o=~/ University of Science and Technology of China

(AR TLNR L

(miFEIRTRFIFAR(H))

KE
0551-63603804, yuzhang@ustc.edu.cn
T EAFHER K F
HHIAF EBRRFIR



FEBLLAX S

rsity of Sci and Technology of Chin

M2 T ALE e KA S

l

KA & g8, 25

l

F 18] X AD A % B

AT AL oy KA B

!
B AR HL S XA

sKE: (RIFRBREARH ) REBHL 2



ﬁ rsity of Science and Technology of Chin

REBML

n EREFETIR (AL H#ALRHTR) KRR
mSE: AA%RA; 2F: HEAR

REE A B RATFR

B R R L SARALF 694 X

B RREABENEL

B EE R BOR DA AT A P A B X T R F A
B BRI E S R4

AR THLAFRMAL

B OEA: HBAMTAL—MAER

sKE: (RIFRBREARH ) REBHL 3

Y F=EHE FOHELL*E




1. AL BYIR S FnFhE

EAZAMKLL, 25K L

nEFRAXMR, 25

VAR HAL




ﬂl:ﬂSEIﬁIEJF*WIEW* YEAZLA S

FEEL EFDPEFEEFRTZEBERNRKITE
4o Ai][j]- x.fF1¥ %3835 9 %4k

B RiFEMEFTAS TKREEREH

B B —HBLEMNZRITEEZTEFSNLOKRREHE
F ZEHE

N3EF % 3k X MFR (common subexpression elimination)
£ E 4 3% (copy propogation)

7 AX A M % (dead code elimination)

KA 5 (loop hoisting, code motion)
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(1) i=m-1

I=m-1;J=n;v=a[n], —— - (2)§=n
while (1) { (3) 1 =4%n
oizir | Gv=aa
while(a[i]<v); =1+
doj =j -1; \ - (6) t2 = 4%
while (a[j]>v); - (7) t3= a[t2]
if (i >=)) break; - (8) if (t3<v) goto (5)

x=a[l]; ali]=al)]; ali]=x; 9)1=1-1
} - (10)t4 = 4%j
x=a[l]; a[i]=a[n]; a[n]=X; 7 (11)t5 = a[t4]
—(12)...

sKE: (RIFRBREARH ) REBHL 6



University of Science and Technology of China

@) —1Ehl: BFRE YERZLL %S

f-|'f-|'

—at
%t3<vgotoB

J=1-1

t—4* Bg
= a[t,

|15t5>vgotoB
]

If 1 >= ] goto By
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B: x=a[l]; a[i]=a[j]; a[j]=x; FADAGERTE AN RE R ERT—EB5

sKE: (RIFRBREARH ) REBHL

NF £ ik XM (CSE) gNLLVMARYSelectionDAG
[ EERE, ST
t, =4 % ts =4 %1
X = a[tg] X = a[tg] @g(_)
=4 %] t. =t
to =4 * | ts=4 %]  t
Ty = a[tg] t = aftg] @
alt;] =t alt;] =t
tip=4 %] tg =13 Nz FValue Numbering({B4883)1R
aft,p] =x | |alty] =X FBMTEERSMN, FHESn
goto B, goto B, TR — M TRE X


https://github.com/llvm/llvm-project/blob/main/llvm/include/llvm/CodeGen/SelectionDAG.h#L227
https://en.wikipedia.org/wiki/Value_numbering
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B. x=all]; a[i]=a[j]; a[j]=x;
2 F & R X MR (CSE)

| R B4
ts =4 %I ts=4 | ts =4 %I
X = a[tg] X = a[tg] X = a[tg] 25 %f&?&#ﬁé@ﬁﬁ&:
t,=4*i t,=t, t, =t jﬁzi—%%"ﬂf:gé,
ty=4 * ] to =4 * | tg=4*j 7T A6 g &S
ty = afty] ty = afty] ty = aftg]
alt;] = Ly alt;] =t alts] =t
lp=4*) Lo =1 Lo =15
aft,] = x a[tyo] = x a[tg] = x
goto B, goto B, goto B,
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B; x=all]; a[i]=al)]; all]=x; SSEESS R, BR
N3F & 5 XMk (CSE) b (SBAH. DCEZ)ERNS
‘, LE/E  ARDHG

t,=4*i t, =4 * | t, =4 %] (DCE)
X = a[tg] X = a[ty] X = a[tg] ts=4 %1
t,=4%i t, =t =t x = altg]
to =4 * | to=4 % t,=4+j ||l=4*)
ty = a[tg] ty = a[tg] ty = a[tg] ty = a[tg]
a[t,] =t aft,] =t a[t.]=t, | |2lt] =1
th =4 * J th = t8 _tJ.U =_tt5 a[tS] — X
at;o] =x at;o] = x atg] = x goto B,
goto B, goto B, goto B,
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Bl: HETFREK, THRAEASFMITRES, Wik

& B R A A H TS X
debug = true; debug = false;
if (debug) print ... if (debug) print ...

FERACKRRIE B ARRA P XA LA HE GRS
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=m-1 B,

J=n

t,=4%n

v =alt,]

1=1+1

'[—4[*| B,
= a|t

|13t3<vzgotoB

]=1-1

'[—4[*1 B,
aft

|?t5 4gotoB

If 1 >=J goto B,

— = .
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B, x=all]; a[i]=a[]; ajj]=x;
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£ A CSE,

II|t l
Ifl = v goto B,

T

.lJl

2 544 . DCE

t, =4 % t, =4 %I
X = a[tg] X = a[tg]
=4 %] tg =4 % |
tg=4*) ty = aftg]
ty = altg] a[ts] = tq
a[t;] =t a[ty] = X
t,,=4=*] | |goto B,
aft;o] =X

goto B,

1i‘f E—“L to B, :
B """"F—.L:L=J ti.h‘m"‘“
X = alt,] X =1,
ty = a[t,] H=att)]
aty] =t aty] =15
alt,] =x a[t,] =x
goto B, goto B,
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r=m-1 B,

J=n

t,=4%n

v =a[t

I=1+1

t—4*| B,
= a[t,]

|f‘ t; <v goto B,
=]-1

{—J4* Bg
—atd

|? t; > v goto B,

If 1 >= J goto By

===

Bs

X = alt,]
ty = alt,]
alty] =t
a[t,] = x
goto B,

|

X =1,
a[t,] =15
a[t,] = x
goto B,
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B, x=ali]; a[i] = a[n]; a[n] = x;

B :t,=4%*n

B,:t,=4=*1,t;=a[t)]
t,=4%*]
X =a[t,]
t =A% ] EARBRAF
t12 A EHARRBAMA X=1,
t13 — At | > t14 = a[tl]

