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e “Computer Architecture: A Quantitative Approach”, J. L.
Hennessy, D. A. Patterson, Morgan Kaufmann Publishers, INC.
6t" Edition, 2017

e Krste Asanovic, “Vectors & GPUs”, CS 152 Computer
Architecture and Engineering, EECS Berkeley, 2018

e Onur Mutlu, “SIMD Processors & GPUs”, Computer
Architecture — ETH Zurich, 2017 (slides)
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https://inst.eecs.berkeley.edu/~cs152/sp18/lectures/L15-Vectors.pdf
https://inst.eecs.berkeley.edu/~cs152/sp18/lectures/L17-GPU.pdf
https://safari.ethz.ch/architecture/fall2017/lib/exe/fetch.php?media=onur-comparch-fall2017-lecture8-afterlecture.pdf
https://www.youtube.com/watch?v=6DqM1UpTZDM
https://safari.ethz.ch/architecture/fall2017/lib/exe/fetch.php?media=onur-comparch-fall2017-lecture9-afterlecture.pdf
https://www.youtube.com/watch?v=mgtlbEqn2dA

* NMapaAAnAicpog o eminedo evtoAng (Instruction Level Parallelism - ILP)

e E€aptatal amo T mpaypaTikeC e€aptroelg SedopEvwy Tou udiotavral
QVAUEOQ OTLG EVIOAEC.

* NMapaAAnAicpog oe entinedo viapatog (Thread-Level Parallelism — TLP)

« Avarmopiotatal pnTta arno ToV MPOYPALLUOTLOTH, XPNOLLOTIOLWVTOC
TTOAAQUTTAQL VA LOITOL EKTEAECNC TA OTIOLAL ELVOLL EK KATOLOKEUC TTApAAANAQL.

* NMapaAAnAicpog oe eninedo dedbouevwy (Data-Level Parallelism — DLP)

* Avarmopiotatal pnTtd amno Tov MPOoYPALLUATIOTA N SNUoupyEeital autopata
arto TOV PETOYAWTTLOTA.

* OL 10lec evtoleg emetepyalovtal moAAamAd dedopEva TavuToxpova
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Single Instruction stream, Single Data stream (SISD)
— Uniprocessor.

Single Instruction stream, Multiple Data streams (SIMD)

— NoMarmAotl enefepyaoteég, idlec evitoAég, OSiadopetikd dedoupeva (data-level
parallelism).

e Multiple Instruction streams, Single Data stream (MISD)

— MéxpL onuepa 6ev €xel eudaVIOTEL OTNV ayopd KATIOLO TETOLO cuotnpa (slval
Kupilwg ywa fault tolerance, 1.X. UTTOAOYLOTEC TTOU EAEYXOUV TITHON AEPOOCKAPWV).

Multiple Instruction streams, Multiple Data streams (MIMD)

— O KkaBe emetepyaotnic ekTeAEL TIC OLKEC TOU EVTOAEG Kall eTteéepyaletal Ta SIKA TOU
debdopéva. MoAhamAad napdAAnAa vipata (thread-level parallelism).

[Mike Flynn, “Very high-speed computing systems”. Proc. of IEEE 54, 1966]

cslab@ntua 2017-2018 4



* [1IPOKUTITEL OTTO TO YEYOVOC OTL OL LOLEC EVTOAEC emeéepyalovTall
rntoA\atAd Sladopetika dedopeEva TauToxpova.

* NMOANOTTAEC «ETIEEEPYAOTIKESY» LOVADEC

* Moapadeiypata eboppoywV UE CNUOAVTIKO TIAPAAANALOUO
dedopevwy:
* Emotnuovikeg edpappoyeC (mpaelc pe mivakeg)
* Emetepyaoia elkOVOC KoL X0V

e AAyOplOpoL unXovIKAG pabnong
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* [wati Single Instruction Multiple Data (SIMD) apyxttektovikn?

