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SHE A
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RN A 75 LR A ?
o BRNARLUL I

B — %€ HIZR L A FR

RRA—ERT BB R
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RER, ARARIENR

o T EBORR AT IE B BOHEAE FF AT KR 8]




B RAERET T

o RAVTEEFEHWITITIEFIERE, AT 704
ST BEAT 9. AU LAY P BE
X R 35 R
2P PR = CPUMERES
Pipeline, cache & K&
BATLIN T BN FERF BPATEES DIt 27 R4 RRE

R

HATH 8] 22
total execution time

o
~

pipeline g

I —A~2 Rt

cache

L




BIEHRZ v.s %ﬁ%ﬁ%‘:ﬂ
e -

20pJ) Rd/Wr

256-bit access
8kB SRAM
Oft-chip
256-bit Access
Buses

nm
THERG T E K ER A (e AR T IE), SRR 2 A A (PR T 5 Ry 4
PE) RN ARG (= ARG FRNCR), ZMOTARIFHEILR CRETATEENED

1Gb 2GHz Embedded DRAM in 22nm Tri-Gate (Intel 2014 ISSCC)

Source from Professor Bill Dally (Chief scientist of Nvidia)



i 7€ R P 11 e ) TR e
o FEFFHAT I 1A] B A A\ BUE R T e 3e, RION:
ANTR] IR P] 3 BOFE P e £ A [7] Y B A2
TEA AT IR EAR

ANFEIRI 5 X PAT AEE R ERIE R SR

=R A AT R 4 T )\

$5 2 F AT BB [8] 5 A Ge AN [

V- i TR B4 A ARk

SINEIEF L (data-dependent) , B|FRFKLRE A
AR TE A IRE IR HL




pEEIN

o FAHCPUf; HAEHIE

HEE A UEERFHATRE, 7 ECPURY

B

Y

P ERIR S AT AL

HER, F

N

b
B!

FIE100% 5087 HAFE

o F|FHCPU L £k L1 E if #ftimer
Z], HANREFPK R T e 4856 K

HIBUERFR
o MAHCPUSIM 2R LB B4

WRLT BefE B 4 EF=AE AR 75

i 8 sh A0/
W EREKE 2R T & E

L1/ OBURAC SR X

ST

AT

=1k

gl

AR RS SR X 3 ARAS

T AT A G X R




ey m A A B 1D

o I ATHT 8] (average-case execution time)
AT B DA\ H 3 1Y SR B AT B[]

o HIAPUATHY [Bl(Worst-case execution time)
B K PAT BT TR0 B BREE SR RS R E 2

o J%I AT HY [8] (best-case execution time)

1E55 B B ] g3 B R P 1T AR NS
RGITN

Nt T 2R RS R EE




EFHERERNER s

o FERFIHAT Y [B) 7] LLE i
o PITINIAIS RBFFERIE + 15 7RI
o Jh T fFR EIRWSIA AR AT PASE Bh R4k 20 #r
o ERIE T AU AT CLBESAE FF BIPAT B8 12
o (B, 1RMEE ARG THEFFRBARHAT I ]
o R HIRE PRI e 20 BT AR
o VL ZRmER 3t B Fnflhg
o PATFE




IFE R R AH oK AR

if (@]l b) {/>T1*
if (c)FFT2%
X = r*s+t; [* A17/
else y=r+s; [* A2 */
z =r+s+u; [* A3 */
}
else {
if(c)/*T3*
y=r-t; /" A4 */

O = T Y — Y G . T G o

T1=F, T3=F: no assignments
T1=F, T3=T: A4

T1=T, T2=F: A2, A3

T1=T, T2=T: A1, A3

T1=T, T2=F: A2, A3

T1=T, T2=T: A1, A3

T1=T, T2=F:/A2, A3

T1=T, T2=T: A1, A3



/4 ' /
a1 B B AL
for (i=0) f=0; i<N; i++) T
f=f +c[i] ¥ x[i]; £=0 R AR T

@33 K ZECDFG, T LAHE A 4N\ﬁ‘
=N (EEENULN"

