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= 6E Data-Level Parallelism in Vector,

SIMD, and GPU Architectures

61rhal£ﬂﬂﬁg=
HORRFHTRVEAS SN
ﬁjﬁiﬁmw*

[RIERREEN
[ E4MEREY
Eﬁ%&& A
B R LML

6.2-1 Dglﬂﬂ*%ﬁ:ﬂcﬂs

6.2-2 MRS ARSIMDISSEN B
6.3-1 GPU-I
6.3-2 GPU-II
GPUTZ/
GPURYYmFEIREY
GPURIFHER S

4/26/2020 PERIZFRAKRE 3




6.1 EELEHIEE

P BEIR A

4/26/2020 FEREERAKRE 4



ol (RGeS R TRARIIE)R
- IRSMERERIESR S E (IBIRILP) RYERIRE:

- EFRERNFHTIE

— IRE/K BT HER: IR, TS
CPIBEEIZENN (branches, other hazards)
— 15 TRENAFERD: Bt ES 0T A AR MEFRE AN
FEZ5KIES
— IRECachefiphxR : EFBLITE E?FXAE'J)_L
(R=H) ﬁ-ﬁEjtiEl’J*ﬂl HIF IWFEX?E‘

BLEFRLIENZ téﬂ;ﬁ'ﬁ%ﬂiuw (multimedia), &
TR E,
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oIt DLPRYSKGEC

- MABRRNEARREESBREENRRE

- Bz, B3R, 1§5i1R6l. NSBFIFH
RNBIYEEXENAEITR, BEREXES
BEZIREFITISIIL

» SIMD-based &3 (vector-SIMD,
subword-SIMD, SIMT/GPUs) E#171X

LR ENRAMIERE
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;. SIMDZEMIRLE
ﬂMD%MTﬁﬂM%Eﬁﬁﬂ#

T REEFEERFITE
- & 1%!] EYIE

« SIMDEEMIMDEET58E

— I BAIURR(ENEERE—IX
— SIMDYXJPMD( personal mobile devices)EEEIRG |77

+ SIMD feVFER RPFLELARITIRE B UE
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SIMD Z5HERIFPSE

- IS RSH
- SIRISSIMDISSE B
 Graphics Processor Units (GPUs)

« For x86 processors:
— BN 2cores/chip

— SIMD BEZ4FH—Z
— SIMDETEINELLEMIMDAY2(E

\|,|
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Potential parallel speedup

4/26/2020

1000
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1
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Figure 4.1 Potential speedup via parallelism from MIMD, SIMD, and both MIMD and SIMD over time for

x86 computers. This figure assumes that two cores per chip for MIMD will be added every two years and the
number of operations for SIMD will double every four years.

% MIMD*SIMD (32 b)

- MIMD*SIMD (84 b)
SIMD (32b)

— SIMD (64b)

-= MIMD

FEMERAKRE



toiE: Supercomputers

« SupercomputerfJiEN:
- N TEEESMSHA E&IRAI =R
— (HIEN BT 3T =TI 28
- ITTREENEEIBW (2R =8

» HiSeymour CrayigithIt=S

- CDC6600 (Cray, 1964) #HiAIRE—S
TR

» CDC Cray-1: A AEE—aRIEBAY
m=fl 10X 6600
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— 128 Kword main memory capacity, 32 banks
 Ten functional units (parallel, unpipelined)
— Floating Point: adder, 2 multipliers, divider

— Integer: adder, 2 incrementers, ...
« Hardwired control (no microcoding)

« Scoreboard for dynamic scheduling of
instructions

 Ten Peripheral Processors for Input/Output
— a fast multi-threaded 12-bit integer ALU
* Very fast clock, 10 MHz (FP add in 4 clocks)

« >400,000 transistors, 750 sq. ft., 5 tons, 150
kW, novel freon-based technology for cooling

« Fastest machine in world for 5 years (until
7600)

— over 100 sold ($7-10M each)

RERISE AR 1



IBM Memo on CDC6600

Thomas Watson Jr., IBM CEO, August
1963:

“Last week, Control Data ... announced the 6600
system. | understand that in the laboratory developing
the system there are only 34 people including the
janitor. Of these, 14 are engineers and 4 are
programmers... Contrasting this modest effort with our
vast development activities, | fail to understand why
we have lost our industry leadership position by letting
someone else offer the world's most powerful
computer.”