* Mua evtoAr) =2 moAAarmAd dedopéva = KaAutepo energy-
efficiency

e Otav urtapyel DLP — géaptdatal ano tnv ebappoyn, Tov oAyoplopo,
TPOYPOUHOTLOTH, TOV LETOYAWTTLOTA

* Mobile devices

* O POYPOUUOTLOTAC ouveXileL va okePTeTAL (TtEPLITOU)
akoAouBLaka
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1. Vector

2. SIMD Extensions

3. GPUs
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* [IpOKETOL YLO OAPXLTEKTOVLKN TIOU UTTOOTNPL{EL OTO UALKO TNV
eKTEAEON SLavUopATWVY 1N aAALwC vectors

* 'Evog vector (Stavuopa) eival evag LovodlaoTatog iVaKoG
apLOpwv
* Epdavitovrtal oe moAAEC edOPUOYEC
for (i=0; i<n; i++)
C[i] = A[i] + BI[i];

* |otopka
e Epdaviotnkav otnv dekaetia tov 1970
 Kuplapynoav otov xwpo tou supercomputing (1970-1990)
*  ZNUOVTLKA TTAEOVEKTAMOTA YLOL CUYKEKPLUEVEC EPAPUOYEC —
EMAVEPYOVTAL SUVOLKA
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1. QepveL amo tnv pvnun eva cuvolo SeSoUEVWVY Kal T
amoBnkeleL o peyala register files = Vector registers

ExkteAel pia mpa&n oto cuvoAo OAwV aUTWV TwV SESOUEVWV

[padeL T amoTeEAEopATA TILOW OTNV UVALLN

* OLKaTaxwpnTeG EAEYXOVTOAL OO TOV compiler ko
XpNOoLHomoLouvTLa yLoL Va:

* Kpuyouv tov xpovo mpocBacng otnv UvAUn

e EkpetaAAeutouv To memory bandwidth

Vector Instructions & Architecture Support
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Mt evtoAn vector mpayuoTomnoLleL pia mpaén os kabe otolxeio
Tou vector o€ StadoxLkoU ¢ KUKAOUG

 Pipelined functional units

 KaBe otadilo tou pipeline emetepyaletal eva SL1adpopeTLKO OTOLXELO

e Ouvector eVvIOAEC eTUTPETIOVV TNV LAOTtOLNON pipelines pe
neplocotepa otadla (deep pipelines)
 Aev unapyouv e€apTtNOELC LECO OTOUG vectors
Aev UTApxeL EAeyx0C PONC LECA OTOUC vectors

* Hyvwon twv strides oXeTIKA LLE TIC MPOOBACELS OTNV UVAN ETULTPETIEL
amnoteAeopatiko prefetching
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for (i=0; i<n; i++) V |V |V
C[i] = A[i] * B[1i]; 1 2 |3

. =
Six stage multiply pipeline | /¢

V1i*¥V2-> V3

cslab@ntua 2017-2018
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VECTOR REGISTERS
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e A&V UTIAPXOUV EEQPTNOELC LECA OTOUC vectors
* H pipeline texvikry ouAeUel TOAU KaAd

EmutpemneLnv unapén deep pipelines

e KaBe evtoAn avtumpoowrieVel TTOAAN SoUAeLd

* AmAovotepn Aoyikn yia instruction fetch kat avaykn ywo Alyotepo
memory bandwidth Aoyw instructions

 OumpooBaocelc otnv Hvnun yivovtal e regular patterns

* Awotepa branch instructions

cslab@ntua 2017-2018
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 AoulAegUel KaAd povo otav uTtapxeL StaBeotpoc mapaAANALOUOC
dedopevwy otnv epappoyn

 Mrmopetva dnuovpynBel mpoBAnua Aoyw memory bandwidth
otav:

O AOYOC TWV EVTOAWV UTIOAOYLOLLOU TIPOC TLC EVTOAEC MvNNG Oev
KAAUTITEL TO KOOTOC TNG avayvwonc/syypadrc Twv vectors amno tnv

HvAun

* Ta bebopéva dev eival KATAAANAQ ATTOBNKEVLEVA OTNV VAN
(memory banks)
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RV64V (RISC-V base instructions + vector extensions)
*  Apxltektovikn Baoclopevn otov Cray-1
Vector data registers

32 registers, 64-bits wide each element

e 16 read ports & 8 write ports

Vector functional units

*  Fully pipelined

 Data and control hazard detection

Vector load/store unit

Fully pipelined

*  One word per clock cycle after initial latency
Scalar registers

31 general purpose registers + 32 floating point registers

cslab@ntua 2017-2018
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* \Vector data registers

e Vector control registers
* VLEN, VMASK, VSTR

 VLEN (Vector Length Register)
*  AnAwvel to péyeBoc tou vector

* H péylotn tiun tou kabopiletal amo TNV apXLTEKTOVLIKA

* MVL - Maximum Vector Length
« VMASK (Vector Mask Register)

* AnAwvel Ta otolxela Tou vector ota omnoia epappolovral oL vector
instructions

 VSTR (Vector Stride Register)

