector
o addv vl, v2, v3

|d/st vector with stride
s vectors are not always contiguous in memory
» add non-unit stride on each access

Vector-scalar instructions 5 lvws [r1,r2], v1 sv[1] = M[r1+1*r2]
n operate on one vector and one scalar s svws vl, [r]1, r2] s M[r1+1*r2] = v[l]
o addv vl, fO, v3

Vector |d/st instructions |d/st indexed
o Id/st a vector from memory into a vector register - indirect accesses through an index vector
- operates on contiguous addresses o lvws [r1,v2], vl ; V] = M[r1+v2[l]]
s Iv [r1], v1 sv[l] = M[r1+] a svws vl, [r1, v2] ; M[r1+v2[l]] = v[l]
s svvl, [rl] s M[r1+1] = v[l]

0ys ' Nk Xy <8>
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A MIPS -V Instructions

s Y
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DAXPY: double-precisiona * x +y

for (I=1; I1<=64;|++)
y[I] = a*x[l]+y[l]

VLR 64

ld [a], fO

v [rx], vl

multv v1, f0O, v2 6 instructions total as compared to
v [ry], v3 600 MIPS instructions!
addvv2, v3, v4

sv v4,[ry]

0ys ' Nk Xy <9>
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A Instruction Issue

Time

v

Time >

Scalar Pipeline

Time

Limited utilization when only running one thread

Superscalar leads to more performance, but lower utilization
0ys * NkXy <10
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A Fine Grained Multithreading (FGMT)

Time >
o« FGMT
B HEE NEE e moeten
Saturated workload -> Lots of threads a MU|t|p|e threads in pipe"ne at once

Unsaturated workload -> Lots of stalls

thread scheduler

Intra-thread dependencies still limit performance

A YA Threads 1 Y T A1 Y ' @p™ 'E

A vy N <
A 4Yyo: YEatr YT 4 Yo T -
AEN 2 Hie N® A Yhkor a
A YAEEY9™ A~ A1 Many threads Y ma megister files
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A Simultaneous Multithreading (SMT)

« Can we multithread an out-of-order machine?
» Don’t want to give up performance benefits
» Don’t want to give up natural tolerance of DS (L1) miss latency

Time

. « Simultaneous multithreading (SMT)
. .. . . Tolerates all latencies (e.g., L2 misses, mispredicted branches)
. Sacrifices some single thread performance

. .... » Thread scheduling policy
.. .... > Round-robin (just like FGMT)

s Pipeline partitioning
Maximum utilization of function units by independent operations .
. Dynamic, hmmm...

s Example: Pentium4 (hyper-threading): 5-way issue, 2 threads
s Another example: Alpha 21464: 8-way issue, 4 threads (canceled)

Superscalar OoO Issue

0ys * NkXy <12
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A Simultaneous Multithreading (SMT)

map table

regfile
> - |
« SMT

o Replicate map table, share physical register file

0

thread scheduler map tables

-

 Large map table and physical register file
o #mt-entries = (#threads * #arch-regs)
Oys * Sk XY » #phys-regs = (#threads * #arch-regs) + #in-flight insns
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A Simultaneous Multithreading (SMT) Pipeline

Fetch Decod Queue Reg Execut
e/Map Read e

Dcach
e/Stor
e
Buffer

Reg Retire

Write

Regs

F¥y

»l
P

Dcache

Regs

- Thread-

blind

I

Dcache E

Regs

0ys ' JJk Xy

Sy »
@ ez X%

PEKING UNIVERSITY

SMT Changes

Basic pipeline — unchanged

Replicated resources
a Program counters
s Register maps

Shared resources
- Register file (size increased)
s Instruction queue
5 First and second level caches
s Translation buffers
s Branch predictor

<14 >
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A Simultaneous Multithreading (SMT) vs Chip Multiprocessor (CMP)

0y

Ab‘éyA4w ah_4&aé. .
ArIineHaecCcMPLxr A"~ Lijgo
A AAHIanSMTZXDA“leé

« Both will get you throughput on multiple threads
» CMP will be simpler, possibly faster clock

o SMT will get you better performance (IPC) on a single thread
- SMT is basically an ILP engine that converts TLP to ILP
> CMP is mainly a TLP engine

