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3.
4:

Vector Execution Time

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

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

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

m convoys take m chimes,

— WRBNEZEIKESIn, BBAm A convoys FRTEERRIBIEIEm 7 chimes

— BN chimefTEEBHIRTIBIEn T clocks, 1ZFE AT EERRYE AT IEI AL

m x n clock cycles (BREEIMTHH; SRERKERIKIIXMILUESERN)

: 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
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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
RIX [X | X |W |
Dead|Time
RIX [X | X |W
. Dead Time , RIX IXIx |w Second Vector Instruction

R|IX |X
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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
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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?
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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
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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)

5/23/2021 xhzhou@USTC 9



Loop:

5/23/2021

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
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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
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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
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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
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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)
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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

5/23/2021

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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= 6E Data-Level Parallelism in Vector,

SIMD, and GPU Architectures

6. 1 FJESLIE?MELE
HERFFITAIHFREN
@1%¥UMW*
A ERERLEN
A EAIERERY
EZIS’—H S A
LHE&WH:’.

6z1nlﬂﬂmﬁﬂﬁw

6.2-2 RS RARBRISIMDIE SR R
6.3-1 GPU-|

6.3-2 GPU-II
GPUfE/
GPURYRIEIREY
GPURIFRER G
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6.2-1 EELIEHIEE

LR

- FiEzRA1E
- BHERA
+ FHAIT
- TRIRAERE



DAXPY (Y =a x X + Y)

:"_E:I"::;tlﬁ g:ctﬂm XY LD FO,a ;load scalar a
LV V1,Rx ‘load vector X
Scalar vs. Vector MULTS V2,FO,V1 ;vector-scalar mult.
LV V3,Ry ‘load vector Y
ADDV V4V2V3 add
o) FO.a SV Ry, V4 .store the result
ADDI R4,Rx,#512 :last address to load
loop: LD F2, 0(Rx) :load X(i) 578 (2+9%64) vs.
MULTD F2,F8F2  ;a*X(i) 321 (1+5*64) ops (1.8X)
LD  F4,0(Ry) :load Y(i) 578 (2+9%64) vs.
ADDD F4,F2, f4 ;a*X(i) + Y(i) 6 instructions (96X)

SD F4.,0(R -store into Y :
ADDI lﬁﬂi ;gj .? iy t -(?1 to X 64 operation vectors +
r A, Jdncrement inaex 1o no |ﬂﬂp overhead

ADDI RyRy#8 incrementindextoY
SUB R20,R4,Rx ;compute bound
BNZ R20,loop ;checkif done

also 64X fewer pipeline
hazards
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Vector Stride

- RIGLEIRFEBITTEEF R R AIREEFE, FIa0

do 10 1 = 1,100
do 10 § = 1,100
A(i,j) = 0.0
do 10 k = 1,100
10 A(i,j) = A(1,]J)+B(1,k)*C(k,])
- B @k C AIMXInIIASESE (tHS800 bytes)
« stride: AMEPEIBITERINIER

=> LVWS (load vector with stride) instruction

« Strides => £S¥iFHzE
(e.g., stride = 32 and 16 banks)
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Memory operations

Load/store {#{ER AT S EFEFIFMEEE 2 BB Eh &R
=X

— Unit stride (BBZEIX)

* Fastest
LV V1,Rl1 //VI=M]|RI1..R1+63] load, stride=1
— Non-unit (constant) stride (FBEIZEI)
LVWS V1,R1,R2//V1=M|R1..R1+63*R2] load, stride=R2
— Indexed (gather-scatter) (JBJ#2SHIE)
LVI V1,R1,V2 //V1=M|R1+V2i,i=0..63] indir.("gather")

. SN TEERAESHAR
- SRHHEE
- FTF RIS
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Memory Banking

- MYFHREARIN: BSMAERVAEREE (Bank) 13pFi#zaEHN.
AIMNZIGIEEFES, SEHEEESHENIEEL (minimize pin cost)

- BABRHELAIRFSER—MbankRdiGE
- RN BEA R banka] LAFHTHAIT

Bank Bank Bank Bank

0 1 2 15

MDR| | MAR MDER| | MAR MDR| | MAR MDR| | MAR
Data bus

Address bus

CPU
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Interleaved Vector Memory System

* Cray-1, 16 banks, 4 cycle bank busy time, 12 cycle latency
— Bank busy time: Time before bank ready to accept next request
— If stride = 1 & consecutive elements interleaved across banks & number of banks >=
bank latency, then can sustain 1 element/cycle throughput

Base  Stride

Address —Q 14 <+

Generator

Vector Registers

M~

012 3/4/5/]6|/7/8/9/ AIB/[C|DE|F

Memory Banks
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Example(AppF F-15) Suppose we want to fetch a
vector of 64 elements (DW) starting at byte
address 136,and a memory access takes 6 clocks.
How many memory banks must we have to support
one fetch per clock cycle? With what addresses are
the banks accessed? When will the various
elements arrive at the CPU?