*  AnAWVEL TNV AOOTOON TWV OTOLXELWV OTNV MVAN yLa TNV dnuloupyia
£VOC vector

cslab@ntua 2017-2018
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double a, X[N], Y[N];
for (1=0; i<32; i++) {
Y[i] = a*X[i] + Y[il;
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fld
addi
Loop:
fld
fmul.d
fld
fadd.d
fsd
addi
addi
bne

fO,a
x28,X5,#256

f1,0(x5)
f1,f1,f0
f2,0(x6)
f2,f2,f1
f2,0(x6)
X9,X5,#8
X06,X6,#8
x28,x5,Loop

# Load scalar a
# Last address to load

# load X[i]

#a* X[

# load YIi]

#a* X[i] + Y[i]

# store into Y[i]

# Increment index to X
# Increment index to Y
# check if done
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DAXPY Mapadewypa — Vector Code

vsetdcfg 4*FP64 # Enable 4 DP FP vregs

fld f0,a # Load scalar a
double a, X[N], Y[NJ; vid v0,x5 # Load vector X
for (i:(_); <32 i_++){ _ vmul v1,v0,f0  # Vector-scalar mult
Yl = arxqi]+ vk vid V2,X6 # Load vector Y
} vadd v3,vlyv2 # Vector-vector add
vst v3,X6 # Store the sum
vdisable # Disable vector regs

8 instructions for RV64YV (vector code)
VSs.
258 instructions for RV64G (scalar code)
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 H enidoon eCaptatal oo TPELC TTAPAYOVTEC:
Méyeboc twv vectors
*  Aoptkoi kivduvol (structural hazards)

 E¢aptnoceic bebopevwy (data dependencies)

e Lanes

*  NoAhamAa mapdAAnAa pipelines mou apayouv dUo ) TEPLOCOTEPQL
amoteAEéopata o€ KABE KUKAO

* Convoy
* Vector instructions mou Ba pmopovcav va EKTEAECTOUV TOUTOXPOVA

* Xwpic doutkoug kKvduvouc

cslab@ntua 2017-2018
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* AkoAouOiec amo read-after-write e€aptnosic dedopevwy
TormoBeTouvToL 0To LObLo convoy Kol EKTEAOUVTOL LECW TNC
TEXVLKNG ToU chaining

Vv V|V V||V
LV - vIN 1 2 (3 4115
MULV v3,vl,v2
ADDV v5,\‘v3, v4
Chain Chain
Load N R N N
Unit ' '
T Mult, A
Memory
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e Cha

ining
Mua vector evtoAn ekvael va ekteAeltal kaBwc otolxeia Tou vector
source operand yivovtal StaBgopa

e Chime

cslab@ntua 2017-2018

Movada xpovou yLa TV EKTEAECN EVOC convoy
m convoys ekteAouvtal o€ m chimes ywa vector length n

Xpelaletol (m x n) kUkAoucg yia vector length n
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vid vO,x5 # Load vector X
vmul  v1,v0,fO # Vector-scalar multiply

vid V2,X6 # Load vector Y
vadd v3,vl,v2 # Vector-vector add
vst v3,X6 # Store the sum
Convoys:

15t chime: vid vmul

2"d chime: vid vadd

3 chime: vst

* 3 chimes, 2 FP ops per result, cycles per FLOP = 1.5
* For 32 element vectors, requires 32 x 3 =96 clock cycles

cslab@ntua 2017-2018
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Start up time 2 KaBuotépnon pExpL va yepiost to pipeline
Execute more than vector elements per cycle?
 Multiple lanes execution

Vector length != Maximum Vector Length (MVL)?
* Vector Length Register + Strip mining

If statements + vector operations?

 Vector Mask Register + Predication

Memory system?

*  Memory banks

Multiple dimensional matrices?

* Vector Stride Register

Sparse matrices?

e Scatter/gather operations

Programming a vector computer?

cslab@ntua 2017-2018
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VADD A,B > C

Execution using
one pipelined
functional unit

Execution using
four pipelined
functional units

A[6] B[6] A[24] B[24] A[25] B[25]A[26] B[26]A[27] B[27]
A[5] B[5] A[20] B[20] A[21] B[21]A[22] B[22]A[23] B[23]
A[4] B[4] A[16] B[16] A[17] B[17]A[18] B[18]A[19] B[19]
A[3] B[3] A[12] B[12] A[13] B[13]A[14] B[14]A[15] B[15]
| l/ | l/ | l/ | l/ | l/
T C[2] f T C[8] f T C[9] f | C[101f% | C[ll]f%
C[1]/¢ cr4]/¢ C[5]/¢ | C[6]/¢ | cmf
l l l l l

c[o] c[o] C[1] C[2] C[3]
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To otolxeio n tou vector register A givat “hardwired” oto otoweio n

