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= 6E Data-Level Parallelism in Vector,

SIMD, and GPU Architectures
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SIMD Z5taRYFHSE

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

« For x86 processors:
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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 chup for MIMD will be added every two years and the
number of operations for SIMD will double every four years.
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toiE: Supercomputers

« SupercomputerfJiEN:
- T eSS HR LR R =8
— (HEMN RIS 3F =TI 28
- ITHEBEIIARISH A {ZRAITES

- HSeymour CrayiZitaItzs

- CDC6600 (Cray, 1964) #BIAIRE—R
TR

» CDC Cray-1: A AEE—aRIEBAY
m={l 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)

xhzhou@USTC 11



IBM Memo on CDC6600

Thomas Watson Jr., IBM CEO, August
1963:

“Last week, Control Data ... announced the 6600
system. I 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, I 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.”

5/20/2021 xhzhou@USTC 12



Supercomputer Applications
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« 70-80£E{{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

HARE: ATRENNNsE#HTEE, FE— 1M ERRE,
REBEN—RKAEESEE TS MEIE=> fewer instruction
fetches

S—ERM7FamEANEE

- KK, fmiFssRIbBR(EEgaEaxt

— BHNERNRZEEIE SRR E

— REHIRT R

REESLAEHEN GREFEES

— AIBRRIEZHRRZ X FiEssaIE

— B EERFESSHRERER - (Fli0: —MEEEE 64N TR)

— AEEHIECache! ((XfEFIES cache)

Ik &EiEsdRiEL 7 iEIfRX
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A = R E AR

* memory-memory vector processors: Fﬁ' E Eg ﬁ%

FERFiasREITFiEsS

* vector-register processors: B% 7 load FllstorelsE
{ESr, BN EERESFRSRESE
ZlEIRYR(F
— [AIENBILoad/Store 54

— 1980 F USRI B HIMEANET BB R X FRLE:
Cray, Convex, Fujitsu, Hitachi, NEC

- BB EEFRIXMEN
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Vector Memory-Memory versus

Vector Register Machines

- FiERE- iR R EREE SR RN ERR R T =hEER

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

« Cray-1 (' 76) 2F—a5F=RRSEN
Vector Memory-Memory Code
Example Source Code

for (i=0; i<N; i++)
{
C[i] = A[i] + BI[i];
D[i] = A[1i] - B[1i];
) LV V1, A
LV V2, B
ADDV V3, V1, V2
Sv v3, C
SUBV V4, V1, V2

SV V4, D
5/20/2021 xhzhou@USTC 18

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

Vector Register Code



Vector Memory-Memory vs.

Vector Register Machines

- Fifse-FiEzREREN (VMMA) SEESHEFHESRTR

— All operands must be read in and out of memory

« VMMAZIB{ES SN HSIRMEESNITRE
— Must check dependencies on memory addresses
+ VMMARZRIEER
- %DC Star-100 fEMEITER/INT1008S, FENBRIMESTREN
¥t

- CDC Cray-1j3%ea9#182 (Cyber-205, ETA-10) &2 =51=F
Ba e
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Vector Supercomputers

 Cray-1B9ZZH (1976)
« Scalar Unit: Load/Store Architecture

» Vector Extension
— Vector Registers
— Vector Instructions
+ Implementation
— B fhzRIZ e
— SO I REER A
— ZRRXNIAHER G
— J5Data Cache
— ANS2#3F Virtual Memory
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&) Vector Instruction Set Advantages

. ’F“C%‘:E

FIESEEINTERE

5 Eaﬁ?ﬁ e SEEEFIEY:

- NPRAEZ BT

— (SEFREFAIThEEEDY

— BRI BRI S Far

- SHIERERELABRIRI GRS TS

— Fa1fFEESPANEZLR (unit-stride load/store)
— LAEXIRIRIUE |':_'.]7_ fi&28 (strided load/store)

- AN RRIERF
— A LAEZD EllJouJ(QEJ:l:?i' FERYES (lanes)
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Vector Instructions

ADDV
ADDSV
MULTV
MULSV
LV
LVWS
LVI
CeqV
MOV
MOV

5/20/2021

Instr.
V1,V2,V3
V1,F0,V2
V1,v2,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=F0OxV2
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

xhzhou@USTC

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

- E/PNEROF—MBimA (—R&ED16eMNMEmRa, M Sima)