5/23/2021 xhzhou@USTC 24



5/23/2021

Bank

Cycle no. L] 1 2 3 .| 5 [ 7
0 136
1 busy 144
2 busy busy 152
3 busy busy busy 160
4 busy busy busy busy 168
5 busy busy busy busy busy 176
& busy busy busy busy busy 184
T 192 busy busy busy busy busy
B busy 2040 busy busy busy busy
O busy busy 2008 busy busy busy
10 busy busy busy 216 busy busy
11 busy busy busy busy 224 busy
12 busy busy busy busy busy 232
13 busy busy busy busy busy 240
14 busy busy busy busy busy 248
15 256 busy busy busy busy busy
16 busy 264 busy busy busy busy

Figure F.7 Memory addresses (in bytes) by bank number and time slot at which
access begins. Each memory bank latches the element address at the start of an access
and is then busy for 6 clock cycles before returning a value to the CPU. Note that the
CPU cannot keep all eight banks busy all the time because it is limited to supplying one
new address and receiving one data item each cycle.

xhzhou@USTC
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BRI

o BRTECray-1_L{EFE

LV vl\ Vi
MULV v3,vl,6v2
ADDV v5,\4v3, v4
Load
Unit
Memory

5/23/2021

V2

hzhou@USTC
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L

o IRRHEERON, WAk

5 — SRS HIRE— TR,

JREE F—S&IEXRIES

Time—

« XEEERA, BI—FESHE— I EREFRGE, BMALUS

o] F—5EXIETHIRIT

Load
Mul

Add
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- SFEMASHESUESNITHHERA)

— flg0: B[R 32 1N TE, 8 lanes (FEIE)

Load Unit Multiply Unit Add Unit

load

Itime
load

Instruction
issue

Complete 24 operations/cycle while issuing 1 short instruction/cycle
5/23/2021 xhzhou@USTC 28



Vector Opt #2: Conditional Execution

e Suppose:
do 100 i =1, 64
if (A(i) .ne. 0) then
A(i) = A(i) - B(i)
endif
100 continue
« vector-mask control (§ B{<EAMVLBH/RAEEE
HIRNEESHNT
« Fvector-mask register (Egeld, MEBSIRIENII
vector-mask registerf 3pif 791499 =k{ERB
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Masked Vector Instructions

Simple Implementation Density-Time Implementation
— execute all N operations, turn off result — scan mask vector and only execute
writeback according to mask elements with non-zero masks
M[7]=1 A[7] B[7] M[7]=1
M[6]=0 A[6] B[6] M[6]=0 \ A[7] B[7]
M[5]=1 A[5] B[5] M[5]=1\ j |
M[4]=1 A[4] B[4] M[4]=1 B
M[3]=0 A[3] B[3] M[3]=0 —clxy
P | M[2]=0 | Cr4]

n M[1]=1 i B
M[2]=0 |{C[2] M[0]=0 \
M[1]=1 |Jc[1] V C[1]

- Write data port

M[0]=0 C[0]
Write Enable  Write data port

5/23/2021 xhzhou@USTC 30



LV V1,Ra : load vector A into V1

LV V2,Rb : load vector B

L.D FO,#0 : load FP zero into FO
SNEVS.D V1,FO sets VM(i) to 1 if V1(i)!=F0
SUBV.D V1,v1,v2 :subtract under vector mask
CcVvM :set the vector mask to all 1s
SV Ra, V1 :store the result in A

- {Fvector-maskZH{FeaBTRbE

— BRI, FEANRERNREESNPATERZREATE
- HEEE RS RARNEER TEHIR BirsFes
HSEE, BIRERBRARE.
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Vector Opt #3: Sparse Matrices