FIEAIHAT T 2% AEF N7 530

R AT 71K, H Dy
WFHAT TN+, RS EERITR '
SR B ERTHT T N £= £+ cli] *fi] | sk

i—i+t1 | EreaEy

10



TR FEHT

o HARE T A HITE 2 #RAE Tt A [l B [8]
ZEEEN-FAETES: LDMXX, STDXX
THE ¥ 2 (Fetches)

o THLHIPAT IS [RI ALY
7K 2% B 91
= IR R AT KIS

o FHAHIPAT I 8] A] REAR S T B E B
i BB RAE R S
For 13 2144 B <5

11



BIER: 2 B eh b B AR TR K £ M e

«/ SPECINT2000 benchmark:
—25% loads
— 10%:stores
— 11% branches
— 2% jumps
— 52% R-type
e Suppose:

— 40% of loads used by next instruction (40%¢2 ¢ycles;60% 1 cycles)
— 25% of branches mispredicted (75% Icycle; 25% 2-cycles)
— All jumps flush next instruction (2 cycles)

* What s the average CPI?
— Load/Branch CPI = 1 when no stalling, 2 when stalling
— CPJ, =1(0.6) +2(04)=1.4

. =1(0.75) +2(0.25) = 1.25




Program with 100 billion instructions:

Bl B: TRAKZRALE

123

Rz

Execution Time = (# instructions) X CPI X T,

= (10072¢) 109){1.15(550 X 10-12)
= 63 seconds

MK LR AL

Rt



U AR B 14 BE 3 pT

o W EREFPITH AR B T EHMEN =,
Wy D SR S D SR M !
o WAZNT] LA e CPU
o WNFUE A ERRASTI Y BELE S
o WAZFANIE TT USRS 3R 1R EE N RE RS N\ B dE 4R |

IIII'~

st

o RETM, MEVIREME RN AP UTHT
8] 5 5 FH 5 1




B A A\ B

5

o |A)i8l: HhEN
fi R 2R

EEENETPANES

(benchmark)

MIBIT RGP IR

ISR A B ZE AT BHA B A A

o MR . FHEMZEE (software Scaffolding) R

R BRI NTE

73

- H 15 2%

2

ST RB ARG, R I —#0 F K H R EETIHOL
M EARE, T5ZEASINHT TN AR .




Benchmark SPEC-2017

SPECE#r#f: 14 fE P A7 (Standard Performance Evaluation
Corporation) KJf&#x. SPECRHIEN H. RALE. K%, B
T BFREZ XA ARRMIEEREHLSR, XNMHLARKEFRRE
v P —EHTIHMETTENL R S AR

R AZ845 -

> Bzip2: EZEHEE;

> Gcece: CHiiEss;

> Hmmer: EXRFFH#R,;

> H264ref: %ﬂiﬁiﬁé{'ﬁ’,

77 A2 -
Bwaves: i f1%;
Gromacs: EWNEIGTFI1%;
Wrf: RSk
Dealll: HRuo#r; 16

>
>
>
>



B IR B I &

o FEFHUT B IIE RN HIE (Trace)

—

o T B BB R 7

o REFRTEZIEE
o HEBUIESF
o B A F AR K
o ¥HTHEZFEDH

tick 5

src 0x08 dst 0x24 packet-size 5
tick 8

src 0x20 dst 0x16 packet-size 3
src'0x03 dst 0x04 packet-size 16
tick 15

src 0x08 dst 0x24.packet-size 5
tick 16

src 0x11 dst O0x06 packet-size 3
src 0x13 dst 0x24 packet-size' 8

17



Bl

PR
o RURM I3, (EREERENT

o TELRIHRE (Infcircuit emulator, ICE) B DL A
Y ER B LR

T sk S 2R B S
T B EE AT DAL




CPUfi K&
® ﬁaﬂ]ﬁﬁg/

—f—a

HIREF I ESS (cycle-accurate

S|mulator) , 0] LA ) $0AT B 75 BB DI B

ﬁ;é

ﬁ;é

JSHECH -

Lon LA TR B ELAY
ITRB AR

L2 T

K& BAFECPU

e Simplescalar,

SimpleScalar simulators can emulate the Alpha, PISA, ARM,
and x86 instruction sets.