« Again, do both
s Sun’s Niagara (UltraSPARC T1)
o 8 processors, each with 4-threads (coarse-grained threading)
s 1Ghz clock, in-order, short pipeline (6 stages or so)
» Designed for power-efficient “throughput computing”
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A Bus-based Multi

-core U

Network -on-chip o Chip Multiprocessor (CMP)

CPU(S)

CPU(S)

CPU(S)

CPU(S)

Mem

R

Mem

R

Mem

R

Mem

R

—

A HE A AN :e.g., bus

A Ha

AHVKxnH| EF
I NH

A HIERGM P~ Ae
80

0ys ' Nk Xy

hw

16 A

7 OB

CPU(S)

CPU(S)

Mem

R

«— R | Mem

I

I

Mem

R

«— R | Mem

CPU(S)

CPU(S)

A eMedA :e.g., meshorring

A" mEa x !
3

A GBI K X |

A Adée 7 o8
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NPT
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A Network -on-chip o Chip Multiprocessor (CMP)

0 N
B
- =
PE| | |PE| | |PE| | |PE - il
o — A
PE| | |PE| | |PE| | |PE ./ T T
n o \
PE| | |PE| | |PE| | |PE
il Router Arbiter 2-D torus topology Octagon topology
PE| |PE| |PE| |PE
] Irregular or ad hoc network
Mesh Topology [0 topologies
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A Network -on-chip o Chip Multiprocessor (CMP)

Switching strategies

A v T routers

Ay D '
A phit i @ D D y B
A typically, phit size = flit size

Message
Packet
i Header \
Head flit Body flit Body flit  Tail flit
Flit |
Phit Phit Phit

0ys ' JJk Xy
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A Network -on-chip o Chip Multiprocessor (CMP)

+ Well-controlled electrical parameter

+ Reliable interconnection
Output

« High performance Channels

T/ile N/etwork Logic

Input
\\\:i:i?new

6ys ' kXY <19>
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A Network -on-chip o Chip Multiprocessor (CMP)

A Static and dynamic routing

A static routing G H D
A I

A static routing n
A ¢ w3z Mb
A a I Tl D \

A dynamic routing F AF  _
i

A H B f
A traffic i

A y f

A Ne T traffic

0ys * NkXy <20~
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A Static Routing Tables

CENTRAL ROUTING DIRECTORY

5 From MNode

2 3 4 5 )

Gl mnvwudyv dojrul
A AG b~ ©IINOE

” 1 — 1 5 2 4 i
2 2 — 3 2 4 o
f = . ’ 3 4 3 — 3 3 =
q D O X H b To Node
' 4 4 4 b — 4 5
h N s el IsTs =15
~
o ~ ~ . ') 4 4 B 5 £ —
qA&d p & a 0Bz
: . 1 Mawle 1 Directory Male 2 Directory MNivde 3 Directory
A V -K A E 8 D 0 b Z Destimation — Mext Node Destination  Mext Node Destimation  Mext Node
N ¥ 5
(74 ~ r--na 7 = = | | | +
AOTH ‘0B,
W P 0Bl H O : ; 1 1 . :
~2
E 4 4 4 4 4 5
- . 3 4 5 4 5 5
AA r--Aa
qn. M: p 08} o | T G
x

Nuode 4 Directory Mopde 5 Directory MNoede  Directory
A I_bX \A k K I_I:j I & Destination  Next Node Destination  Next Node Destimation  Next Node
~ . , =5 . 1 2 1 4 | 5
%
OO:.QB_‘]J(L) n a 2 2 2 4 2 5
o 19

E B 5 B B B 5

5 5 4 4 4 5

] 5 i 1] 5 5

0ys * NkXy <2l



U\ 1EaA

éx"‘”% »
NI E®

PEKING UNIVERSITY

A Dynamic Routing
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Q ] Q No w D ¥ VC
_ :— —————————————————————————————————————————————————————————— - ., N D
ve Mo | Y B fit” Y