« Suppose:
do 100 i = 1,n
100 A(K(1)) = A(K(1)) + C(M(1))
gather (LvI) operation {Ef/ndex vector Htg

| OIS INEALRIEAY => a nonsparse

vector in a vector register

o« XEFTEIIZBENLIVIEERRE, B{ERRER
index vectorZ i EIHERiEMERINI R B

- XEHMERIFRIAIBETT AR, FRRE: RiFss
FoiBTRAIK (1) LAREEREIEHEX

- HCcVIIEBZE K (index 0, 1xm, 2xm, ...,
63xm)
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Sparse Matrix Example

« Cache (1993) vs. Vector (1988)
IBM RS6000 Cray YMP

Clock 72 MHz 167 MHz

Cache 256 KB 0.25 KB

Linpack 140 MFLOPS 160 (1.1)

Sparse Matrix 17 MFLOPS 125 (7.3)
(Cholesky Blocked )

« Cache: 1 address per cache block (32B to 64B)
« Vector: 1 address per element (4B)
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for (1=0; i < N; i++)
C[i] = A[i] + B[i];

Scalar Sequential Code ,
Vectorized Code

lter. 1

llllllll

IIIIIII

Vector Instruction

o BN ISR R &
B TABIEIMEE DT

xhzhou@USTC 34
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- EELEBINESHEE
- EABE: BPRENNNsEHTEE, FE—IEREE
- EELEINESIFE
— VSIW-—RKIESB IS NEME
- BEMEESHTE SR FEEEZ
- LIBRE R NEERS-S AR X FHER R
—  FEdlEx>
- EELEBINERSE
- MEESHITNT
- REEEBHINITHEIN-RKERR
- REEPHEEE-Z B GHiE-SREHHRKE
- EELIEINTERE TG
- MSEIESHEMITENE: Convey, Chimes, Start-up time
— Hftgts: R,, N, Ny
- EELCIBINTEREUL
—  SEEERON
- FMHHT
— TRERAERE
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Vector/SIMD Processing Summary

» Vector/SIMD {23 SiZiRElRR 1T
— FEEFRERAFER T AERIEGET=
- RIERNITRIE/ERZ, OTERUEEMHEE, @
Bt
- EEERVIEA ZIRFEMREN
— in2ERERS 7 R E11HY4EEE
— Amdahl’s Law
- (RZISABSESIMDIREIES
— Intel MMX/SSEn/AV X, PowerPC AltiVec, ARM
Advanced SIMD
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Array vs. Vector Processors

Array processor: XFRAFHTLIEN. SIMDAEEE, HiZUOE— 1 HS MRS
ToiaRRRYEESY, FRER—RYIEFIER I RIEHI S AN B R TR = BRI R HITHRNEE

FIHRIE.

Instruction Stream

LD VR € A[3:0]
ADD VR € VR, 1
MUL VR € VR, 2
ST A[3:0] € VR

5/23/2021

ARRAY PROCESSOR VECTOR PROCESSOR

Same op @ same time

Different ops @ time

LDo| LD1 [LD2 D3]  LDO
N
ADO| AD1 |AD2 AD3 LD1 | ADO
MUO| MU1 IMU2 MU3 LD2 | AD1 (MUO
STO | ST1 |ST2 ST3 [LDS AD2 |MU1 STO]
—
Different ops @ same space AD3 |MUZ ST1
v MU3 ST2
Time Same op @ space ST3

g
37

> <——=Space

<——Space

xhzhou@USTC



Instruction
Execution
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SIMD Array Processing vs. VLIW

» Array processor: EMEEIEBES I ARERNEETTEL

Progra
ounter

VLEN =4

add VR[O],VR[0],1 add VR[1],VR[1],1 add VR[2],VR[2],1 add VR[3],VR[3],1

Instruction

Execution
PE PE PE
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0.2-2 SIMD¥ &
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Multimedia Extensions (aka SIMD extensions)

. EOAISARFII— LR B KERENRBIREES
- 5881 64-bit BFRIFHH 2x32b or 4x16b or

8x8b

— 19578, Lincoln Labs TX-2 #536bit datapath 593 /92x18b or
4x9b
- IR EERENS 7S
e 128b for PowerPC Altivec, Intel SSE2/3/4
* 256Db for Intel AVX (Advanced Vector Extensions)

- PRISSTISI SRR TERETEINEF

5/23/2021 xhzhou@USTC 41



2))Multimedia Extensions (aka SIMD extensions)

64b

32b 32b

16b 16b 16b 16b

8b 8b 8b 8b 8b 8b 8b 8b
16b 16b . 16b . 16b .