To which Cray replied: “It seems like Mr.
Watson has answered his own question.”
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H B R R <k

FEAFROE (KE=sS. Z655)
—%—q—ﬁ ?—E

— _lle:l' (car crash simulation)

- EYERF

- BE=

TR AKEREHRENIE
70-80 K Supercomputer = Vector
Machine
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A M IEREY
. HELENSEESEANEE, —REBESTULENS

EENIHE(EE (LIEVWRERE)

SCALAR VECTOR
(1 operation) (N operations)

e
E

add r3, rl, r2 add.vv v3, vl1l, v2

//:actor

length
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A ECEV IR ENFIE

BARE: ATRENNMNSEHRITER, FE—1EREE,

RN —SZPEISSasTZMNMNE(E=> fewer instruction
fetches

B—ESRM 7 FREAESE

— KitKE, fmidessRIbR(EEgaRXt

— X ENREREI5<SEAVEXME

- Z"F)_z_l;.l_ﬂlj H:I-%LF/U\—I—

ASEESLACHBINEIVIGIEFEES

— OJBRIEZ AR X F BRI

— MBS ESR/DFEESRENLER - (A0 — M REe S 64 TE)
— AREZEEECache! ({Y{EMHfE<Scache)

{Efk =Rl 7 iEHEx
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A = R E AR

* memory-memory vector processors.‘ Fﬁ' E Eg ﬁ%

ERFiE=REIThas5
« vector-register processors: Bﬁ? load FllstoreiE

{E%, PIRRIRMFRRESFRSRESHE
=alAHSHE(E

— [RI=EHNHILoad/StoreZ514

— 1980F LA[GRIRF B RIME IR BB EXFFEE4):
Cray, Convex, Fujitsu, Hitachi, NEC

- BAJEEEFTXIXMEN
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Vector Memory-Memory versus

Vector Register Machines

- FitE-FEREREN A IESIEERNIRESRET =S
. HF—&M=H CDC Star-100 ( ‘73) and TI ASC ( ‘71), 21xfik=e
g2 =S

- Cray-1 (' 76) EE—aSF=EHREREN

Vector Memory-Memory Code
Example Source Code

for (i=0; i<N; i++)

{
C[i] = A[i] + B[i];
D[i] = A[i] - B[i];

ADDV C, A, B
SUBV D, A, B

Vector Register Code

} LV V1, A
LV V2, B
ADDV V3, V1, V2
SV V3, C
4/26/2020 rRERIS A A SUBV V4, V1, v2

SV V4, D



Vector Memory-Memory vs.

Vector Register Machines

- FigsE-FiEsEEEN (VMMA) EEESHEHESETE

— All operands must be read in and out of memory

+ VMMAGB(ESS I RERIFESNITRE

— Must check dependencies on memory addresses

- VMMARFIAaEE
— CDC Star-100 ZEEETTE/NF1008], FREABILtLSSTFEEW

ez
- CDC Cray-1j3%ea9#182 (Cyber-205, ETA-10) &2 =51=F
Ba e
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 Cray-1R9%=S (1976) -
« Scalar Unit: Load/Store Architecture

« Vector Extension
— Vector Registers
— Vector Instructions
+ Implementation
— W B e
— EBARKLBEITEEERA
- SRR NFER ST
— FcData Cache
— A~3ZFF Virtual Memory
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@) Vector Instruction Set Advantages

°FT%§
FIESEENIEE

5 EI.’JJ;E SIESee RS

- NMEEZ [BIZCHEXME

— (FRREFAITHEESR Y

— PR ERREES Fas

- SEIENERELBREIVhAES FEs

— [ A R R SR HIELEER (unit-stride load/store)
— LAEARYEZVIIR)F#ES (strided load/store)

- AN RRIERF
— AILATEZ N TRURK Z& _ =17 RIEEAI A (lanes)
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Vector Instructions

ADDV
ADDSV
MULTV
MULSV
LV
LVWS
LVI
CeaV
MOV
MOV

4/26/2020

Instr.
V1,V2,V3
V1,F0,V2
v1,vV2,V3
V1,F0,V2
V1,R1
V1,R1,R2
V1,R1,V2
VM,V1,V2
VLR,R1
VM,R1

Operands
V1=V2+V3
V1=F0+V2
V1=V2xV3

V1=FO0xV2
V1=M[R1..R1+63]
V1=M[R1..R1+63*R2]
V1=M[R1+V2i,i=0..63]
VMASKi = (V1i=V2i)?
Vec. Len. Reg. = R1
Vec. Mask = R1

FEMERAKRE

Operation Comment
vector + vector
scalar + vector
vector x vector
scalar x vector
load, stride=1
load, stride=R2

|indir.("gather")
comp. setmask
set vector length
set vector mask

22



SR RIEREETT

Vector Register. BIFEIRKEN—RELEL, FHEIRE

- EP2NERAOMN—MEimH (—ig&>16MNMEiR0, 81 EimH)