Tou vector register B 2 multiple HW lanes

Functional Unit

a7 )
e = e e
JEN JEN JEN JEN
e ey
Vector [ + \ ! [ + \ ! [ + \ ! [ + \ !
Registers
~L_ Elements Elements Elements Elements
0,4s38,.. 1,5,9,.. 2,6,10, 3,7,11,
i Vi § i Vi § i Vi § i Vi §
L[ L[ L[ L[
A1 A1 A1 A1
Lane T y T T T
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Memory Subsystem
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e Can overlap execution of multiple vector instructions

— example machine has 32 elements per vector register and 8 lanes

Load Unit Multiply Unit Add Unit
o0 Y5578
eeoee d AT AT AT
time eoo0o0o0e0eb|lrrrirrledd faaEeEEEE
0000000 Alaalaaala/lleEEEEEER
OO0 T=NAAAAAAAANEEEEEEEN
ololo|olo LA AAAAA 42~ NmmmEEEEE
olololololo/o/b]alalalalal{add fm/m m/mmEm =
ololololololojola/alalAlaAlaRAlmEE EEEER
AAAAAAAANEEEEEEE
_ EEEEEEEE
Instruction

issue

Complete 24 operations/cycle while issuing 1 short instruction/cycle

cslab@ntua 2017-2018
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for (I=0; i<n; i++) {
Y[i] = a*X[i] + Y[i;

cslab@ntua 2017-2018

loop:

vsetdcfg 2 DP FP  # Enable 2 64b FI.Pt. regs

fld fO,a # Load scalar a

setvl t0,a0 # vl =10 = min(mvl,n)
vld v0,x5 # Load vector X

slli t1,t0,3 #11 = vl * 8 (in bytes)

add x5,x5,t1  # Increment pointer to X by vI*8
vmul vO,v0,f0 # Vector-scalar mult

vid v1,x6 # Load vector Y

vadd v1,vO,v1 # Vector-vector add

sub a0,a0,t0  # n-=vl (t0)

vst v1,x6 # Store the sum into Y

add x6,x6,t1  # Increment pointer to Y by vI*8
bnez a0,loop # Repeatifn!=0

vdisable # Disable vector regs} 27



Vector Mask Registers
Disable elements through predication

for 1=0;1<64,;i=i+1) {

if (X[i] '=0)
X[l = X[i] = Y[iJ;
}
vsetdcfg 2*FP64 # Enable 2 64b FP vector regs
vsetpcfgi 1 # Enable 1 predicate register
vid v0,x5 # Load vector X into vO
vid v1,X6 # Load vector Y into v1
fmv.d.x  f0,x0 # Put (FP) zero into fO
vpne p0,v0,fO # Set pO(i) to 1 if vO(i)!=f0
vsub vO,vO,vl # Subtract under vector mask
vst v0,x5 # Store the result in X
vdisable # Disable vector registers

vpdisable # Disable predicate registers
cslab@ntua 2017-2018



 To cvotnua HvNUNG nPEMeL va urtootnpilet upnAo bandwidth
yla vector loads & stores

* [lpoogyylon: ALAUOLPACHOC TWV TIPOCPACEWY UVAUNG OF
rnioAAamAda banks

e H pvAun xwpileton o banks ta omoia mpoomeAavvovtal
aveéaptnta

e Control bank addresses independently
* Load or store non sequential words
e  Support multiple vector processors sharing the same memory

 Mrmopetiva eéuntnpetnost N topAAANAEC TIPOOTIEAACELC OV OAEC
nnyaivouv oe dtadpopetika banks
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Bank Bank Bank
0 1 2
MDR| [ MAR MDR| [ MAR MDR| [ MAR

Data bus

Bank
15

MDR| | MAR
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| Address bus

CPU
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Base Stride

cslab@ntua 2017-2018

Vector Registers l l
\ ol 3
Address il il
Generator +
0|1 67 |8 |9 A C/D|E F
Memory Banks
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 [apadeypa:
for (i=0;i<100; i=i+1)
for (j = 0;j <100; j=j+1) {
Alifi] = 0.0;
for (k = 0; k < 100; k=k+1)
Al = ADJD] + BLJk] = DIK]L]