14_a[ 13] a[t]:t

a[tlz] =1, a[tz] = X14
t,. =4 %n L
ajt,.] =x
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J! Z rr? -1 B, Bg
t,=4%*n X=t
Vv = a[t,] 3

t,, = alt]

![ = I*li B, alt,)] = t,,
t; = a[t,) aft,] =x

t; <vgoto B,
ey B

t = a[ td ’ at,]se TAEH
|’?t5>vgoto B, INEF R K X?
If 1 >=j goto B,

BS / | | B6
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fealt Ve A AT

B HB A TAHE

Za[t, | Fea[t,] 49 8K

%&Tﬁ%4

==

I=m-1
{ :—n4 * N i . t
1= X =
v = aft,] —3a[t ]
14 — 9lY
7 (5 E
= a t2 a[tl] X
|13' t; <vgoto B,
BS
=]-1
= a [t —
|? t. > v4goto B, :EZ% _ s
4
if i >= j goto By goto B

K= :

]
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B )24 % 2 M & (induction variable elimination)
B 3% & ) 85 (strength reduction): ed§ 5 & T e mik
B /XA s (loop hoisting, code motion): WHE3R R #yiz H 5142
K85
#): while (i <=limit—2)... limit- 22 HF R E X
KA SR G T A%

t=limit-2;

while (i<=t) ...
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9 FEF Hl 55 JI = —T B,
B jfet, 65T A— BT ;[/1—:;?[:]”
I 3 — 4 _ B 1
B, =4x] B®AL, =1,~4 DEYETH .
L] E%%ﬁ")‘i‘?ﬁnt4:4*j o
2
=)-1 B
BB J —Jt 3
)J=1-1 = a%4]
- |? t; > v goto B,
t,=4%)
t; = a[t,] _ 5
If t; > v goto B, if i >=] goto B, | ~4

B, —— ~— B,
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HE: (WIFREMEA H)) KB 20




5 VY
dﬁﬁiﬂcﬂs SREHIES YRR ALRS

I=m-1
=n
35 B 1155 {Vl_:g[;]n B,
B BATIAEBEE % '%1:2:1]'
= 2~ |
JEESE!S—y)] 73 N -
B VAR ER S > J’E = gﬂ? 2
TARTAL, >=t, if t, < v goto B,
BZ
1=1+1
t,=4 %I
— -r - — - B
t; = a[t,] if i >= j goto B, | P4
iIf t; <vgoto B, ,BS / J,MQI
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1=m-1
35 B 1155 L=4sn |B
B B, AL MAT B %/“_iaﬁ[%]{
JEESE!S—y)] 73 NI
B AFRER FH >
TAR T AL, >=t,

B TR E ifej THRIR

If t,>=t, goto B B
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B K3 ahik

B 7l(peephole)iiL: QM —ABHE O R4, HREBRE TEHIES
R EARARE 0 69 R AR
vV THEBESME: fe

mov r0, a [[r0=>a
mov a, r0 Il 'a=>r0, A [
v Rk XA
goto L1
goto L2 I TERJETTChR S, AEARAS
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Bt

B AKRA e AL

B A il(peephole)tiit: RPWT—ANBRAE O AMHSL . FRBBRETRIES
REAARE v 06 X B hS

v OTRAEARIG ., B ARA

v EHRRAEAR

3

“Cnce

goto L1 If a<b goto L2
goto L1 goto L2 goto L3
- ... L1: if a<b goto L2 | memy...
L1: goto L2 L1:gotoL2| |[L3: L3:

sKE: (RIFRBREARH ) REBHL 24
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B A AN EHERL

B Zil(peephole)fiil: M —ABHE R NEGIEL. FREBRE THIES
R EA ARG 0 8] 6 X AR

VRSB, Rk ARRD, EERAL

vV REH . BERLAES
mul $8, r0 => shiftleft $3, r0
add $0, r1 mul $1, r2 11 ] )

v AR B AR A4 R

I inc. enter(ZESTARM). leave((& Fa kR M)
SHINES . MEY BigS5%
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B A AN EHERL

B Zil(peephole)fiil: M —ABHE R NEGIEL. FREBRE THIES
R EA ARG 0 8] 6 X AR

RmK

B A AREEL (GEAEA)

B FAERKNL: EFEHKL
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R IR 4T

B RAHE—AE A IR R R S

B R REAEGE ARSI, REHERE
A 2 4 R R R 3R

BRSO
B A —ANIAEPEHELERLNEAHESE

B lde, FEHBDITRA RIS AR LTI BRI RAH AL
BATLT RS ZANR T AL
I RREM, WAER—ETA-AEHEBRZLES
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*E FRO)HWBERFRES

B ac {1,243}
B aw{d, d}efa

1. BhE-EE
{d,, d;}&% 248 2| X & (5)

2. BERH
AEEB)TRAFE

K= :

(1)

di:a=1

(2)
Mad()<:0 goto B,

(4) \

O) p=3

6) |dy: a=243

(7) goto B,
o=

9)

(IXRIBRIFA H) ) KBMRIL
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WIER T

B SHAEAFITHAE, LRAERLRE LT EATA QHITHELE (ERARAREEE
MPATH, LFEFERTELAE SN RE Z H 6G3kE)

B B TAAEMRBRK, NABFIOEFIITERERAR, LRTHREKEXAA
FR &9 _E %

B SR BRI RSEALT AR
*EF-'U(,._,\ -1 3 70 B 18 4 i 5t

BeHRFIAITIEE LRFBRERIRE
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BIERTITAITE
B X533k — AL B R R AT Z
B FTRGARFIOENTEGRKRS

&: IJlLﬁ*ﬁ%n\\
[] M’Fi}%"’lko q?%ﬁl#%ltﬁ%mu \*ﬁ'ﬁﬁ%{a QN eﬁﬁlnb'fﬁ.

