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= 6E Data-Level Parallelism in Vector,

SIMD, and GPU Architectures
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DAXPY (Y =a x X + Y)

;'Eeslté?]]éi‘[? ;Eﬂﬂm 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 :E) .? i t .ﬁ; to X 64 operation vectors +
r WA, Jncrement inaex 1o no Iﬂﬂﬂ overhead

ADDI Ry Ry#8 :incrementindextoY
SUB R20,R4,Rx ;compute bound
BNZ R20,loop :check if done

also 64X fewer pipeline
hazards

4/26/2020 FRERI S AR AR 5



- 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 I#{ERLAMESHFEf1FERS 2 ATZth &R
=#INHHR
— Unit stride (BB251<)

* Fastest

LV V1,Rl1 //V1=M|[R1..R1+63] load, stride=1
— Non-unit (constant) stride (BBZ{1<)

LVWS V1,R1,R2 //V1=M[R1..R1+63*R2] load, stride=R2
— Indexed (gather-scatter) (JE[#ZS1E)

LVI V1,R1,V2 //V1=M[R1+V2i,i=0..63] indir.("gather")

. ENTFEFREETIR
. SRBENEN
- BFEELEFES S
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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 MDERE| | MAR MDR| | MAR MDR| | MAR
Data bus

Address bus

CPU
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* 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 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?
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Bank

Cycle no. i ] 1 2 3 o 5 [ 7
0 136
| busy 144
2 busy busy 152
3 busy busy busy T
4 busy busy busy busy 168
3 busy busy busy busy busy 176
6 busy busy busy busy busy 184
T 192 busy busy busy busy barsy
b busy 200 busy buswy buswy busy
Cy 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 buswy busy
16 busy 264 busy busy busy barsy

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 CPLU. Note that the
CPU cannot keep all eight banks busy all the time because it is limited to supplving one
new address and receiving one data item each cycle.
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BRI

o BRTECray-1_L{EFE

LV vl\ Vi
MULV v3,vl,6v2
ADDV v5,\4v3, v4
Load
Unit
Memory
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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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- SRMASESUTESNITHEERA)
— f5a0: B1ME= 32 1T, 8lanes (FEIE)
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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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
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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,Vv2 :subtract under vector mask
CVvM :set the vector mask to all 1s
SV Ra, V1 :store the result in A

- {Fvector-maskZH{FeaBTRbE

— B QEEJUHT, FEARENREE AT EZENTE

- BRI E TR ER TIET R BinEFes
HYSR{E, _J‘ﬁ“é%ﬁﬁﬁ%ﬁﬁo
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Vector Opt #3: Sparse Matrices

« Suppose:
do 100 1 = 1,n

100 A(K(i)) = A(K(1)) + Cc(M(1))

- gather (LVI) o tperatlon (8@ index vector 4§
Hjﬂflﬁif?rﬁbﬂg IE3RiEEEN = > a nonsparse

vector in a vector register

o« XEFTEIIZBENLIVIEERRE, B{ERRER
index vectorfF g RIiGIRIEMERINT N 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 (i=0; i < N; i++)

C[i] = A[1] + B[1];

Scalar Sequential Code ,
Vectorized Code

Iter. 1
Iter. 2 .
Vector Instruction
S . 5 RIEVRIEEREHENIRFEERF~> &
BRI T KE=NEIMEX DT
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Vector/SIMD Processing Summary

» Vector/SIMD #25& SiZHREHRRFH1T
— EFISERH ERRTAREREUETE=
- AERTTERIEMY, OJBUESERE, Bt
it
- [EEERYIEA SR FBRIREW
— 2R ER T T RZEYERE
— Amdahl’s Law
- RZISAEZSIMDIFMFIES
— Intel MMX/SSEn/AVX, 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.

ARRAY PROCESSOR VECTOR PROCESSOR
liHI\IHHI\lHH% |HHH ‘IIHI\HiHH IHII\IHII\
Instruction Stream Same op @ same time
Different ops @ time
LD VR € A[3:0] Lpo| LDt [LD2 Lp3]  LDO =@
ADD VR €« VR, 1
MUL VR € VR 2 ADO| AD1 |AD2 AD3 LD1 | ADO
ST A[3:0] € VR MUO| MU1 IMU2 MU3 LD2 | AD1 (MUO
STO | ST1 |ST2 ST3 [LDS AD2 |MU1 STC}]
Different ops @ same space AD3 JMU2 ST1
v MU3 ST2
Time Same op @ space ST3

g

<—05pace > <—=Space
4/26/2020 FERFERAKRE 23



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 siMDI R
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Multimedia Extensions (aka SIMD extensions)

- EEBISAHRINI—4mERKERENNSIEERES
- 1FEE8/ 64-bit FFEHF7 /3 2x32b or 4x16b or
8x8b

— 19574, Lincoln Labs TX-2 $336bit datapath x93 /92x18b
or 4x9b

- NIt BRI S 7
» 128b for PowerPC Altivec, Intel SSE2/3/4
» 256D for Intel AVX (Advanced Vector Extensions)

- PRISSTISI SRR TERETEINEF
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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;o\ ] 168\ 168\ 168\

S SN o SN > SR 5

16b 16b 16b 16b
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- 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 | B ; — 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=blua

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.
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2)MMX Example: Image Overlaying (Il)

PAND MM4, MM1 . PANDN MM1, MM3

Mval Y, | Yo | Yo | Yo Yo [ Yo | Y, [ Y, | MM1[0x0000]0x0000]0xFFFF |0xFFFF 05000000000 [0xFFFF J0xFFFF]

MM1 [00000]0x0000]0xFFFF[O<FFFF [0<0000[0x0000[OxFFFFJOXFFFF] MM3[_ X7 [ X | X5 | X4 [ Xs [ % [ X | X |
M4 [0<0000]0x0000] Y5 | Y. [oxo000[0x0000] Yy | Yo [MM1[ X, | X [0x00000>0000] X; | X, [0x0000[0x000(]

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

Figure 10. Using the mask with logical MMX instructions to perform a conditional select.
Movg s -mm3, memt /" Load _éi‘ght pixels from.
‘Movg.  mm4, mem2 - /" Load eight pixels from the
it ~_ blossomimage
Pempegb 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¥ETc BBESHIERN scatter/gatherf{E
— loads ¥2{EW4/T64/128-bit IIRITIFT

- ZIRIMNSFFRKE:

- EEEIRE AR multiply/add/load BREIT
— B ESREFREIERENN T SFEEEE
iR 18ES 1&11'##]2[‘.@1&&‘&

— B RS RS ST RE RS A1E]

— WFEIGEE I F R EUER(E (64-bit floating-point)

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

4/26/2020 FERFERAKRE 32



Summary

- AENNAIFiEETEIE

— FESSHA . MV FEIAR. 2RI X G0

— Stride : BB (1 or B30 , IFEIELIE (index)
- BEFmSHRERINR

— SERERON

- BERMENIT

— TR AEPFRYIRIE
- SR BIES

- ¥ RaYe SRR D

- MEFFSEKERSE
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+ ESHHI(ILP)
— LIFHTATHUTR MESTRPIVHEY TTRKAYES (pipelining,

superscalar, VLIW)

* ﬁ ng&#?i'(DLP)
— DIFHTHRRI TS MERIZERERTRLNE (vector/SIMD execution)
— Array Processor . Vector Processor

.« ZIERFHT (TLP)

— UFITARBITESANIRIZIAVIE SR (multithreading, multiple cores)

« Which is easiest to program?

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

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