HHY, FesXCPUM SRt

N B AART S

/R

a2’

19



[

24f: SimpleScalarfFIR}

int x[N] =48.17, ... }:

int c[N]={1, 2, /..T}; 100
main() { 1,000
inti, k, f ¥/ K

for (k=0; k<COUNT; k++)
for (i=0; i<N; i++)
f += c[i]*X]i];

-
/A

25854
155759
1451840

259
156
145

20



24]: Hornetf) Jr L Hi%

W28 05 5 (1)) ©

n$ darsim output.img --events sample.evt --cycles=1000000

P

Below are ‘the simulation parameters that can be specified (you can also see this information by doing

”darsim #h”):

USAGE: d y U
Options:
—-—cycles arg
—-—packets arg
—=stats—start arqg
--no-stats
—--no-fast-forward
—-—events arg
—--memory-traces arg
——log—file arg
—--vcd-file arg
——ved—-start arg
--vcd-end arg
--verbosity arg
--log-verbosity arg
—-—-random-seed arg
—-—concurrency arg
—-—sync-period arg

0 = every posedge/negedge)
—--tile-mapping arg

read event schedule fro
read memory traces from

end VCD dump at time arg
set console verbosity
set log verbosity

set random seed (default:

sequential, round-robin, random (default: random)
—-—-version show program version and exit
-h [ —--help ] show this help message and exit

use system entropy)
simulator concurrency (default:
synchronize concurrent simulator every arg cycles

specify the tiles-to-threads mapping;

gfle for arg cycles (0 = until drained)
' arg packets arrive
after cycle arg

(0 = until drained)
(default: 0)

75 em is drained
write a log to file arg i 32

write trace in VCD format to fil

start VCD dump at time arg (default:
(default: end o tion

20 7,

(default: +=

automatic)
arg is one of: «

"

http://csg.csail.mit.edu/hornet/



flit ot Sk

flow
flow
flow
flow
flow

all flows counts:

in-network sent flit latencies

flow
flow
flow
flow
flow

00040000 :
00020000k
00030000 :
00040700:
00050700

00010000:
00020000:
00030000:
00040700:
00050700:

zZ545: HornetH,

offered 58, sent 58,
offered 44, sent 44,
of fered 34, sent 34,
offefedq 3K, ysent 32,
offered 34, sent 34y

4

U oy

T EHEMNSEYIEE2) ¢

received 58 (0 in flight)
received 44 (0 in flight)
received 34 (0 in flight)
received 32 (0 in flight)
received 34 (0 in flight)

offered 1097294 ,“sentd 109724, received 109724 (0 in flight)

all flows in—-network flit latency:

(mean +/- s.d.f /Mmip..max] in # cycles):
.06897 +/- 0.364931, range [4..§]

.20455 +/- 0.756173, range [5..9] r
.38235 +/- 0.874969, range [6..10]
.1875 +/- 0.526634,
.11765 +/- 0.32219,

o

range [6..8] «L3)
range [5..6]

(0,2)
9.95079 +/- 20.5398

(0,1)

(0,0'*1,

22

http://csg.csail.mit.edu/hornet/



7 EMEgeiiL

o TEARAMAHIE

L EZNR,

i A0 BB I ST R TE)

o EAHIEIAAALLON:

RiE#ZE (code motion)

A TEA G 14 FIEE,

i

782 B4 % (induction-variable-elimination)
SRR IR (strength reduction (x*2 -> x<<1))



ALY 3

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

H(Code motion)

21i] =&} /bl POV

Y ]

il

z{i] 7 a1} £ b[1];

1=1+1;

24



UE%/E%?% I}ifl%(induction variable elimination) e
o HPHZEIF TIEI R ENIE: loop index.

for (i=0;-i<N; i++)
for (j=0; j<M; j++) zbinduct = i*M + j;
z[i,J] = b[i,j]; *(zptf # zbinduct) = *(bptr + zbinduct);
o AR EF HHEI*M+j, FIHEHR D
i - 34 )73
for (i=0; i<N; i++)
for (j=0; j<M; j++)
*(zptr + zbinduct) = *(bptr + zbinduct);
zbinduct ++; 2




oy

5505
£y

S x*2;