[ flits

Input Channe I

Routing Logic

VC Allocator

Arbitrates between
competing input VC &
allocates output VC

Switch Allocator
S~

i i VC Buffer i

. ~ . _________________________/ i Output Chanire.
VT o . W ~ o " No

a o | crossAR |+ VC'b F o )
5 T ®xp |

Input Channel : i i i Output Channel
L ! .

credit out i ; i \\ |
o INPUTPORT ~ VC Flits
““““““““““““““““““““““““““““““““““ | b [ ¥ VC
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A Workload Mapping

[ send msg ]——{ recv msg }

TaskA : _ ¥ Task B
: Mapping :

A aM o
ANyn A 9
ANynNnsx Qm 0/lNNSX
A 414> channels

A 6° mLO’

A 441 T oNoCOS
A OS RTOS run-time V
An“22413JdA
AzZi Nz

C »
~ ) oA D
NELFEE
3o PEKING UNIVERSITY
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A Workload Mapping

a 14
=
w = =
o @
op * 0
[ =
g%:: -
L5 o E
57 = =
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~HO N Oor-rNaQEr-HAOZ ~HO+ 0O~ aRT-HNED > FHO+0Or-DORTHE*

NoC@EiTraffich H' & 5 g,

A mNoCa M E XK O dn

f 0 wWs v

A w¢RL 24y $T HYyX

A o ¥v= 7 AANAUY NoCaM

Z. v A4y DaMuosAAyYNX

Step1
Initialize
search space

Repeated X times

Step.
Update State

Stepd Reward

*Selection & Expansion: Incremental
node placement guided by value
function(Q) and evaluation(U).

*Update State: Update configuration file
based on the new mapping state.

*Backpropagation: Backpropagate and
update the value function of the selected
node.

*Reward: Get reward from the
environment based on current state.

Step1: Workload-aware
Layer Mapping (python)

ez XY

PEKING UNIVERSITY

=Get_hardwa ile)

Result = HH_

ar=er{NN_Model Hardware)

uu_uudel.js;T

EEEm—0 "
Gez—000

NN_Parser

Halr}«ane.jsoq

EED—-EEEE -~

Step2: Selection & Expansion

Step5: Backpropagation

kb
~ BG0E
ittty

Step3: Dataflow Construction and
Simulator Setup (python) State
Send_data_flow_construct: O O B weppednoges  |Lsyermumes 2

-

for each layer:
for each target_layer:
for each node1 in layer:

t_p

Hardware_config{nedet)

Receive_data_flow_construct
for esch node:

nodes(node)
ct_Pipeline(node)
Hardware_config(node)

Build data flow gragh
under this mapping

Stepd: Cycle Accurate
Architecture Simulator {C++)

"Modes per layer” : [n1. nZ. n3]
Ummapped nodes | "MoC size” ([NN]/N=4
uoU "Data dependency” : {
O O O Pwctd nodes “layerd” : ["layer2™, 32fiit]].
Wit = 32bit
-} Config.json

"PWICHI nodes™:[0, 5, 10]

Mapping.json

Environment

RN
- Y Latenc
P Buffer C Logic [ @ ¥
‘ LEHED ‘T 9 End to 2nd latency
ite count PIM Cperation Router Pipeline FIM Istency
Capacity Limitation Attzntion Ogeration Fouting Function FU latency
FIM & PU Buffer Pipeline start & stall Congestion Monitor @ Energy =
1 FIM & PU energy
N Buffer energy
Areajson Data Dependency, PIM/PU Operation Communication Lateney, NaC energy
Energy and Latency Energy and Latency Ci ion and Energy
Description Files Used in This Framework
MNN_Model json Hardware_json NoC json Power json
Model_name = "VGG16" Network= { CIM_Power={
Layeri ={ “Topology™-mesh, ~CIM_ADC""
“tensor_size":[27.64], “NoC_size™-[10.10], “CIM_RRAM

“input_size"-[224,724),
“output_size™:[224,224],
“connect™:"Layer?”