B EEHATRZITANY—EARe TR, EXAFRRIRINMERLEY
BRI K, BPRETRRB R ZAER A XA TR
RFa: FIEERESRBAFGITH

B A ESNRE, AEFRSRIFNEELELTRRE
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Zlix-E{& (reaching definitions) *EAZLL%S

HERE: BA— 1 EFERBEE

B SN ZIEEGERE—RT, BIER{E: 2IERTHHESLS

TRRAM—NEELEXEFEREATE. AF LWL

72 R BIE-EERYTHE R E M

B OTAESK. KA E. G SR TR LN
Blde: Zp==q, Mp->nextfeq->nextZH H| %

B Ao AL MARAE LY

B AFTHRAFHMMFELTELHNLHFIL

ZE BEREFH (Kll)

BE—FPATHZLE, X QRALE E 4 AT A X8 T A RAL
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EAXRETRENEE

B gen[B]: AARBARMZIE
B kill[B]: EAR%EBIEHG A
gen [B,] ={d,, d,, dj}

kil [B,]=(d, ds, ds, d}

gen [B,] = {d,, d:}

kill [B,]={d, d, d}

gen [B;] = {dg}

kil [B3]={d;}

gen [B,] = {d}

kill [B,]={d,, d,}

sKE: (RIFRBREARH ) REBHL

33



=) Eakftgen T kill it E $EATLLKE

B X=safEsdu=v+w, CHORSIHEHKR
f4(x) = geny U (x = Kkilly),
XA B AF/LND BHZE
B Zf,(x) =gen, U (x=Kill), f(x)=gen, U (x—Kill,)
. f(F (X)) = gen, U (gen, U (x — killy) = kill,)
= (gen, L (gen, — kill,)) U (x— (kill; U kill,))
B ZRARBANF AL
killg = kill, U kill, U ...u kill
geng = gen, U (gen,_, — kill.) U (gen,,_, — kill _, —
kill ) U ... U (gen, —kill, = kill; — ... = kill,)

sKE: (RIFRBREARH ) REBHL 34
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R P E/FI(flow equation)

B geng: B A&ty LA B ABML R B0 2AE

B killy: BiE4key el

B IN[B]: f63|EABMFEMZMEESL

B OUT[B]: & Z|&ABMLREMNCIEES

FEF X (RPEgenfekillZ LINF=OUT)

B IN[B] =Usepeysra OUT[P]

B OUTI[B] = geng LU (IN[B] — killy)

B OUT[ENTRY]=&

BA-RAE A AR AN ENR KB, RLB XS A(MFP)

sKE: (RIFRBREARH ) REBHL 35



(@) Blik-EERE AT EEE 3k b LLE:

IR GE &3 i
(1) OUT[ENTRY] = @
(2) for (% TENTRY AShé95/~3B) OUT[B] = O;

(3) while (4T —ASOUT i L L AL) e L .
(4)  for (% TENTRY RS HEARB) { | HF B 4 A A B AT K

FRR B BAFA R 3R
(5) IN[B] = Us g e OUTIPI;
(6) OUTIB] = fg(IN[B]);
/I T5(IN[B]) = geng L (IN[B] - killy)
(7) }

sKE: (RIFRBREARH ) REBHL 36



§|Fﬁ E{&1(Use-Def) FEALLL% G

5| - EE (B FRudéE)
B N TFEENE—AG A, LRI KXZ AGHA A

181 2L - E EBUER it B H R R udsE

B eXByEEadt i AZATHaty 214,
ARFa IR G —REMEAEZS A
AJudét 7§ v = eenggens

B e RRBY L Fat 3| A2 Lat RAA,
AR A% 5] B Bgudet L2 IN[B] F atd = 18 e = e
SE S
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IN [B] OUT [B] g;g = m-T"1 B,
B, 000 0000 d,: a=ul
B, 000 0000
B, 000 0000
B, 000 0000

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

sKE: (RIFRBREARH ) REBHL 38
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IN[B] = Up gy OUT[P
OUT[B] = geng U (TJN[EE] — killg)

IN [B] OUT [B]
B, 0000000 000 0000
B, 000 0000
B, 000 0000
B, 000 0000

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

sKE: (RIFRBREARH ) REBHL 39



B3k - E(E ETH) T
OUT[B] = genBFszE;qIQIT [gé] — killg)

IN [B] OUT [B]
B, 0000000 1110000
B, 000 0000
B, 000 0000
B, 000 0000

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

KE: (RIFREMBTARMH)) REBMK 40



B3k - E(E ETH) TE———
OUT[B] = genBPfB(?“N“fé] — killg)

IN [B] OUT [B]
B, 0000000 111 0000
B, 1110000 000 0000
B, 000 0000
B, 000 0000

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

KE: (RIFREMBTARMH)) REBMK 41



B3k - E(E ETH) T
OUT[B] = genBFszE;qIQIT [gé] — killg)

IN [B] OUT [B]
B, 0000000 111 0000
B, 1110000 001 1100
B, 000 0000
B, 000 0000

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

KE: (RIFREMBTARMH)) REBMK 42
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OUT[B] = genBPfB(?“N“ﬁé] — killg)

IN [B] OUT [B]
B, 0000000 111 0000
B, 1110000 001 1100
B, 0011100 000 0000
B, 000 0000

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

KE: (RIFREMBTARMH)) REBMK 43
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OUT[B] = genBIDfEZE;qI;IT [gé] — killg)

IN [B] OUT [B]
B, 0000000 111 0000
B, 1110000 001 1100
B, 0011100 000 1110
B, 000 0000

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}
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IN[B] = Up gy OUT[P
OUT[B] = geng U (TJN[EE] — killg)

IN [B] OUT [B]
. 0000000 111 0000
1110000 001 1100
0011100 000 1110
, 0011110 000 0000

w

0 0 W W
N

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

KE: (RIFREMBTARMH)) REBMK 45
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OUT[B] = genBIDfEZE;qI;IT [gé] — killg)

IN [B] OUT [B]
. 0000000 111 0000
111 0000 001 1100
0011100 000 1110
, 0011110 0010111

N

0 0 W W
w

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

KE: (RIFREMBTARMH)) REBMK 46



213k - FE(E LT EE R e % y ’f LARS
IN[B] = Up gy OUT[P
OUT[B] = geng U (TJN[EE] — killg)

IN [B] OUT [B]
. 0000000 111 0000
1110111 001 1100
0011100 000 1110
, 0011110 000 0000

w

0 0 W W
N

gen [B,] ={d,, d,, d;}
kill [B,]={d,, ds, d, d/}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

KE: (RIFREMBTARMH)) REBMK 47



B3k - E(E ETH) T
OUT[B] = genBFszE;qIQIT [gé] — killg)

IN [B] OUT [B]
B, 0000000 111 0000
B, 1110111 001 1110
B, 0011100 000 1110
B, 0011110 0010111

ABRERE TERTH
gen [B,] ={d,, d,, d3}
kill [B;]={d,, ds, dg, d;}

gen [B,] = {d,, ds} gen [B;] = {dg} gen [B,] = {d;}
kill [B,] ={d,, d,, d7} kill [B5] ={d;}  kill [B,] ={d;, dg}

KE: (RIFREMBTARMH)) REBMK 48
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2. BB

k- AE D7
BAFERDMEN, FHRE M.
TR EREXSF



) Blis-E(ETE b A b LY
BiX-EEFBERFN (FE BEERNGIE

B OUT [B] = gen [B] U (IN [B] = kill [B])

B IN[B] =Upepuwim OUT [P]