— HAIRFR-32 MEF7E, BN 55T 643 12816475

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

clockiFEI—1 FhRYIRIE

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

- Vector Load-Store Units (LSUs): £iFikiitBload T}
store— M EIE, AJSESEIEZMLSUSME

* Scalar registers. FEEN TEBTFIrENENFhEiEhE

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

5/20/2021 xhzhou@USTC 23



Man memory

Vecolor FF add subtract .—l‘
laad store

FF muliply .——

FP dwde .——

Imeper .——

Vedor
reqesters

11

Soalkar
reqisters
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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

5/20/2021 xhzhou@USTC

_—

V3 <-vl *v2
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Vector Unit Structure

Vector
Registers

Lane

5/20/2021

Functional Unit

1 N 1 B 1 B 1 B
SIS T | T |
o o o o
~ Elements 0, 4, 8, ] Elements 1,5, 9, Elements 2, 6, 10, Elements 3, 7, 11,|...

R fly R

I 0 J¢ 10 J¢

A 4 A 4 v

fly 4

SRS

Memory Subsystem

xhzhou@USTC
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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]

5/20/2021 xhzhou@USTC 27



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

5/20/2021 xhzhou@USTC 28



Vector register
elements striped
over lanes

Lane

Bl 24 25326§[27§281§[29 30'31
= W16J17][18][19][20] [21] 22] 23

& 0[8] [9] [10][11][12] [13][14] 15]
[Oh[llﬁ[zhl[Blm[4]iﬂ. [5 ) [6] 718

,-¢
* i
— -, LIS

i'I'.-|'-l“ll:w

i

E
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+ SFRASEIVESNIT(HHERA)

— flEn: 81 HE 32 1N JTER, 8lanes (FiE)

Load Unit Multiply Unit Add Unit

load

Itime
load

Instruction
issue >
Complete 24 operations/cycle while issuing 1 short instruction/cycle

5/20/2021 xhzhou@USTC 30
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SEEHT P

5/20/2021 xhzhou@USTC 31




3:
4-

Vector Execution Time

Time = f(vector length, data dependencies, struct. hazards)
Initiation rate: YIBEEMA4HFEMETTRAYESR

Convoy: aJ{Z[E—RHhEEIFIRHMITAYIESERS (no structural or
data hazards)

Chime: ii37—1 convo)Fife ZRIXRERYE (approx. time)

m convoys take m chimes;

— WMRBNREREIn, BBAm N convoys FeZRRIBSIEIEm T chimes

— BN chimeFREBRHIRTIB) R 7T clocks, 1ZFEFRTEERYR IS AL

m x n clock cycles (BBEEIMTHH; AREKERIKIXMILIESIERT)

: LV RXx :load vector X

— 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

5/20/2021 xhzhou@USTC 32



Vector Startup

- REREIINEBAEERSTIR
— TDHREEMAERT: — MEEEIIINEEERHFRYATIE
~ S UEFEIEIRERTE (dead time or recovery time ) : BT F—ARMIEISSH
|E]PRHATIE]
Functional Unit Latency

< »
< >

A

RIX [ X | X |W
RIX [X | X |W First Vector|lnstruction

R|X |X

<
=

. Dead Time R R |X | X Second Vector Instruction

5/20/2021 xh%oql@%s Tg

<
=

<
=
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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

5/20/2021 xhzhou@USTC 34



Vector Length

- MEENKEARR4NY (RiZREFFEH
KEZ64) B4L7?
+ vector-length register (VLR) EFH4SEM
SRENKE, @}Engﬂﬁload/store (574
— X ERNRENKEARE > MESFEAY
KE) fian:
do10 i=1,n
10 Y(@) =a*X(@() + Y(I)
nBERBEETHA S
n > Max. Vector Length (MVL)EA73?

xhzhou@USTC



Strip Mining (93E&FFR)

- {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 cee ces wMVL
Range of i 1.m (m+ 1) (m + im+2" (n— MVL
m+MVL MVL+1) MVL +1) +1.m
L2t Lm+ 3t
MVL MVL