* \Vector Stride Register
e Stride: anmootaon petaéL SVO oTOLXELWVY YLa TOV OXNUATLOMO vector

* ‘lowg mpokuYouv bank conflicts

cslab@ntua 2017-2018
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 [apadeypa:
for (i=0;i<n; i=i+1)
ALKTI]] = ALK[i]] + CIM[I];

* |ndex vector instructions

vsetdcfg 4*FP64 # 4 64b FP vector registers
vid v0, X7 # Load K]

vidx vl, x5, vO # Load A[K]]]

vid V2, x28 # Load M[]

vidx v3, X6, v2 # Load C[M[]]

vadd vl, vl, v3 # Add them

VStX vl, x5, vO # Store A[K]]]

vdisable # Disable vector registers
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O compiler unmopetl va dwoel feedback otov mpoypappatioth
[ va epapuooel vector optimizations

O mpoypappatiotng uropet va dwaoel hints otov compiler

* [lowa Koppatio KwoKka va yivouv vectorized

cslab@ntua 2017-2018
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1. Vector

2. SIMD Extensions

3. GPUs
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* [loAAEC edpapuoyEC TOAVECWYV eTteéepyalovTal dedopEva Tou
EXOUV HEYEBOC ULKPOTEPO aTtO TO pMEYEBOC Ae€nc (mt.x. 32 bits)
yLOL TO OTtol0 0 eMeéepyaoTC Elval BEATIOTOMOLNUEVOC

 [Moapadeiypata:

 Ta pixels ypadikwyv avamaplotwvtol cuviABwc pe 8 bits yia kaBe kUpLo
Xpwpa + 8 bits yLa transparency

* Ta delypata nyou avamnoplotwviol cuvnBwc pe 8 n 16 bits

e SIMD Extensions

 Awopolpacpog twv functional units yla tnv tavtoxpovn eneéepyaocia
oTOLXELWV HLKPWV vectors

e [apadewypa: “partitioned” adder
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 SIM

D extensions operate on small vectors
MoAU pkpotepa register files

Ayotepn avaykn ywa upnAo memory bandwidth

* [leploplopol twv SIMD Extensions:

cslab@ntua 2017-2018

O aplOuoc twv data operands avtwkatomntpiletol oto op-code
* To instruction set yivetal meploootepo nMePLMAOKO
Aev vurtapyel Vector Length Register

Aev vmtootnpilovtal epimhokol tpomnot StevBuvolodotnonc (strided,
scatter/gather)

Aev urtapyel Vector Mask Register
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* Intel MMX (1996)
 Eight 8-bit integer ops or four 16-bit integer ops

* Peleg and Weiser, “MMX Technology Extension to the Intel
Architecture”, IEEE Micro, 1996

e Streaming SIMD Extensions (SSE) (1999)
 Eight 16-bit integer ops
*  Four 32-bit integer/fp ops or two 64-bit integer/fp ops
 Advanced Vector Extensions (2010)
*  Four 64-bit integer/fp ops
e AVX-512 (2017)
* Eight 64-bit integer/fp ops
 Operands must be consecutive and aligned memory locations
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SIMD Extensions — MNapadetlypa

fld
splat.4D
addi
Loop:
fld.4D
fmul.4D
fld.4D
fadd.4D

for (i=0; i<n; i++) {
Y[i] = a*X[i] + Y[i];

fsd.4D
addi
addi

bne
cslab@ntua 2017-2018

fO,a # Load scalar a
fO,f0 # Make 4 copies of a
X28,X5,#256 # Last addr. to load

f1,0(x5) # Load X[i] ... X[i+3]
f1,f1,f0 #ax X[i] ... ax X[i+3]
f2,0(x6) # Load Y[i] ... Y[i+3]
f2,f2,f1 # a x X[i]+Y]i] ...