I EB &R

_HI7(Strength reduction)

()




=

=

FIEZAFIN
s —RIMER,

TIEH @R
K

ITNERE,

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

b[j1[i] = a[jl[i] * c;

—/\/

LE I

=

NIRRT




R A T (B 2R (1) i

/O ¥r4H: M=256,N =4
QH. . 7. 25617, HATANEE, a[o][0]A!
b[0][0] ¥ A Wi B[R — 775, {HBL 2 [H
—47 k. HuhkcN410080 A B A

b[0,0]

main memory cache

28



R 22 A7 B R (2) e

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

ol = alll] -~ ¢

bL0,0171"" 4099 '
~ 2 OZ@

main memory cache




e 22 A7 B 1 R (3) e

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

b[jl[i] = aljllil ~ ¢

bL0,0171"" 4099 '
~ 2 OZ@

main memory cache




R UL 2R (4) i

B, Bb[0,0]ntFiE, FHITHR
NETER KRS T=E—/ R H, 15
7], AR R RE R s e SRR A ?

main memory cache

31



R AYREA A

/>n

VEH WA AR

o JS W HETEARNE 2R St Al FH T D7 R AR R L 35

o MHITREZRFATNBEREZENEZFHR:

ERMR: PR, BEMERE/N, RERHSE
1, DERERILH; KB, Bl RE<

aEFENOP.

PRERGETR: REEE N 2 F K6 BT

BUEHBIE MR : WO BH B SR B HI V5 7))

R



8 HEEAMITIHRKI i 54 1

o FEEEnergy/ I IkE
o X I R G

él—

o U1 Power: LA [AI B R, il
® ED@%H‘EEW#EE%%&@ E_E %ﬁuiﬁi#‘
E; ZH| IR E I EEFRRA N AREE

33



M| & BEFE
o FETEIH R B PUTIARAY, NE

"H

L o

o HUMMNERHMBMERIZIEH, WEHER.

s |

— while (TRUE)
a();




R EF RN EE R R s

o [EEREZRFR/NRICHIGERE
BREEA
e cachetoo small: program
thrashes, burning-energy on
external memory.accesses;

e cache too large: cache itself
burns too much power.

Cache Control Bus Control CP15

1 ——
dcache size [2**val] 5 15 icache size [2**val]

4KB D CACHE 1/ A 16408 |

S | L

le+07

le+06

dcache size [2**val] icache size [2**val]

—— e ———

Frotection unit{Prot)

" — Execution time
Wirite Buffer



ReRetiie (1)
o BUFMIMARIL: EEEY . (RANEE

e high performance . low energy.

o MEREDUALHI SRS AR BEFEL T A A
o REAUHIEHTAHR
o M. RIIFE % EERNREZFHR
o RATREFERNE R G0 A A iH]




Rereiit (2)

o &HFIEIS
{H R HT

o BAFUR/KIsD YIRS HI1Z 1,

P2 7.

o JXT]BERITH FRIE IH 1A
126 - 8 % 1] AR TH

o WHRIAH:

ks if

iR

A

3> 'F"égl%iﬁ iy

R A] LLIH BR — 5 A 32 P
L2, =T REEATar o 2R FEK T AL T

A TR

Z TR

o Dy

S g PR B M R

175, HIRIBEFTR



iﬁW%qﬁﬁﬁBﬂ@%

Yunji Chen, 32 %I(;rhnology
LN Improvements in artificial Review

intelligence call out for new

{ g hardware.
D i

by Christina Larson

35 Innovators Under 35

DianNaoZ % H 1% L) 3 2 dnAe] 555 FR 1 3 477 58 3 /2
=B IE W#m%ﬁ 15512 BRI 17 2 18]35 B P4 MW
SEILE A RELL . S ETENESHE RSN EE. 4d
%i%%&ﬁt%ﬁﬁ%%mMmm%ﬁ%ﬁ

TR N 28 3EAT R AL TR, BN F SR R BB A BE A
i EBENLEfE R, FRE S AR SR Z EBE LA
5 SRR N RSB E . RS
N7 BRI #E ke, Bt & W 4% 1a H AT /& 8 3R
WHBE . X FCPU/GPU L EFZEER VI EIERIZ
, DianNaon] ¥E3E #a B> 2 515 171/30~1/10,




Google TPU’2017 o

-~
O
Lo

l Partial Sums

I

> N by —> Done
= -

Figure 3. TPU Printed Circuit Board. It can be inserted in the slot ~ Figure 4. Systolic data flow of the Matrix"Multiply Unit. Software
for an SATA disk in a server, but the card uses PCle Gen3 x16. has the illusion that each 256B input is read, at ofice;and they instantly
update one location of each of 256 accumulator RAMS.