16;0\ ] 168\ 168\ 168\

ey > SR o S > SN o)

16b 16b 16b 16b

5/23/2021 xhzhou@USTC 42



- idea: —FIESIMERIMEAFTARANEIE

- 2[55I E
- T2 GRNMR(E

63 8 7 0
 No VLEN register
(6; ... . * Opcode determines data type:
— 8 8-bit bytes
®) - 4 16-bit words
63 | 5o 33 3 — 2 32-bit doublewords
— 1 64-bit quadword
© | « Stride always equal to 1.
63 | 0

(d)

Figure 1. MMX technology data types: packed byte (a),
packed word (b), packed doubleword (c), and quadword (d).
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Figure 8. Chroma keying: image overlay using a background color.

PCMPEQB MM1, MM3

MM 1

Blue

B!ue'

Blue

Blue

Blue

Blue

Blue

Blue

MM3

X7!=blue

X6!=blue

X5=blue

X4=blue

X3!=blue

X21=blue

X1=blue

X0=blue

MM1

0x0000

0x0000

OXFFFF

OXFFFF

0x0000

0x0000

OXFFFF

OxFFFF

Bitmask

Figure 9. Generating the selection bit mask.

5/23/2021
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) MMX Example: Image Overlaying (Il)

PAND MM4, MM1 PANDN MM1, MM3

Mva[ Y, | Yo | Yo | Yo Yo [ Y, | Y, [ Y, | MM1][0x0000]0x0000]0xFFFF |0xFFFF [0>0000]0x0000 [0xFFFF J0xFFFF]

MM1 [00000]0x0000]0xFFFF[O<FFFF [0<0000[0x0000[OxFFFFJOXFFFF] MM3[_ X7 [ X | X5 | X4 [ Xg [ % [ X | X |
MM4 [0<0000]0x0000] Vs | Y. [oxo000[0x0000] Yy | Yo [MM1[ X, | X [0x0000[0>0000] X; | X, [0x0000[0x000(]

Mval X [ X | Yo ] Yal X ] %[ Yif Yol

Figure 10. Using the mask with logical MMX instructions to perform a conditional select.
Movg- B “mm3, memt /" Load _éi‘ght pixels from.
‘Movg  mm4,mem2 /" Load eight pixels from the
o ~blossomimage
~Pcmpegb. mm1, mm3- ' R

Pand  mm4, mmi
Pandn  mmi, mm3

Por - mmd4, mmt -

Figure 11. MMX code sequence for performing a condi-
tional select.
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Multimedia Extensions versus Vectors

- ZIRAVES
—- TREKE T il
— Load/store}®{EF; =2 f'l:t—_.-iﬂ:ﬂ:l scatter/gather}S2{’E
— loads ¥E{EWJ64/128-bit IARXTF

- ZRNRESFEFRKE:
- EEEirE &SRS multiply/add/load ZRHFIT
— B eI EFREEIRIEIN T S FEEE £
o« ERIAbIEEE 1§1+F|='I"Jér“.lgﬂ,7i§
— Eﬁ?‘iﬂzﬁhﬂ EXI3F & =281515)

— XFERUBEZE REUE(E (64-bit floating-point)

— Intel AVX spec (announced April 2008), 256b vector
registers (expandable up to 1024b)
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Summary

- [AEHNAVEFHHEESIHE

— FHESSHA . HTTFMEIR, 2R X A

— Stride : ETEZK (1 or B2Y) , IEEEL IS (index)
- EFESHNERRIMNG

— RN

- BEET

— TR AEPERYIRE
- SR RBIES

- I ERIE<S B/

- FESFSEKERE
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- IBSH/AT(ILP)
- T TE MESTRPRYENFIRKAIFES (pipelining,
superscalar, VLIW)

- BURHF1T(DLP)
- LIFHTAZHTES MERIZEELATEE (vector/SIMD execution)
— Array Processor . Vector Processor

+ HIERFT (TLP)

— T AT ANIRIZIAVIES IR (multithreading, multiple cores)

« Which is easiest to program?

* Which is most flexible form of parallelism?
— 1.e., can be used in more situations

* Which is most efficient?
— 1.e., greatest tasks/second/area, lowest energy/task
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