}

PU_Resource={
“Array_size™:[32.32],
“Cycle™-94,
“Head_num"-§,
“PU_joe"[1,1].
“PUZ_loc"-[8.8]

“Roufing":dim_order “CIM_Other™:0.36n)

i

Buffer_Power={
“eDRAM™:035nJ,
“BUS":0.0

<28>
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Aoe N|e = KA#P MU Tyx Y Wo He

ANETEE
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A Spent a lot of time learning about dynamic yXxav B

optimizations

r . . A Improve locality of data
A Finding ways to improve ILP in hardware

A Out-of-order execution A Remove instructions that

A Branch prediction duhgyw ghhghg
A But what can be done statically (at compile time)?
A As hardware architects it behooves us to understand A Reduce number of branches
this executed

A Partly so we are aware what things software is likely to
be better at. A Many others

A But partly so we can find ways to find
kdugzduh2vriwzduh ov| ghuj | b

0ys ' Nk Xy =907



yxad B NES S
AY' P
0 Exam |€SZ B for | fromOto 10
P for j from O to 20 Hxoad B
o Loop interchange afji ]= 1 +]j .
P 9e q — A Improve locality of data

flip inner and outer for j from O to 20

for i fromOto 10 . .
loops B Ora“!i rfr:n i°+j A Remove instructions that

0 Loop fission q split duhgyw qhhghg
iInto multiple loops

eeeemeeeeeeaeeeeeeeeeeeeo——-y . A Reduce number of branches
P if int i, 2[100], o[100]; executed
v int i, a[100], b[100 i for (1 = 0; 1 < 100; i++)
 for (i = 0; i < 100; i++) {ff ali] = 1;
el =L | | A Many others
! 1] = 2; i for (i = 0; i < 100; i++) | ;
i } EE b[i] = Z; E
e A !

0ys * NkXy <3
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Ay X i v 1
A Register optimization

A Registers are fast, and
grl qj pvsl oov
slow.

A So keep the data likely to
be used next in registers.

A Common sub -expression

elimination
A@+b) - (a+b)4
A Just compute a+b once.
A Constant folding
A Replace (3+5) with 8.

0ys ' Nk Xy

A Loop invariant code

motion
dgqg i1l oovDb | v

A Move recomputed

statements outside of

the loop.
for( int i=0; i<n; i++){
X= y+z;
a[i]=6* Ii+x *x;
}
X= y+z,;
for( int i=0; i<n; i++){
a[i]=6* I+x *x;
}

:‘\\“"4 »
ANELFES

PEKING UNIVERSITY

yXav f

A Improve locality of data

A Remove instructions that
duhgqw qgqhhghg

A Reduce number of branches
executed

A Many others

<32>
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A

A Using predicates or CMOVs instead of short branches

n Branch &8 A

A Loop unrolling

0y

for( 1 =0;i<10000;i++)

{
A[T]=B[ 1 [+C[ 1],
}
for( 1 =0;i<10000; i=i+2 )
{

A[T]=B[ 1 ]+C[ I [
Ali+1]=B[i+1]+CJ[i+1];
}

'tk Xy

_“‘\“",, »
NPT

PEKING UNIVERSITY

yXav f

A Improve locality of data

A Remove instructions that
duhgyw qgqhhghg

A Reduce number of
branches executed

A Many others

<33>
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AGHYYX Hc

AYKr |l vwy ordgyv

A That is move the loads up so if there is a miss we can hide
that latency.

A Very similar goal to our O00O processor.

XXXXX LD R1=MEMIX]
XXXXX XXXXX

LD R1=MEM[X] XXXXX
R2=R1+R3 R2=R1+R3

0ys ' Nk Xy
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yXav f

A Improve locality of data

A Remove instructions that
duhgyw qgqhhghg

A Reduce number of branches
executed

A Many others

<34 >



yXadv f

AGHYYX Hc

Static dependency checking

A A superscalar processor has to do certain

dependency checking at issue (or dispatch)
A s a given set of instructions dependent on each other?

A If ALU resources are shared are there enough resources?

A Many of these issues can be resolved at compile time.
Azkdw fdgyw eh uhvroyhgB

A Once resolved, how do you tell the CPU?

0ys ' Nk Xy
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yXav f

A Improve locality of data

A Remove instructions that
duhgyw qgqhhghg

A Reduce number of branches
executed

A Many others

<35>
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GPU: Overview ez ¥

PEKING UNIVERSITY

A Application

Great diversity of materials and lights in the world!