X BB RF ARG
AiL-EEHEAEANNESREERKHE
B IN[B] =Upzpwirm OUT [P]
FRFHEAFANLSAEZERERE
MENA-EEBBRAER, ERXKREH=/I)E
FTEHEFERTEATREEZRKR AR

sKE: (RIFRBREARH ) REBHL 50



%&?E}ﬁ‘f,ﬁ*ﬁ*i‘\’. YEAZLA S

HIERE
B KEFEASHEREF ERBERAKZALLK
B HEBERAMEREALEES BN B ITE TREFRSELSY— N

B 5 asAT)E A BB AL A IN[s]A=OUT[s]k & T+
B ¥ERAFAHXALZBIE TEELH4E (TR L TEH AN LR
X F BRI 5 4 sBIN[s]A=OUTI[s] & — A&

sKE: (RIFRBREARH ) REBHL 51



=) SRS ¢¥ORELL %

1T eR 8 (transfer function) f
B EGMERSHRBAATZEINELHR
B L PHATRAAZE A4, MOUT[s] = f(IN[s])
B L HATHZE AR, RIN[S] = f,(OUT[S])
TR KEBHIFE s, S,, ..., SARK AR, N
B F9:IN[s,,]=0UT[s], i=1,2,...,n-1
#@: OUT[s:.,]=IN[s], i=2,3,...,N
m OEF:f=f ... °f,°f
W, fg=fe...of [ °f
B E&: OUT[B] = f, (IN[B])
#: IN[B] = fg (OUTIB]).

(RIFRIBAFAR H) ) RRBHK 52




%&?Emuﬁ*ﬁ*i‘t YEAZLA S

EHIR 2R
B EmfEiE

IN[B] =U pzpu#mOUTIP]
C AR

OUTI[B] = U spes e 2 INIS]

NRGEANFBESI2HE—RY
B KA B AT
ERIAFBREARBAR (BHARAHARFIBOR) WR “HH” B

sKE: (RIFRBREARH ) REBHL 53
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2. BB

k- AE D7
BERMEXN, FHRT 5.
TR EREXSF



ihEkT &= (live-variable) *EAZLL%S

EX

B T xX®ELEpEFENEFMITHRAL LT A, NHXEPREK,
F N ARXEp R E AT

IN[B]: 3kBHF¥EMHEKRTELESL

OUT[B]: kB&REWEATEHEAL

useg: BYAFIABLASIAMACANETESR

defg: kBY A RENETER

<t

P -

—MHEZN ARRE KRN T E S 5B

sKE: (RIFRBREARH ) REBHL 55



E*,x-g:% ¥R ZLLEKS

University of Science and Technology of China

use[B,] ={1,] }, def[B,] ={1,] }

B IN [B] = uses U (OUT [B] — def, )

B OUTI[B] =Uszpeweu IN[S]

B IN[EXIT]=Q
MENE-EEFAZENERSX 7
B CESEFF: RRAEESHHEF

B AR AFRAE, INFROUTH/E At L ik
B usefedef2 A B genf=kill

B AREERIH

sKE: (RIFRBREARH ) REBHL 56



foE 2| (Def-Use) FEAZLL %S

EE-5| B (dufk)
B XX ExAEXEEd, ZL/ARBETE 5] AudI R ASARAXEIL G 2 4E-7]

& Ardust .
+ Sl = > Y d: — "
Bl ERTE ST EdusE S
OUT[B]: M\BHIKEABERIIE 5] HES T X
B e RBPXE AL AXE B —ARAED, | dhx=
W dF=d’Z B X8 BT & 5| F A4 sk d &g dusst

B e RXBPx#yRAdZE Lxay#hye{E, B
P dZ EXEFTA 5] AR OUT[B] P X8 BT A
5| A s dégdust S X

sKE: (RIFRBREARH ) REBHL 57




& 2L . » ]
(=2)) LLVM IREJUDFIDU%E FE A2 LA RS

= 1958 b ‘ . N . -

E University of Science and Technology of China

.
% &
S X

O Value2 [ Value |
B RER—AFERGHIE ’ . ) .
) User BasicBlock
Constant, Argument, Instruction, \ ) .
Function £ ) . ) .
. . Constant Instructi
B Ay —NuEKBEEAENTE _onetem _netrerion
O iz Hikdef-usefs 2

[GlobalVariable] [ Function ]

B IEFE
O Type* getType(): FEL Value R4
O use &8

B Value::.use_iterator/Value::const_use _iterator
B use size(), use_empty(), use_begin(), use_end()
O use &#: void replaceAllUsesWith(Value *V)

sKE: (RIFRBREARH ) REBHL 58



' G

) LLVM IREYUDFIDU4E FEAZLL %S

%

S S

“ence

User% [ Value

u ,F{‘i-——/l\{im%’ éﬁ*}aizuser User BasicBlock
1% A &9 F7 A Value, BPHAER R ‘ ‘
O 2L T use-def(E & kCons*tant , | Instruction

[GlobalVariable] [ Function ]

IS
O FREERER
B Value *getOperand(unsigned i), FRECHE i EAESL
B unsigned getNumOperands(), FRELIRAVEXL A%k
O #EefEFukiC3s, User:op_iterator
B op begin(), op_end()

sKE: (RIFRBREARH ) REBHL 59



) LLVM IREJUDFNDU%E FRBELLE %S

University of Science and Technology of China

B Value. Use. Useréd s @44k 4DU. UDx% &

O &MValueXt %45 — P Use ** UseListXU 42, 430 A B8 2
O &4 Usext #A3E —2 MUser—Value )ik
O &P Usertt R4 —ANValued| R

B[ AR User —— | PIPIPIP | User

BRI U —

%start = alloca 132, align 4
L UseList |

Val | Prev | Next | Val | Prev | Next store 132 10, 132* %start | P | p | p | p |

Val | Prev | Next %tmp = load i32* %start

sKE: (RIFRBREARH ) REBHL 60


https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Value.h#L74
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Use.h#L44
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/User.h#L44
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Value.h#L74
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Use.h#L44
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Use.h#L44
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/User.h#L44

(2P ' > ‘
N\ ) ¥RAHBZLEALXG
g 19% L LV M I R s U D u D U University of Science and Technology of China

B Value. Use. Useréd s @44k 4DU. UDx% &

O &ANValuedf % H —/ Use ** UseListW Al 53R, 43 pra B8 3
O 45/ Userf %% 35— 2% M User—Valuelfsids iﬁﬁﬁm%

. Function *F =
O FAUserdf R4 —AValued| K
e . PIP|P|P]| User for (User *U : F->users())
B[ e H B E R User " | if (Instruction *Inst =

------------------- dyn_cast<Instruction>(U)) {...}

BRI U —

| User JEB?%M’E%(
, Instruction *pi = ...