— HRAYES-32 MESTFEE, B SEEsFm645)1281N64 TR

Vector Functional Units (FUs): &%k, 58—

clockiBE—1 ¥RBVIRME

—  —f%4F8 FUs: FP add, FP mult, FP reciprocal (1/X), integer add,
logical, shift; AJaEEYESIREAIEMYT

- Vector Load-Store Units (LSUs): £iFikiitBload T}
store—\AE, AEERBIES 1 LSUERMYF

* Scalar registers. FEEN TEBTFIrENENFhEiEhE

- AR XFAXK1EE(Cross-bar) FUs , LSUs, registers

4/26/2020 PERIZFRAKRE 23



Man mermairy

Vecolor
lbad store

Vesrdor

reaEtem

-

Soabar
reqEters
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- [ERBGFRAYRKE(=>
fast clock) fIITHETT
=HVIRME

- HFRE=EHEMIL,
Bt 7 IR E R IK &R
#ll (=> no hazards!)

Six stage multiply pipeline

4/26/2020 hERISR A AL

_—

V3 <-vl *v2
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/Functiona/ Unit

a

a

S

Vector

s

T

_T

T

Registers\L

Elements 1,5, 9,

Elements 2, 6, 10,

_T

T

Elements 3, 7, 11, ...

A —l l A —l l A —l l A —l l
Lane ~
Memory Subsystem
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Vector Instruction Execution

ADDV C,A,B

B —RKIEBIZ)
BEBBFAAT

B/ KL HI D) BE
BEFAAT

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]
I v I A A AT
_lcre1 Vv Icre1 V0 Ldcro1 V0 Ldcrior Vo lcriig V
lcriy Vv Icra1 V0 Ldcrs1 VO Lderel V0 Idcerzr N
v - - - -
C[0] C[0] C[1] C[2] C[3]
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Interleaved Vector Memory System

Cray-1, 16 banks, 4 cycle bank busy time, 12 cycle latency
e Bank busy time: Time before bank ready to accept next request

Base lSt“rife
Address _‘Ql <+ Dl <+

Generator A
7S il
N

Vector Registers

/

Mamory Bank

4/26/2020 PERIZFRAKRE 28



Vector register
elements striped
over lanes

4/26/2020

H ittt
ri.ﬁféE”w i

EES f._’l',!.’-‘*!“‘:ﬁ.ﬂ!ﬁm“

e 24 25E26§[27§28} 29 30 31
=16 17][18][19120][21] 2271230
B B[81 (9] [10][11][12] [13][141[15]}
R[0Tl 1118 (23Tl 4 1[5 T (61 171

- jepda [ET 15§ izEhE | T o i —
b1 i 1 '8
i f i W= h
1 | 4 i [ §a
1 ] | 1 T -
: - B | Ll
I : = ol i B BB NN
W s " i ) R
.é Sk FE T g 1 e 5l {nii ] .
=- 3 B T UEE! -
ﬂ e [ i 28 ; T L Ji 4 “L |=
’ " !_;- 4 13t

SERAERNS

Fm

fﬂ;&ﬁ.r’:?!‘!_.;ﬂnﬂfﬁﬁ. TAMARANARAAME SRS

H |
¥ '. ns

@,.

i apl |
| — .4.__,_.»... , LIEf

ﬁ

ﬂ—-—-
- asins IIITII I_:l linlnlll" il sisiminksaninbeiing i-lnl--uw
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+ SFRASEEIVESNIT(HHERA)

— fBa0: BN EE 32 1NMJTE, 8lanes (FiE)

Load Unit Multiply Unit Add Unit

load

Itime
load

Instruction
issue >
Complete 24 operations/cycle while issuing 1 short instruction/cycle
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IR T =]
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3:
4-

Vector Execution Time

Time = f(vector length, data dependencies, struct. hazards)

Initiation rate: JNaeaMEEIERETT=ANER

Convoy: A {zA—H#EHIFIRHITRVIE SES (no structural or
data hazards)

Chime: if3—1 convo)Fife ZRIXERYE (approx. time)

m convoys take m chimes,

- WMRBNEEREAIN, BBZAm P convoys ATZRRYBSIEIZEMm 7'chimes

— B chimeFR{EEBURTBIZN 7 clocks, 1Zi2RRRTEZRRN ST BI K29 am x
n clock cycles (ZREERFMTH; HAEKERKXMLUESER)