5/20/2021 xhzhou@USTC
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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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Loop:

5/20/2021

ADDI R2,R0,#1600

ADD R2,R2,Ra
ADDI R1,R0,#8
MOVI2S VLR,R1
ADDI R1,R0,#64
ADDI R3,R0,#64
LV V1,Rb
MULSV V2,V1,Fs
SV Ra,VvV2

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

;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

xhzhou@USTC 38
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T =

|V ik -‘x {Tlmp + Tstu.rt} +hax Tchimc

MVL
4}-:{15+T“M:]+2[ﬂ:a: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

xhzhou@USTC
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Clock

cycles Total ime
pear alament
Total
avarhaad

o L 1 L I I 1 L 1 L prar alemant
10 30 50 Fil] 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 T + Toarre

xhzhou@USTC
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Common Vector Metrics

* R HEERKENLTHSANNBER/KERKE
BE. BETFMNMIEESEEERER, Bi/aMFLOPS
— SRR ZREREASTTIH K, start-upBIFFHEHIER
Era KRy
— R, FREEKEInIHRERKEIIMERE
« N,z iZZIRe —¥RYEMZENRERE, ST N
Sim/K&start-up BIEIXSTEEERISZT,
- Ny: FERKEAANIIEEERFIFEETHN
T{ERFrERNRSEKEIGR{E.
— }i%;é%ﬁ%%%@ﬁﬁilﬂ tEERE. FERELX
MEBEAYSZR
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Example Vector Machines

Cray 1 1976 8

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

5/20/2021 xhzhou@USTC 42



8-Way Vector Mask Req. |+  Mask * 65nm CMOS technology
Unit : i :
& *F_E L] e Vector unit (3.2 GHz)
piie — 8 foreground VRegs + 64
( Lg?gr: ' Vector Reg. :E background VRegs (256x64-bit
I clements/VReg)
-+
P — 64-bit functional units: 2 multiply,
4 2 add, 1 divide/sqrt, 1 logical, 1
' mask unit
> BRI T — 8 lanes (32+ FLOPS/cycle, 100+
Cache || Scalar Reg. |« T anes ( cycle,
Scalar LIE A0, D GFLOPS peak per CPU)
St — 1 load or store unit (8 x 8-byte
accesses/cycle)
e Memory system provides 256GB/s DRAM bandwidth per CPU * Scalar unit (1.6 GHz)

e Up to 16 CPUs and up to 1TB DRAM form shared-memory —4-way superscalar with out-of-
node order and speculative execution
— total of 4TB/s bandwidth to shared DRAM memory — 64KB I-cache and 64KB data

e Up to 512 nodes connected via 128GB/s network links cache

(message passing between nodes)
5/20/2021 xhzhou@USTC 43



Vector Linpack Performance (MFLOPS)

Matrix Inverse (gaussian elimination)

Clock(Mh 100x100 | 1kx1k | Peak(Procs)

Cray 1
Cray XMP
Cray YMP
Cray C-90
Cray T-90
Conv. C-1
Conv. C-4
Fuj. VP200
NEC SX/2
NEC SX/3

5/20/2021

1976
1983
1988
1991
1996
1984
1994
1982
1984
1995

120
166
240
455
10
136
133
166
400

121
150
387
705
3
160
18
43
368

xhzhou@USTC

218
307
902
1603
2531
422
885
27757

160(1)
940(4)
2,667(8)
15,238(16)
57,600(32)
20(1)
3,240(4)
533(1)
1,300(1)
25,600(4)
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Summary: ESPREAE
FELEBNEFRTS

- EXBRE: MM EENNNSEHTEE, FE—ERAE
A= EFIFIE

—- VSIW-—XIBSB 22 MEE

- BRAERSAME SRRIFREMN

- LABRMRZVIL 0 iEes- SR X IFE RS

- f=hlERD

[AELIEHNERSGE

- RAEERSHITRIT

- RESEEERHEHIRITHI-RKEG I

- RSEMHEE-Z "’iE" EHE-ZFRIBEHERIKE
[DEL IR IEEEITS

- MEESRMTEIE: Convey, Chimes, Start-up time

— Hfthigtr: R, N1/2 » Ny

- AELENERERE
- fEERA
- ST

— TRAERE
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