TPU is on average about 15X - 30X faster than its contemporary GPU or.CPU,
with TOPS/Watt about 30X - 80X higher. Moreover, using the GPU’s GDDRS
memory in the TPU would triple achieved TOPS and raise TOPS/Watt to nearly
70X the GPU and 200X the CPU.

In-Datacenter Performance Analysis of a Tensor Processing Unit, ISCA'17



FEFF R/

o Hip:
o TR/ FRAE 2 I B A FE B
o JR/DARAEEE I TFE

o HIMHLE:
o ¥ PEData

o ¥84 Instruction




Data sizefs /ML

o TIHIBF R FRE PRI EIE R A
o /NUEZMX IR/, AEENFEFKTH
ANB R EAH
o HIEELE: JIMRESFHELE—DFF
e HE Ffconstants, variables, data)buffers
Requires careful verification of correctness.

o ZATHY AL Bl B B9 T AR B

BB KA 5=, (ERIAEHRREEEN
i, FACHE B2 Bos BE 48 1Al




/Ncode size ’

o fUEN/ MMM TFEEFNZRRFIETEFRER
A 1L
o WRBEBETHIET: m/DREIAZR? 2EBSH
o FICH% S Al R E B4 HIANY
FHEFES: RIINMREEEERAEH
SEEMTHIE, REZE! |

° %55#/\% (dense instruction set) : ARM
ThumbiE4-EFMIPSHIMIPS-1635 $4:.

HEIRSTEF KRBT STEFHIT70%-80%.

‘_l

42



10 FE P Sk 5

o XA EERVERI LT RELUE
® Vﬁﬂ‘“gmﬁﬁ/\ﬁl@ﬁ%ﬂ%

b

o Z& (Blackbox)-Jllid: MR 1ERIFEA
2T RIEFF RN B4 14

2y )y

o HE& (Clear box or white Box)) . R L f =

I\P

A B DAREFF 45 1 N A

o P LAAFE Y5 2R Fr o B O T8




1 & (Clear-box testing) °
o EHIBIERME R RIEFHENHRHEETE,

e Examine the source code to determine
whether it works:
o Can you actually exercise a path?
e Do you get the value you ‘expect-along a path?
o NI IERF:
o HefEtEControllability: 45
o PUTRERFFRKFHAT IR
o HENIIEObservability: #r&# H

7)

TR 73R A B RT3

44



FERI AW 2 A

firout-=0.0;
for (j=curr, k=0; j<N;j++, k++)
firout += buff[j] * c[k];
for (j=0; j<curr; j++, k++)
firout += buff[j] * c[k];
if (firout > 100.0) firout = 100.0;
if (firout < -100.0) firout = -100.0;

PR GRS 2 A 2K

o HEFEME:
NfiroutE L 4Bk FHE
VAN B EIE R 4R
X

o B NLME:

o [ TEPRBMREHATRI R ERR
firoutfJ{E

F assert examples

8]

Py | g S T e ¥ i L, . Vi
include <stdio.h ka0t N1k *

eyt #

include <assert.h * mss

void print number (int* mylInt)
(myInt!=NULL) ;
printf ("%d\n”, *myInt) ;

assert

45



AT B2

RS,
BB S | A HIEE?

. 5

2

53

B AEAE T HE I3 -

A TR R AR TSR AT ?

o FATE

whilefE¥

MBI

BE, BNMEFF
o WIANEFENABIEHIFE?