# ... ax X[i+3]+Y[i+3]
f2,0(x6) # Store Y[i]... Y[i+3]
x5,x5,#32 # Increment index to X
X6,x6,#32 # IncrementindextoY
x28,x5,Loop  # Check if done
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1. Vector

2. SIMD Extensions

3. GPUs
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e ETMITO)UVTEC ylO TNV eMeéepyacio ypadLKwV
*  YPnAoc mapaAAnAlopoc o edpapuoyEC YpodLKwV

* GP-GPUs
 General-Purpose computation on Graphics Processing Units

e XpNOLUOTIOLOUVTOL EUPEWC YLaL TNV ETtitAxuvon data katl compute
intensive epappoywv

 Edappoyec tbavikeg yia GPGPUs
*  YPnAocg mapaAAnAlopoc
*  YUYnAo arithmetic intensity
« Meyala data sets

cslab@ntua 2017-2018

41



 ETeEpOYEVEC LOVTEAO EKTEAEONC
« HCPU &ivat o Host
* H GPU &ivaL to device

Emukowwvia péocw PCle bus

MovtEAo MPOYPOALLATIONOU
 C-like y\wooa npoypappatiopou ywo GPU
* Baoiletal otnv €vvola twv “threads”
e Single Instruction, Multiple threads (SIMT)
e Multi-threaded tpoypaLATIOTIKO LOVTEAO

e Atadopetiko amno SIMD rnou xpnotpornolel data parallel
TIPOYPOLLUOTLOTLKO LOVTEAO

e Juvdualel SIMD kat Multithreading

cslab@ntua 2017-2018
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 OLGPUs anoteAovvtal amno noANATAOUC ETIEEEPYAOTEC

 KaBe évac enetepyaotnic anoteAeital anod eva multithreaded SIMD
pipeline

 To pipeline extéAeonc Twv evioAwv Asttoupyel oav eva SIMD
pipeline

* OMWC, O TIPOYPALLATIONOC YiveTal e TNV Evvola Twv threads

* Oyl pe TNV €vvola Twv SIMD evtoAwv

 KabBe thread ekteAet tnv (6la evtoAn aAAd emetepyaletal
Sladpopetikd dedopeva

 KaBe thread €xeL to 61K TOU KATAOTAON KOL UITOPEL val
eKTEAEOTEL avetaptnta
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 SIM

D Extensions
To SIMD uAko a€lomoleital péoa amno:
* data parallel TpoypAUATIOTIKO PLOVTEAO

* O MPOYPAUUATIOTNC (I 0 LETAYAWTTLOTAC) XPNOLLLOTIOLEL TLG
SIMD eVTOAEC yLaL vaL EKTEAEDEL TNV LOLaL EVTOAR O€ TTOAAG
dedopeva

* To omolo ekteAeital peoa amno eva SIMD poviéNo ekTtEAeoNG

 GPUs

cslab@ntua 2017-2018

To SIMD uAko aélomoleital pEoa amno:
e Multithreaded mpoypaUATIOTIKO LLOVTEAO

* O MPOYPAUUATLOTAC (I O LETAYAWTTLOTHC) TTAPAYEL OELPLAKO
KWOLKA Kol SNULoUPYEL vApoTa ylo vol eKTeEAECEL ToV (6Lo
KwOLKa o€ TTIOANA Hebopéva

* To omotio ekteAeital peoca amno eva SIMD povtélo ekTtEAeoNC
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 Movtelo Ekteleonc YAkoU

 KoBoplilel mwc ekteAeital £vag KWOLKAC 0TO UALKO

e SIMD -Single Instruction Multiple Data
*  Mia pon ano dtadoxikeg SIMD evtoAEg

KaBe SIMD evtoAn kaBopilel moANd Sebopéva ipoc eneéepyaoia

e SIMT - Single Instruction Multiple Threads

*  [oAAEG pogg aro scalar evtoAeg (pia yia kaBe vipo ektéAeonc)

*  [loAAd vApata opadomolouvtal duvaptke amo to hardware ylo va
ekteAEOOULV TNV 6L pon og Sladopetikad dedopeva

cslab@ntua 2017-2018
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* To UAKO petaxelpiletal kaBe thread cav aveéaptntn oviotnta
Mrnopeiva ekteAéoel kaBe thread aveéaptnta

« Kepditovtac ta odpeAn Tou MIMD povtélou ekTEAEONC

* To UAKO prmopeil va oxnuatiosl Suvapikd groups armno threads
* [ou ekteAoLV TNV idla evtoAn

 Kepditovtac ta odpEAn tou SIMD povteAou eKTEAEONC

cslab@ntua 2017-2018
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 ‘Eva thread cuvdeetal e TNV eneepyacia EVOC UTTOGUVOAOU
TOU data set (data elements)

e Ta threads opyavwvovtol o€ blocks

 Ta blocks opyavwvovtal og eva grid

 To uAwko (hardware) tnc GPU duaxelpiletal ta vipata
e  OxLoledopUOYEC ] TO AELTOUPYLKO CUCTNUA