- LV Rx ‘load vector X

=L ’ 4 convoys, 1 lane, VL=64

: MULV V2,F0,V1 ;vector-scalar mult. =>4 x 64 = 256 clocks

LV. V3Ry  ;loadvectorY (or 4 clocks per result)
ADDV V4,V2,V3 ;add

SV Ry, V4 :store the result

4/26/2020 PERIZFRAKRE 32



Vector Startup

- REREIINEBAEERSTIR
— TDHREEMAERT: — MEEEIIINEEERHFRYATIE
— ELLERT AR ERTIA] (dead time or recovery time ) : 1&1T F—RMAEESHY
|E]PRHATIE]
Functional Unit Latency

< »
il L

A

RIX|X|X|W

RIX [ X [X |W First Vector|Instruction
RIX [ X [X |W !
Dead|Time
. Dead Time R RIX Ix IX|w Second Vector Instruction
4/26/2020 e | X | W v 33




VMIPS Start-up Time

Start-up time: FU EMERKERRE
Operation Start-up penalty (from CRAY-1)

Vector load/store 12
Vector multiply 7
Vector add 6

Assume convoys don't overlap; vector length =n

Convoy Start 1st result last result
1. LV 0 12 11+n  (12+n-1)
2. MULV, LV 12+n 12+n+7 18+2n Multiply startup
12+n 12+n+12 23+2n Load start-up
3. ADDV 24+2n 24+2n+6 29+3n Wait convoy 2
4. SV 30+3n 30+3n+12 41+4n Wait convoy 3
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Vector Length

. éirﬂ%ﬂ%ﬁrﬁziémw (EREmE5FF20Y
KEE64) BEAN?
. vector-length register (VLR) {EHNFEM

E?E{'EEI'HKT" @}Engﬂﬁload/store (574
RIEEMRERKEAREE > MESTFEAY

t:r")lﬁﬂ!lﬂ
do10 i=1,n

10 Y(@) =a*X(@() + Y(I)
nAERBEEITHA EEHE
n > Max. Vector Length (MVL)EA73?
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- {Bi&Vector Length > Max. Vector Length (MVL)?
« Strip mining: LA, FEBI/BEERERITTEE < MVL
« B—IXEMMEEDA (0 mod MVL), LARRIEVL = MVLIEE
low = 1
VL = (hn mod MVL) /*find the odd size piece*/
do1 j=0, (n/MVL) /*outer loop*/
do 10 i = low, low+VL-1 /*runs for length VL*/
Y(i) = a*X(i) + Y(i) /*main operation*/
10 continue
low = low+VL /*start of next vector*/

VL = MVL /*reset the length to max*/
1 continue

Value of j 0 i 2 3 P R wMVL
w
2
2
Range of i 1M (m+ 1. m + im+2" (n— MVL
m+MVL MVL+ 1) MVL + 1) +1..m
Lme+2* om+3°
MWL MVL
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chime

T :|7 - —|X(Tloop+Tstart)+nxT

iHitEA=Bxs, HFABAKEN200IAE (BPMHEETRESEGSNTF
W), sSR—MrE. MESFRIKE/N64. JUIREM4RISaIRTE
ANRUAMIA, KSBEIHUTHIE, (Tiep = 15)
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ADDI R2,R0,#1600

ADD R2,R2,Ra
ADDI R1,R0,#8
MOVI2S5 VLR,R1
ADDI R1,R0,#64
ADDI R3,R0,#64

Loop: LV V1,Rb

MULSV V2,V1,Fs
SV Ra,V2

ADD Ra,Ra,R1
ADD Rb,Rb,R1
ADDI R1,R0,#512
MOVI2S VLR,R3
SUB R4,R2,Ra
BNEZ R4,Loop

4/26/2020

;total # bytes in vector
:address of the end of A vector
;loads length of 1st segment
;load vector length in VLR
;length in bytes of 1st segment
;vector length of other segments
:load B
-vector * scalar
store A
;address of next segment of A
;address of next segment of B
;load byte offset next segment
;set length to 64 elements
:at the end of A?
;if not, go back

RERISE AR 38



4/26/2020

=
Il

|V n -‘ X {Tln:u:lp + TStﬂ.ﬂ} +n X Tchimc

MVL
4x(15+T“M_]+200:=:3

60+ (4xT, )+600 =660+ (4xT_, )