%
%

Coupled Map Lattice Simulation [Harris 02]

_ Sparse Matrix Solvers [Bolz 03]
0ys ' JJk XY <37>



GPU: Overview

A Highly Parallel Coprocessor

A GPU: ¢
A ®TwdEDRAM] é
ArAMD N/ O
A Wn @iCache

A X AAAY

A GPU Threads
A GPU Threads" e V]
A w  full efficiencyt GPU

0ys * Jk XY

zéﬂtxmk‘g
I50%
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creation/context switch)
s N ' A threads

GPU
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GPU: Overview

A What is GPU Good at

ANELFES

PEKING UNIVERSITY

A GPU is good at data-parallel processing
A M~ A data elementX " a @i \ "HA 8 & low control flow
overhead
A High SP floating point arithmetic intensity

A Many calculations per memory access

Amar M{eQ®E va Qé
A~ o e"Q V intensity= ~ A DEidata elementY P © memory access
v A u Yr AQaARHRO' T e z osicachel
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A General Purpose GPU
A In 2006, Nvidia introduced GeForce 8800 GPU

supporting a new programming language:
CUDA
A DbFrpsxwh Xqglilhg Ghylfh Du
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performance and memory bandwidth to

pr accelerate some kernels for general -purpose

computing
A Attached processor model: Host CPU issues

data - parallel kernels to GPGPU for execution
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A Example GGPGPU System & Example GPU

CPU
(host)

GPU w/
local DRAM
(device)

PCi
x16 Graphics

R R

Intel* Hi 16 Multiprocessors

Definition Audio

Register File

N\
o TToe L Lo e ] v

R R

4 PCl

Express* x1

8 Hi-Speed
USB 2.0 Ports

1.5GB

RAM (Global Memory)

© David Kirk/NVIDIA and Wen-mei W. Hwu, 2007 7
ECE 498AL, University of lllinois, Urbana-Champaign

0ys * NkXy R



ez XY

PEKING UNIVERSITY

GPU: Architecture

A Example o NVIDIA Fermi Architecture

Streaming Processor (SM)

GPC

T T | | I T
T 3 T 3 T 3 T 3 T 3 T 3 T 3
< SM SM SM SM

I iemory Controller
Jajjonjuog Aoway

— —— i
Polymorph E Polymorph Engine Polymorph Engine Polymorph E

LD Instruc

.
=
°
=
=
o
(5]
2
o
=
o
=

Ja|joauon Aowapy

Warp Schedul

s e el il

Memory Controller
Jajjoluos Aoway

SM SM SM SM SM SM SM SM
3 1T 3 1T 3 1 3 T 3 1T 3 1T 3 1 3 T

 Reermgne T Reeregne

GPC GPC

SFU

192KB L1 Data

Tex
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A Example o NVIDIA Fermi Architecture
Streaming Processor (SM)

Instruction Cache

A YeA SMjp & 32A Streaming Processor (SP)
P —— ADASQa &nre 512ASP
A S 6\ T ~200GOPS

CUDA Core

Dispatch Port
Operand Collector

PolyMerph Engine

Vertex Fetch || Tessellator iieweor

[attribute setup| [ sweam output |
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A Warp

w n thread scheduling unit e M’ NVIDIA GPU 32 threads(

Stream Multiprocessor (SM)

Stream Multiprocessor (SM)

_ ck
Stream Multiprocessor (SM) iteback '
5
| g
SSETCHEN » Decode » Execute »  Memory » Writeback §
Fetch e ] Off Chi
= ; E @ hip
g | | I I ;'e % - Global Memory
Ei,n ! 1 | | ; [DHAM)
3 _ SIMD Execution Unit | —oyorcoche 2
c I-cache L 7. 7 7 | [ Daacache _ — -
El; File WA o7 ey =
t ) I =
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A Memory Hierarchy
® Each thread can: Grid

® Read/write per-thread registers Block (0, 0) Block (1, 0)

® Read/write per-block shared memory ’ ’