%start = alloca 132, align 4
UseList | for (Use &U : pi->operands()) {
% Value *v = U.get();
P T T 7 e
Val | Prev | Next | Val | Prev | Next store 132 10, 132* %start | p | p | P | p | )

Val | Prev | Next %tmp = load i32* %start

sKE: (RIFRBREARH ) REBHL 61


https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Value.h#L74
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Use.h#L44
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/User.h#L44
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Value.h#L74
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Use.h#L44
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/Use.h#L44
https://github.com/llvm/llvm-project/blob/llvmorg-11.0.0/llvm/include/llvm/IR/User.h#L44

Cmmer/  University of Science and Technology of China

2. BB

k- AE D7
BERMEXN. THRE M.
TR EEXSTEF



) AR A LRR

Al A #=i&x (available expressions)

X=y+7z X=y+z X=y+7z
y= 2=
iRBXY
yFAzHY
P EE P P
y +z Ep& y +z Ep& y +z Ep&
T A AT ) AT B

sKE: (RIFRBREARH ) REBHL 63



itic ¥EHAZLELX G

University of Science and Technology of China

TEBEMFFELT, 4+ EBMHATHTH

T, = 4% B, t, = 4xi B,
&ﬁﬁ B, | = B,
t, = 4%I

[ ~

t, = 4%i B,

KE: (RIFREMBTARMH)) REBMK 64



oY ; FOHZLAL %G
C',,l P Emﬁﬁﬁ rsity of Sci é and Technology of Chin

B 53 SpFFIATHREA T +y, FELTHEE LA STXRYRAL,
AR AFRX + YA BT A

e geng: kBFAMTH AKX XES

e_killy: 3=BEA&IT A AL XES

IN [B]: 32BARTHLXXES

OUT [B]: BT HAX XE 4

|.IIII

35T xR X MR

"E

sKE: (RIFRBREARH ) REBHL 65



itit ¥EHAZLELX G

University of Science and Technology of China

HAERFN

B OUTI[B]=e gengu (IN[B]-e Kkillg)
B IN[B]=Ypegunx OUT [P]

B IN[ENTRY]=O

S SERTR EE X5

B CAER: #RANRTIAU

IS N AP S-S QN

sKE: (RIFRBREARH ) REBHL 66



=) {EfRfBValue Numbering FAAFLL% S

Value Numbering

B Balke 1968 or Ershov 1954

B 7 AR REIR (G =3ht4)
B AALAFEBRRMRENEN T &

MALRISERE
B ¥ A3 Local value numbering

B b E&E A3k Superlocal value numbering (SVN)
B O FRXA: AT XEMMASEAD (DVN)

sKE: (RIFRBREARH ) REBHL 67



®

-))) Local Value Numbering

3
o =

(S xL
~ Q
=]
"a e &
3 s
%. &
Ence ana 1557

Original Code
Q< x+Yy
Zey

d« 17
Ce X+zZ

BNMENRINEE,. EEIRENE—MEERS

With VNs
a® « x!' + y?
22 « @

d* « 17
c? «— x! 4+ z2

Hash Table for VN
f<x,1>, <y,2>, <<+,1,25,3>, <a,3>}
i..., €Z,25¢
{..., <Z,2>, <17,4>, <d 4>}
{..., €2,2», <17,4>, <d.4>, <c,3>¢

Rewritten

aex+y

Zy
de« 17
C<a

TL4 8B4 (Redundancy Elimination)

Hash Table for Rewritten

f<l,x>, <2,y>, <3,a>}

BRSIENEE(key),
{E(value)XJhz
T EgEEE

| {1 %o, <2,y>, <3,a5}

J/ f<lx>, <2y>, <3,a>, <4,17>}
f<lx>, <2,y>, <3,a5, <4,17>}

sKE: (RIFRBREARH ) REBHL

FOAZLEL*XS

University of Science and Technology of China
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))LVN: fRRES|HR

FOAZLEL*XS

University of Science and Technology of China

Original Code With VNs
A< Xty a’ « x' +y?
Zey 22 ¢ 2

« bex+y # b3 x'+y?
a« 17 a* « 17

k C X+Y # g e x4+ y2

Two redundancies
marked by *

Optional Solutions:
se ¢l <« b3
* Save a’ in 13
* Rename around it (best)

Rewritten
a<« Xty
Z ey

* b« a

oK

£ C

Hash Table for Rewritten
{<l,x>, <2,y>, <3,a>}

{<l,x>, <2,y>, <3,a>}

{{l,x}, <2, <3,a>, {4,1?}}
Y
{{l,x:r, <2,y>, <3,a>, <4 17>}
Y
/\

(RS B B e R E R E A

ISR ARIEEXRKRYER S EHERIRST
MaBEEHS, FAEBvaluelafipair

sKE: (RIFRBREARH ) REBHL 69



LVN: (B8R Ed

FOAZLEL*XS

University of Science and Technology of China

BEa: A8 MEE—/KRFE =>SSA

Original Code With VNs
dg < Xp * Yo ap® < X'+ Yo*
Zp < Yo 2% < Yq°

* Do« Xg *+ Yo * bg® « Xg' + yo*
a, « 17 a*« 17

* Cop Xt Yo * Cp® < Xp' +Yp°

Hash Table for Rewritten
{<l,xo>, <2,Yo>, <3,a0>}

{<l,xg >, <2,y0>, <3,0p}

{<1,%5 >, <2,¥p>, <3.0p>, <4,17>}
{<1,%5 >, <2,¥p>, <3.0p>, <4,17>}

sKE: (RIFRBREARH ) REBHL

Rewritten
dg < Xt Yo
Zp < Yo

€ by < ag
a, < 17
* Cp € Ay

Result:
* qg is available

* Rewriting just
works




N\ . FRBZELK
Superlocal Value Numbermg um\,ersityoﬁﬁndTechno.ogyofu%

o 53
S, ey
“ice and T

i REVEZAIREBB
EBB ¥ & & A 3&B1, B2,...Bni# & Bi(2< i <n)#A *E — &9 ] IK

A m+«+ at+ b

n<a+hb B=ARJEBB: ABCDE, F. G
Bp-:—r:+d II:-_:qw:—a_+t:|
r + o + d r «— ¢c + d
Defrh+la EE'*-':—E|.+]__|"
5 +— a + b t« c + d
u« e + f nm+«— e+ £

v (BRI AZIEBBRIIRE
AB. ACD. ACE. F. G

sKE: (RIFRBREARH ) REBHL 71



) Superlocal Value Numbering

FOAZLEL*XS

University of Science and Technology of China

Scoped Value Table

c->4
d-=>5
4+5->6
p->6
r->6

KE: (RIFREEFEA H) ) KABREK

J
a->1 T &/ %KX DAmD
b->2
142->3
m+<«< a + b m->3 C->d
n«< a-+2=s n-=3 d->5
~_ 4+5->6
r « ¢ + d r-=6
g« a + b Q':"‘B
e
e «— b + 18 E \ t->6
5 «— a + b t «<c+d u->3
u e+« e+ f 1< a+bhb
v «— a + b
w +— Cc + d
X «— &2 + £
; A (EED
N RSB E
\ACEﬁZﬁJZ@%’TEBB)