Multithreading SIMD execution

cslab@ntua 2017-2018
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CPU code

for (i=0;i<8192; ++i) {
Ali] = B[i] * C[i];

}

CUDA code

// there are 8192 threads
__global__ void KernelFunction(...) {
int tid = blockDim.x * blockIdx.x + threadldx.x;
int varB = B[tid];
int varC = C[tid];
A[tid] = varB + varC;
}
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Code that works over all elements is the grid

Thread blocks break this down into manageable sizes

e 512 threads per block (defined by the programmer)

Groups of 32 threads combined into a SIMD thread or “warp”
Grid size = 16 thread blocks

« 8192 elements / 512 threads per block

Block is analogous to a strip-mined vector loop with vector
length of 32

A thread block is assigned to a multithreaded SIMD processor
by the thread block scheduler

Current-generation GPUs have tens of multithreaded SIMD
processors

cslab@ntua 2017-2018
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Napadelypo — Threads and Blocks

Grid

AL 0 ]=B[ 0 ]*C[ 0
ssmp | Al 1 1=B[ 1 1=*c[ 1
Thread0 | =~
Al 31 1=8B[ 31 ] *cC[ 31
Al 32 1=B[ 32 ]*C[ 32
simp | AL 33 1=8B[ 33 ] *C[ 33
Thread 'I‘]—lreadl .. - e e e
Block Al 63 1=B[ 63 ] *C[ 63
0 Al 64 ]=B[ 64 ] *C[ 64
A[ 4797 =B [ 479 ] * C[ 479
A[ 4807 =B [ 480 ] * C[ 480
SIMD . *
SIMD AL 481]1-B[481 ] *c[ 481
A[ 5111 =B [ 511 ] * C[ 511
Al 512] =B [ 512 ] * C[ 512
A[ 76797 =B [7679 ] * C[ 7679
A[ 76807 =B [ 7680 ] * C[ 7680
SIMD A[ 7681] =B [ 7681 ] * C[ 7681
Threadd | =
A[ 77111 =B [7711 ] * [ 7711
A[ 77121 =B [7712 ] * C[ 7712
SsiMp | AL 77131 =8 [ 7713 ] * C[ 7713
B 1
Block A[ 7783] =B [ 7743 ] * C[ 7743
15 A[ 7744] =B [ 7744 | * C[ 7744
A[ 8159] =B [8159 ] * C[ 8159
A[ 8160] =B [8160 ] * C[ 8160
SIMD Al 8161] =B [8161 ] * 161
Thread 15 [ 8161] [8161 ] CL 816
A[ 8191] =B [8191 ] * C[ 8191
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* Groups of 32 threads combined into a SIMD thread or “warp”
« Mappedto 16 (or 32) physical lanes

* Upto 32 warps are scheduled on a single SIMD processor
Each warp has its own PC

 Eachthread in a warp has its own register set (depends on the
architecture & limits the number of warps per SIMD processor)

 Thread scheduler uses scoreboard to dispatch warps
By definition, no data dependencies between warps
 Dispatch warps into pipeline, hide memory latency

 Thread block scheduler schedules blocks to SIMD processors
* Within each SIMD processor:

*  Wide and shallow pipelined functional units compared to vector
processors

cslab@ntua 2017-2018
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Instruction

Warp scheduler
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store store store store store store store store store store store store store store store store
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Time

\

SIMD thread scheduler

SIMD thread 8 instruction 11

Y Y Y Y Y Y Y YYYYYYNYOYOY
|

P+ 1t 1 1 1 1 1 1 111

SIMD thread 1 instruction 42

Y Y Y Y YV Y Y Y YV YYYOYY

SIMD thread 3 instruction 95

YYYY Y YYYYYYYYYNYY

SIMD thread 8 instruction 12

Y Y Y Y Y YYYY YV YV YOYOY

N [N [N N N I N N N A A B _—

SIMD thread 3 instruction 96

Y Y Y Y Y Y Y Y Y YYYYNYOYY

P+ 1t 1 1 1 1 1 1 1 1 19|

SIMD thread 1 instruction 43

Y Y Y Y Y Y YYYYYYYYYY

cslab@ntua 2017-2018

Warp == SIMD thread

One warp is a single thread in the
hardware

Multiple warps are interleaved in
execution on a single SIMD
processor to hide latencies
(memory and functional unit)

A single thread block can contain
multiple warps, all mapped to
single SIMD processor

Can have multiple thread blocks
executing on one SIMD processor
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e |SA is an abstraction of the hardware instruction set