® Read/write per-grid global memory Shared Memory Shared Memory

® Most important, commonly used

A Shared memory/L1 cache: ~50 cycles

Registers Registers Registers Registers

® Each thread can also:
A L2 cache: ~150 CyC|eS ® Read/write per-thread local memory Thread (0, 0)| Thread (1,0)  Thread (0,0) Thread (1, 0)
® Read only per-grid constant memo
A Global memory (GDDR5): ~500 cycles S o || man || [nnan | i
® Used for convenience/performance Memory  Memory Memory  Memory
® More details later
Global
® The host can read/write global, —
constant, and texture memory omery
(stored in DRAM) —

Memory
3 NVIDIA Cormporation 2008




GPU: H100 Overview

A Overview

I

A et VK M
A w1t FP32 Core FP64 Core Tensor Core SM Core

A 1

GPU Features
GPU Architecture

GPU Board Farm Factor

SMs

TPCs

FP32 Cores / SM

FP32 Cores / GPU

FP64 Cores / SM (excl. Tensar)
FP64 Cores / GPU (excl. Tensor)
INT32 Cores / SM

INT32 Cores / GPU

Tensor Cores / SM

Tensor Cores / GPU

GPU Boost Clock
(Not Finalized for H100) 3

'tk Xy

HBM3 HBM22ew 1

NVIDIA A100
NVIDIA Ampere

SXm4
108
54
64
6912
32
3456
64
6912
4
432

1410 MHz

Mw "

e VK

NVIDIA H100 SXM5' NVIDIA H100 PCle!

NVIDIA Hopper
SXM5
132
62
128
16896
64
8448
64
8448
4

528

Not Finalized

NVIDIA Hopper
PCle Gen 5
114

57

128

14592

64

7296

64

7296

4

456

Not Finalized

Peak FP8 Tensor TFLOPS with FP16
Accumulate!

Peak FP8 Tensor TFLOPS with FP32
Accumulate!

Peak FP16 Tensor TFLOPS with
FP16 Accumulate’

Peak FP16 Tensor TFLOPS with
FP32 Accumulate!

Peak BF16 Tensor TFLOPS with
FP32 Accumulate!

Peak TF32 Tensor TFLOPS!

Peak FP64 Tensor TFLOPS!

Peak INT8 Tensor TOPS!

Peak FP16 TFLOPS (non-Tensor)*
Peak BF16 TFLOPS (non-Tensor)?
Peak FP32 TFLOPS (non-Tensor)*
Peak FP64 TFLOPS (non-Tensor)!
Peak INT32 TOPS*

Texture Units

NA

NA

312/624°

312/624%

312/6247

156/312°
195
624/12487
78

39

19.5

9.7

19.5

432

2000/4000°

2000/40002

1000/2000°

1000/20002

1000/2000”

500/1000°
60
2000/4000*
120

120

60

30

30

528

1600/3200?

1600/3200?

800/1600°

800/1600?

800/1600°

400/8007
48
1600/3200?
9%

9

48

24

24

456
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A Transformer Engine
A HYPT 4y
AiQ 14 ~ uvbd TQscaling factor
A 11 Y%P SEoutput range

A a 1 PBBirange
A Ve  Jdy e

A scalet i P Girange

——p Adaptive precision =—p High precision =——p Auxiliary data
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A s10We Ed7 YauT ANY et WEG™H w38~ 40 rR
AKV OAAaOMLPB. oF "ANAaCNNB &) AANAaRNNBqg. t6AaANA

a Transformer B u 2 4 y

A3 S At AR Nnamyu ™ TYY1 Gr RY na
O . 4 y3A s yNa P = 3,000
: 4 (GB) (TFLOPs-day)
2012 | AlexNet 102 103 22 000
2015 ResNets 101 101 L
—> o
2017 | Transformer 1 10t : 1,000
L
2020 GPT3 102 108 I
2023 | ChatGPT 10° 107 o lm_NN
% 2017 2019 2021 2023 2025
AIN c3A j Ya £ NA P NnTTYN1 ®r R
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Sigmoid |

o(z) = 1+i-m

tanh :

tanh(x) o

RelLU

max(0, z)
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Leaky RelLU

max(0.1x, z)

Maxout

max(wlz + by, wlz + bs)
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Execute Write Back

Normalized Energy Cost’
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