O simRmEmN Chat L

WFHE A (o) B9 £H BY B E%9.2
B REFERAGLE. RBPRO ST, TAHEK.
AFFA LEERF. RERFX

wexm PR R
BA-2fh Ziaef4S Ewm HTFTDCE#def-usest
EREE TEE4 Rw FHEBHE. AWk
ALAE M), SSAH)E .
X R A% Tl R 5
W R &K X, XA2XEES IEm CSE
EFEEREX XBEXEFEELS AW RS
HELE vc>f4  Em FTENE

sKE: (RIFRBREARH ) REBHL 73



) imsuE(flow-sensitivity) FEAZLL%S

AR HT (flow-insensitive analysis)

B R EAR S P E 6 JAT R

B EAFPEgMERREE (FP: ATEHR) , 2RI ERBLRE,
W% 5T A R R HT o

A @ AR BRI E T (4) KRS R R R RERA

TR (flow-sensitive analysis)

ZRAFFIRLAGEFRFL ORF. 2% #A3R)

sKE: (RIFRBREARH ) REBHL 74



C)) £SO, (B, S FEAZLLX S

E RS8R 43 #rContext-insensitive analysis

B ASARRMGRELZEERGET

F 3889 #rContext-sensitive analysis

B EIAERANGETLCARRES, BREEGER)

15 () B 43 #rfield-sensitive analysis
B PP REEFREMNERTHRRABR. HAFHRRATIHFLE

IR () B 4 #rpath-sensitive analysis
B ZERFES;IEGEIRIFEARTHERROHE L

sKE: (RIFRBREARH ) REBHL 75



FRHZLLK G
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3. BRI 7 AR




%ﬂ&muﬁ*ﬁ HEZR FOA2LA &

IR TIHESR (D, V, A, F)BFF

B KBRS FTED, € AL ERREE

B REFERAEGRR: FRBV. LEHTA

B VEVRIHHBEAFCEERTFTARFH (ENTRYFREXITE &) W75
g

FRV, A)

B 2 NELHEVR—ANA_AREBEH(CAEH)A, HBL:

B REH: HAAFHX, XAX=X

B O33R ATETA Bxfey, XAY=YAX

B 4450 SR WEX YRz, XANYAZD)=(XAY)AZ

sKE: (RIFRBREARH ) REBHL 77



) #4Z (semilattices) tOAzLExS

EBRBMITT @xn®) AIUEBIRTLE N TH)
B VAT AEX, TAX=X
BV EHEX, Lax=1

RFX<%&: KREVERXARS
B AR A HX, XX
B RATARME: STEFA &xAry, e EX S YAy X IRAX=
W bk AR WX YAz, mRXSYRY S ZARAXS
ik, XKE<EX

X<yHHAREX<yY)FHFEX=Y)

sKE: (RIFRBREARH ) REBHL 78



n rsity of Sci and Techno Igy of Chin

3¢
& i, e and 'rcc\\\\”’\o{jy

EBMwFRRZIBEKR

B ¥RV ANGCEEBHAART FHAEV E—FEF<:
STV BT A B9xAry, XY HEMRYXAY=X

B EXAVyETFg, Mg AxfyW R X TR
il ERERILEVESLMEEUNES
B CABHARLSH: ORWMA, URKRL, A XEZ D
B LABHARAR: URTAAL, SREL, BFRXER C
O #}%1%<ax_téﬁﬁkﬁ%%ﬁ*‘zﬁéﬁ
(1) k-2 48: BRAFANBERD 21
(aTmiﬁﬂ.ﬁ%%%ﬁ%ﬁéiﬁi

sKE: (RIFRBREARH ) REBHL 79




rsity of Sci and Techno Igy of Chin

) TR

H&E
B OEERVEELE {H(T)

B eRy<x MANK /l\
XA T Blydy A m L

1d.} 102} 103}

tRRZETEZN >< ><\
7 B B &

{dy, dy} {d,, d3} {d,, d;}

B FA-ZENSKED
B XAYHRXTFRA \I/

XYy {dy, dy, dg} (L)

sKE: (RIFRBREARH ) REBHL 80



) MR IR ¢¥OATLK S

Bik-EEREGFENE-E

B HBEREAVREARMAREGNRR
SRELEARETERIHULEK

B SNTENRAEATEARBRTI THATENCATAMR
RALFRETARENT O R F T EFEME S GRFER
FRERBUIRZ (A, Ap)#=(B, AB)7%‘=F'*§')

B B AAxB
B CAEHA (a,b)Aa@,b)=(ansad,baghb’)

sKE: (RIFRBREARH ) REBHL 81



%&?Eiﬁﬁ*ﬁ%&ﬂ']ﬂimﬂ R YEAZLA S

B GBFEESV, )FEH—ANLEHAERFTIX <X, < ... <X,
B EEANSEARLTRK EA& T <IN
B, E—NANNZAGEFF, BEX-ZEGSHEEN
BT HT B SRR S
B ERNEHEA R => KIBRI;TERI TS
B FRNELRAR = FRGHEAR
B FRGELBAR => FAGHETRA MR
Yo, FEGELEPEAGFER

sKE: (RIFRBREARH ) REBHL 82



; Ll*gﬁia rsity of Science and Techno lgy of Chin

TR BIEF : V> VE TR
B FOEBEIHEI, BFVEHAEX, HIX) =X
B
B

FHHHA T A4, FPEZEHRANRHKffg, g°f EF
EFW R R R3S AR AN, B
X S YE&H f(X) < f(y), & fXAY) < T(X)AT(Y)
N ARAEE (D, V, A, F)Z 28
B EED,V, A FegHaek
sHEF BT A a9f, f(X AY) =1(X) A f(y)
REF=> T RFOBRABKBRTAALORE XTI R

sKE: (RIFRBREARH ) REBHL 83



FIZEREY YEATLRARS
B B4R AE 47

EZ1(X) =G, U (Xx=Ky), ,(X) =G, U (Xx=K))

B ECHKEZR, NIREFHHK

B f,(f,(x) =G, (G, U (x-K))) - Ky)
= (G, U (G —Ky)) v (x= (K, UKy))

B stf Faf, 69 £ T AT=G U (x - K)&H X
B HERETAHEET @ FHF2
Gulyvuz-K)=(Guy-K)u(Gu(z-K))

SEE: Ty Az) =T(Y) AT(@R)

sKE: (RIFRBREARH ) REBHL 84



Q) —HRiERAE R A TRAERLES
VALE A3 R 7 4 A

(1) OUT[ENTRY] = VeyTrys

(2) for (% TENTRY 245844 3kB) OUT[B] =T
(3) while (4T —ANOUT i L E AL)