BH Al BEAT 588 /5% B8R 7

B R TR

[SLLIT)
i
(o}




PE SRR B 2

o SHEHIEEE:
. BRBAFHNGE K
L Y

o N TEMFES not covered
EHFRH

o R, XIELHLIE
5 (JC%) FMgotoi&
GENE]

47



FAR PR

e Approximate CDFG
with undirected
graph.

e Undirected graphs
have basis paths:

All paths are linear
combinations of basis craph
paths.

X QAU O T Q

R/ QA © S 9

abcde
00100
00101
11010
00101

0101 0]

Incidence matrix

10000
01000
00100
00010
10,0 0701

Basisset

48



g B o K

e Cyclomatic
complexity/is’a. bound
on the size of basis
sefts:

e = # edges

_—_— — — —

n = # nodes

P = number of graph
components

M=e—-n+2p.

G)=8—-6+2=4

49



7 SCIA B 51

e Correct: o Test:
if (@] (6 >%¢)) { a=F
printf(“OK\n");} (b>=c)=T
e Incorrect: o/ Example:
if (@ && (b >=c¢)) { Correct[0 || (3>=2)]=T

printf(*OK\n”); } Incorrect: [0 &&(3 >=2)]=F

50



3 AP F2

e Correct: e Incorrect code
if (== goodpointer) && changes pointer.
x->field1 ==3)) Assignment returns

} { printf("got the valug)n’J; new LHS in C.

e Incorrect: o/ Fest that catches
if ((x = good_pointer) && x- EITror.
>field1 == 3)) (x != good/ pointer) &&

{ printf(“got the value\n”); x->field1 = 3)

51



15, (Domain Testing)
' A ® ® i=4j=5

o FEMTIRALMES S emzinn
F3 Ly >

j ® @ i=4j=5 L

® i=1,j=2

o« WARERMEG G | o )
T lﬂﬁ* i j 4 @ 0@ i=4j=5

Correct test

® i=1,j=2
j>=i—1

L
i

Incorrect tests 52



e Variable def-use:

Def.when value is
assigned (defined).

Use when used on
right-hand side.
e EXxercise each def-
use pair.

Requires testing
correct path.

E X -{# X (Def-use analysis)

a.= mypointer;
DN yP
if (c > 5)
N NN .
while (a->field1 !'= vall)

N
a = a->next;

J

if (a->field2 <7 val2)

someproc(a,b);

53



A (1)

for (i = 0; i < terminate(); i++)
proc(i, array);

o B FETTIRIMG, >RiH=HMARE.
o o K AMAKIE:
kit BEAREIR.
—IRTEFIEAR.
P IXTE IEAR.
gﬁﬁ%iﬁﬁm%{ﬁ—ﬁﬁ:ﬁﬁmx, B R KAR T Maxf—4
n-1, n, n+1 (n is max), WRBIETEHERIRE_EFRFIME

54




A (2)

for (i = 0; i < terminate1(); i++)
for(j=0; j< terminate2(); j++)
for(k=0; k<terminate3(); k++)
proc, (i.j,k,array)

ST RMARE, BATATANA RIS 2 B ZRIA A FR
MG

o%':

IR B Y R RS E G P 12 1l FE B I AR AL

-%ﬁﬂﬁﬁ@ﬁﬂzﬁ,ﬁMﬁmKM%Eﬁ%;

E

iR E

ZIFTA B IR EIE IR 2R 52
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J

b
7

& G

ERARIS A T RBRIE LT AT Rl R 2 B &
[ v
WEMAEA, BEWRKIER 2 =W

ZIRE. {7

BRI

YRS E

RO FE IR

I

IR 7T o

§ 8 K 45 1) it B HY IR AN 2



H_H

RR G ) B

o TN Random tests.

S

THEHR, REHE

EAZ RS e oA B . B

E A DAL T R 58

1A .

e [A]IHM{Regression tests.
{5 FHAE e B 3 Wi A B SR U T A R 7




2 /D IRMRBA H e 5r? s

o MR HIMAZA VI LIRTT .
o FHASRETRAG I —THEE e 5: A2/ Dbugsik
1 2k N R
o FHRIENSHTIABEZE:
o MEAMREFIMACHERER, WBEME
o BT
o THEEEMRKIMFNENEERE & &FHENERN %

58