 ‘“Parallel Thread Execution (PTX)”
» opcode.type d,a,b,c;
 Xpnowuormolet virtual registers
* H petadpaon og KWOLKA LNXOVAC TIpayATOTOLE(TAL ato TO software

* Napadeypa:

shl.s32 RS, blockldx, 9 ; Thread Block ID * Block size (512 or 29)
add.s32 RS, RS, threadldx ; R8 =i=my CUDA thread ID
|d.global.f64  RDO, [X+R8] ; RDO = X[i]

|d.global.f64 RD2, [Y+R8] ; RD2 = Y]i]

mul.f64 ROD, RDO, RD4 ; Product in RDO = RDO * RD4 (scalar a)
add.f64 ROD, RDO, RD2 ; Sum in RDO = RDO + RD2 (Y[i])
st.global.f64 [Y+R8], RDO ; Y[i] = sum (X[i]*a + Y[i])
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 Like vector architectures, GPU branch hardware uses internal
masks
 Also uses
*  Branch synchronization stack
* Entries consist of masks for each SIMD lane
* |.e. which threads commit their results (all threads execute)

* Instruction markers to manage when a branch diverges into multiple
execution paths

* Push on divergent branch
 ..and when paths converge

* Act as barriers

* Pops stack

 Per-thread-lane 1-bit predicate register, specified by
programmer

cslab@ntua 2017-2018
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* Shallow memory hierarchy
Multithreading 2 hides memory latency

 Each SIMD Lane has private section of off-chip DRAM

14 (ll

“Private memory” (“local memory” in NVIDIA’s terminology)

 Contains stack frame, spilling registers, and private variables

 Each multithreaded SIMD processor also has local memory
*  “local memory” (“shared memory” in NVIDIA’s terminology)

*  Scratchpad memory = managed explicitly by the programmer
* Shared by SIMD lanes / threads within a block

e Memory shared by SIMD processors is GPU Memory
« “GPU memory” (“global memory” in NVIDIA’s terminology)

* Host can read and write GPU memory
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 Each SIMD processor has:

Two SIMD thread (warp) schedulers, two instruction dispatch units
 Two sets of:

e 16 SIMD lanes (SIMD width=32, chime=2 cycles)

* 16 load-store units,

e 8 special function units

Two threads of SIMD instructions (warps) are scheduled every two
clock cycles simultaneously

* Fastsingle-, double-, and half-precision

 High Bandwidth Memory 2 (HBM2) at 732 GB/s

* NVLink between multiple GPUs (20 GB/s in each direction)
e Unified virtual memory and paging support
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NVIDIA’s Pascal SIMD Processor

Instruction Cache

Instruction Buffer Instruction Buffer
Register File (32,768 x 32-bit)
DP DP DP DP
Unit Unit Unit Unit
DP DP DP DP
Unit Unit Unit Unit
DP DP DP DP
Unit Unit Unit Unit
DP DP DP DP
Unit Unit Unit Unit
DP DP DP DP
Unit Unit Unit Unit
DP DP DP DP
Unit Unit Unit Unit
DP DP DP DP
Unit Unit Unit Unit
DP DP DP DP
Unit Unit Unit Unit

Texture / L1 Cache
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*  OpOLOTNTEC ME Vector aPXLTEKTOVLKEG
*  Aoulevel emtionc kaAa yia data-level parallel mpopfAfuata
e  Scatter-gather transfers
*  Mask registers

* Large register files

* AlodOpEC UE vector OPXLTEKTOVLKEC
 Aevumnapyxel scalar emeéepyaotnc

 Xpnowormotelt multithreading yia va kpU el tnv kaBuotEpnon otnv
npooBaon NG UVAUNG

* 'ExetLmoAAamAa functional units, oe avtiBeon e ta Altya deeply
pipelined functional units touv €xouv oL vector apXLTEKTOVLKEC
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PC SIMD thread scheduler
Instruction PC Instruction I
PCH—  cache PC cache Dispatch unit
h 4 |7 PC | v
Instruction register Instruction register
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o v
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 OLGPUs gxouv neploootepa SIMD lanes
e OLGPUs unootnpifouv oto LVALKO Tieploootepa threads

e Kot otduo gxouv 2:1 avaloyia petaév double- and single-
precision performance

* Kat ot duo €xouv 64-bit StevBuvoelg, aAAad oL GPUs €xouv
ULKPOTEPN MVAUN
 Ta SIMD extensions 6gv unootnpilouv scatter-gather evtoAgg
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