(4)  for (% TENTRY XA5h 84 HA31B) {

(5) IN[B] = N\p e gegayasx OUT[P];
(6) OUTI[B] = f5(IN[B]);
(7) 1}

sKE: (RIFRBREARH ) REBHL 85



%ﬂ&:ﬁmﬁax FORZLA %S

Fie: BEAMGRERERNIRIIEN

PO E ERBE
B PTHRAER: AR LHE—FRERETEES
FZRBAER, NRATHZHEZLRE
B AEFTROMITHELEE: BERIITHANLZETHES — XREAEH
FRNOKZE
B TROMTRLEE cHITHEZEE
B FRITATRIITHRZRERTH
LRI UE SRR 547 Ja i

T

sKE: (RIFRBREARH ) REBHL 86



: . . » ]
"\ JEAE ¥EAZLELLX G
C \: V[ A3 University of Science and Technology of China

%% 4P =ENTRY B, »>B,—> ... >B,, X
B fo=f  °..°f°f

B IDEAL[B] = Nog xentrysiea—% Tz Tr(VenTrY)
BREBRBENLGSIL

B TR THEAMBIDEALM EE— 2 R R
B AT T RE TIDEALMEZREZY

B AERLWNET, ARELIDEALMEARNH

sKE: (RIFRBREARH ) REBHL 87



MFP*I]MOP FEAZLLK S

MFP &R KA B S MOP#{TER1E L AR

maximal fixed point meet over paths

B FREENELR (R—RERAL B MOPIB] = Nog pentrysiBs— 254
B AT B R ) fo(Ventry)

B EEANLCAL, RICABHAER B MOPBLET A TRREAZN
B LA R BRI, TR R RAL, SIEAR T R AL I
— AR AL IT AR R RAL

B X ATA #3kB, MOP[B] <
IDEAL[B]
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) MFP5SMOPHIEAE FEAZLL %S

MFPEMOPRIEEFHR ENTRY
B MEP3 A A 3k o 48 AT K B / \
W &3k 69 i A A B F Y B, B,

POREKIELE R —K \ /

B MFP3Fig FIL&EH
IN[B,] = T5(f1(VenTry) A T2(VenTrY)) B,
mMOP[B,] = (f; ° 1) (Ventry) A (5 ° 1) (Ventry)
HERBARAIAER LA S BRMER, —FHER2—HF8

MFP < MOP < IDEAL
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o FERBEHLLK
©)) @R pAch SR

O
AREFH—ANEZEEELLE—ANE (D)
*, dmX: (2)
B ZEZ 5P AL SRR EFAN

1’_‘% TR R RBERR ﬁs)\if read()<=0goto B, | B,
B ZREFE—HADER (4)

B o |

d: a=1 B,

T Q2 S AR IR B9 18 3R (6) Sz 2: 243 Bs
(7) goto B,
k@//
() B,
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T

B EIAH TR FIAE

O ﬁil%#uféﬁkﬁl%\a*hé],#ﬁéﬁow_t
A B ERH
B ARes

%ﬁ "RAZ AT 89 3B 4T B 9]

EZEE—FI I

dA2n#g % B4k & (d dom n): FMA045
A, EFIENGBERELZId
B Z2E5RCAFH I L&
B RN RGP PR 46 50

X Busk b

B EEM

PR R P BE B AR AL & ITAR  BAT -
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@) FEhRbA S % YRR LL%S

REMLERT

B AT sE i (R B A A A 6932)

B Mo nREML, »RXnEXE
56 £ B A £ A megFa
453, 1->4, 10> 7,
8>3 > 1

B monAL L, 4w
FEnFemEEXKER L
AR EE R K 1

%} 7 8L 2%, ‘/ Pl
2 > 3f5 7 @ T
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\)

C15v)
e EHadomb, IRZAiIb—>a
w {4 5] i

AT
—ANRBHRATIELE, R
RECHEMREERLERS L,
A ERAARADL,

sKE: (RIFRBREARH ) REBHL 95

H



<)) EbATET AL FOMAELLES

\)

o321

e R FHadomb, #FAZAilb—>a
] B ] i

AT L4
—ANRBARATIELE, of
E AT EESR L mp L,
T A 6 G RA AR A,

/
B e RIE—ANRE P : oS
HRAMBE, Hi — e

a9 B 2R
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F454E 821 @
2 >3 fe 32 AR EA

% B R R AR 8
I 85 22355 Kb AR B8 2\ 1 AT AR A9 3R
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AEELTHBERETFEINEXERIZE
]
]

AEARKRTARBFRHRAHEGERK
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TN . . 2F

S RBEHER
B ABR—MADEE(BER). BLEIBRZMEIRT YA LR
B E20HA—5DAHNZHERG AL R
ARENZREES)ECSCOFTH—FFEXA

o]i3in — dFER B ARTESR

B dim bRt d s 2 n 6 PT A & K

B 4 5dRZBIRGE LS
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HiIn—> dFAE & B ARBIRAdMm L
el ditEE n TR &%
B 9Hi710>7
{7, 8, 10}
B 9754
Va83{4,5,6, 7,8, 10}
B 9ij4 > 348 >3
1 3R{3, 4,5, 6,7, 8, 10}

B Hi9 51
V&83r{1,2,3,4,56,7,8,9, 10}
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EEET
EARANERRERTG —ARARGLEERRZEO TR

B AN ARG B L,
fafE—NEEER BN
AF&, NEFR—AHEIR

9@
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X
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7\ ¥ERBZLELX G
19% i * ) )
C gl \C B lm\ University of Science and Technology of China

BEST T IEF PR B AT RERYIETT
B AHSARGAER T
B REARERLELETAIFHKR
B ERRBHORSLATHEALLELRIL
Dawson Engler: coverity [CACM2010]
BER, ARxEEHEXK...
B RAEH, BXFPHERMAEANZHSINERITAY
B AAEGHNHALIL: 244 =R (false positives). FFRFWE R, 4%

%g\ oo

K

“ence

[CACM2010] A few billion lines of code later: using static analysis to find bugs in the real world

, Communication of the ACM, 53(2).66-75, 2010.
sk (RIFFEEFMEAH) ) KBS 103



https://dl.acm.org/author_page.cfm?id=81100222430&coll=DL&dl=ACM&trk=0
https://scan.coverity.com/
https://dl.acm.org/citation.cfm?id=1646353.1646374
https://dl.acm.org/citation.cfm?id=1646353.1646374