Tstart=12+ 7+ 12 =31

T200 =

660+4*31 =784

BF— L E I HATHS [E] = 784/200 = 3.9

FEMERAKRE
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Clock
cycles Total ime

pr elament

Tatal
ovarhaad
par alemant

0 1 1 1 | | 1 1 1 1

10 30 50 70 L] 110 130 150 170 190
Vactor siza

Figure G.9 The total execution time per element and the total overhead time per
element versus the vector length for the example on page G-19.For short vectors the
total start-up time is more than one-half of the total time, while for long vectors it
reduces to about one-third of the total time.The sudden jumps occur when the vector
length crosses a multiple of 64, forcing another iteration of the strip-mining code and
execution of a set of vector instructions. These operations increase T, by Tiop + Toare:

FEMERAKRE
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Common Vector Metrics

* R HEERKENLTHSANNBER/KERKE
BE. BETFMNMIEESEEERER, Bi/aMFLOPS
— SfROAZRREREASTH K, startupfYFHEIER

Era KRy
— R, FRRIEKEInIHHRERKEAIERE

« N,z iZZIRe —¥RYEMZENRERE, ST N
Sim/K&start-up BIEIXSTEEERISZT,

- Ny: FERKEAANIIEEERFIFEETHN
T{ERFrERNRSEKEIGR{E.
—é%%%%%@ﬁﬁ@,m%%ﬁ%\ﬁ%ﬁﬁww

MEBEAYSZR

4/26/2020 PERIZFRAKRE 41




Example Vector Machines

Cray 1 1976

Cray XMP 1983 120 8 64 8 2L, 1S
Cray YMP 1988 166 8 64 8 2L, 1S
Cray C-90 1991 240 8 128 8 4
Cray T-90 1996 455 8 128 8 4
Conv. C-1 1984 10 8 128 4 1
Conv. C-4 1994 133 16 128 3 1
Fuj. VP200 1982 133 8-256 32-1024 3 2
Fuj. VP300 1996 100 8-256 32-1024 3 2
NEC SX/2 1984 160 8+8K 256+var 16 8
NEC SX/3 1995 400 8+8K 256+var 16 8
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8-Way Vector Mask Reg. |+(  Mask
Unit <ol Logical
I
-
Load or Sl
Store Vector Reg. | 13
I
<>
i_t Div./Sqrt.
I
B Mult./Add.
Scalar Reg. |+
. - Mult/Add. Div.
Scalar
Unit

e Memory system provides 256GB/s DRAM bandwidth per CPU
e Up to 16 CPUs and up to 1TB DRAM form shared-memory

node

— total of 4TB/s bandwidth to shared DRAM memory

e Up to 512 nodes connected via 128GB/s network links
(message passing between nodes)

4/26/2020

FEREERAKRE

* 65nm CMOS technology
* Vector unit (3.2 GHz)

— 8 foreground VRegs + 64
background VRegs (256x64-bit
elements/VReg)

— 64-bit functional units: 2
multiply, 2 add, 1 divide/sqrt, 1
logical, 1 mask unit

— 8 lanes (32+ FLOPS/cycle, 100+
GFLOPS peak per CPU)

— 1 load or store unit (8 x 8-byte
accesses/cycle)

e Scalar unit (1.6 GHz)

— 4-way superscalar with out-of-
order and speculative execution

— 64KB |-cache and 64KB data
cache
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Vector Linpack Performance (MFLOPS)

Matrix Inverse (gaussian elimination)

Clock(Mhz) 100x10 1kx1k | Peak(Procs)
160(1

Cray 1 1976
Cray XMP 1983 120 121 218 940(4)
Cray YMP 1988 166 150 307 2,667(8)
Cray C-90 1991 240 387 902 15,238(16)
Cray T-90 1996 455 705 1603 57,600(32)
Conv. C-1 1984 10 3 - 20(1)
Conv. C-4 1994 136 160 2531 3,240(4)
Fuj. VP200 1982 133 18 422 533(1)
NEC SX/2 1984 166 43 885 1,300(1)
NEC SX/3 1995 400 368 2757 25,600(4)
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- EEVEBINEFHEE
- EARE: P mENNNEHTEE, FE—NMEREE
- RENIBINE RIS
— VSIW—IESBESMEE
- BEMAERESHTE SR/ FEEMZ
- BRI h R #ERS 2R X RS
—  EHExRD
- EEVEBINEFSE
- MEESHITNGT
—~ FJ;J:%*M!FEEIWEE -k &ER
- MEEPHEEE-Z "B SE-BFEETKkE

. Ualﬂmlﬁﬁﬁ
— MEESiHEMITAIE: Convey, Chimes, Start-up time
- Eﬂ'ﬂ?aﬁ‘ R N1/2 NV

- SR EEEHL
- HEREROR

- FHIT
- ﬁ% BRAEpE
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