=) S HITRIBIA $EAZLLXS

MR RER
B iSO TR A BT IT A, I ARTF R
B - HRAMNFEXBAXR#EZ, BT IE

RS HTHIMR # AR BERHEK

i

B HEAMER R B F K — AT 88 hy YT

B AZNXRAPEEA RN, ERAPEARE
FSHiT: MR agzib, SIAFSIERTHE

[ AL 2218 2015] B2 aimifa MoK, 38(4):717-732, 2015.
K2 (GIERIBRHAR W) KB 104



http://cjc.ict.ac.cn/online/cre/lzj-2015313123145.pdf
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)
3

inta=a,b=B,c=y;
// symbolic
intx=0,y=0,z=0;
If (a) {
X =-2;
}
if (b<5){
f(la&&c){y=1;}
zZ=2;

©CONOOhWNE

10.}
11. assert(x+y+z!=3)

x=0, y=0, z=0
1
¢ _a
/ \
X=-2 B<5f
| 7\
B-::Sf AAY v
N t/ \f  -an(B=5)
ZT2 ‘(/B )y=1 z=2
an(pB=5 | |
8 = Y
: | QA (B<D)AY
—QA(B<5)AY

path condition

KE: (RIFIRIEMIZIR H) ) 1KHEITTIL 105
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©) BEniT ¢OMELLKY

BN SPITHRERRZINEFENERFRET

B EREAT 6 BARME R 5 AT B2 54

AR, FEHTTRELZ ZHEFRITEN

HFSHITHLR

B Fi69 T4: James C. King. Symbolic execution and program testing.
CACM, 19(7):385-394, 1976. (% 5])

O 1980°s B EAMLE A AR

B 5T AMAD: KETRORITER, §FE2LXBIAIBRLRZETIT
6, BFRRIFHFZ4E

sKE: (RIFRBREARH ) REBHL 106


https://dl.acm.org/citation.cfm?id=360252

FOAZLEL*XS

EH* University of Science and Technology of China
HEH: AR, AARE
BIEFEBARKHISMT/SATK#ERS

B SMT= Satisfiability Modulo Theories =SAT++

B OPRRBEIEF SN AEWE. ABRTHHEL
B KME: Z3(LEARFLLVMP), STP. YicesH
L 10F R ABR TR

B KLEE (0SDI2008, C. Cadar. D.Engler%, Bl FLLVM)

B [CACMZ2013] Symbolic execution for software testing(30y+)

B [CSURZ2018] A Survey of Symbolic Execution Techniques

sKE: (RIFRBREARH ) REBHL
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https://github.com/Z3Prover/z3
https://stp.github.io/
http://yices.csl.sri.com/
https://hci.stanford.edu/cstr/reports/2008-03.pdf
https://www.doc.ic.ac.uk/~cristic/
https://web.stanford.edu/~engler/
https://dl.acm.org/citation.cfm?id=2408795
https://dl.acm.org/citation.cfm?id=3182657

SMT?&F R EEE YERZLL S

SATRIRBEESMTR B[ AIE0

B SMT((T#HREBREREL): BXARABRIXNEFXEZAL
B SAT: ZRALSBCNFEXGHA RE X

B Zi Lt FrASMTE# T AL R E|SATE 4

B SR LE SMTASEXKLE X4

6 F X x+0=x
B KA. read(x, write(42, x, A)) =42

O x& R, ARE, write(42, x, A)FRnA[X]=42 )5 K%
B YA WERBINENR, BHBRAAZE;..

sKE: (RIFRBREARH ) REBHL 108
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Q) HShiTEE it Sk
R XENRSE

B DART (Godefroid and Sen, PLDI 2005)
B EXE (Cadar, Ganesh, Pawlowski, Dill, and Engler, CCS2006)

SAGE: MicrosoftBconcoliciiiT88(EEFSHIT)
Mayhem(CMU), Angr(UCSB), Triton

Java Symbolic PathFinder

KLEE

sKE: (RIFRBREARH ) REBHL 109


http://osl.cs.illinois.edu/publications/conf/pldi/GodefroidKS05.html
https://patricegodefroid.github.io/
https://web.stanford.edu/~engler/exe-ccs-06.ps
https://patricegodefroid.github.io/public_psfiles/ndss2008.pdf
https://users.ece.cmu.edu/~dbrumley/pdf/Cha%20et%20al._2012_Unleashing%20Mayhem%20on%20Binary%20Code.pdf
https://github.com/angr
https://github.com/JonathanSalwan/Triton
https://github.com/javapathfinder
https://hci.stanford.edu/cstr/reports/2008-03.pdf

= FERAZHEL X
ose Iﬂaﬁe_tllﬁ IM Pngﬁ?m University oﬁnce and Technology of Ch%

a:=n|X|-ala0+a1]|a0-a1|a0Oxal|al/a1
b:=bv|-b|b0Ab1]|bOvb1|al0=a1l|al<a1l|al>a1
c ::=skip | input(s) | X:=a | if bthen c else c

| cO; c1 | while b do c | assert b

B nREH. XALTE., bvAF RIL
B cREF4A. afrbp R REARfof RA KA X
B Sym-whiled§OCamlsE #: https:/github.com/Isweet/sym-while
O syswhile.ml A& B35 F, Blmain, BARHATERT ST
lexer. mI(ENVEFGIR) . parser.mly(iEVEFEIR) . ast.mI(AST)
concrete.ml: fEREHAT, RSB AD &= RV BLES, Imp.run s
symbol.ml, symbolic.ml: 54T, RS AR & BIRF 5 K8 UM BRAR 25 A 1 AR 5T

O O O
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https://ocaml.org/
https://github.com/Isweet/sym-while
https://github.com/Isweet/sym-while/blob/master/src/symwhile.ml
https://github.com/Isweet/sym-while/blob/master/src/lexer.mll
https://github.com/Isweet/sym-while/blob/master/src/parser.mly
https://github.com/Isweet/sym-while/blob/master/src/ast.ml
https://github.com/Isweet/sym-while/blob/master/src/concrete.ml
https://github.com/Isweet/sym-while/blob/master/src/concrete.ml
https://github.com/Isweet/sym-while/blob/master/src/symbol.ml
https://github.com/Isweet/sym-while/blob/master/src/symbolic.ml

s ¥RABZLEALX S

1 University of Science and Technology of China

HAESRIEANREILE

ast.ml
ype arith = type boolean =
AEVar of string | BETrue
BEFalse

AEMum of int
BEENot of boolean

BEEAnd of boolean * boolean

|
AENegate of arith :
| BEOr of boolean * boolean
|
|
|

AEPlus of arith * arith

AEMinus of arith * arith

BELT of arith * arith
BEGT of arith * arith
BEEg of arith * arith

AEMult of arith * arith

AEDiv of arith * arith

K2 (RIFFRIEAEAR M) REBMEL 111


https://github.com/Isweet/sym-while/blob/master/src/ast.ml

~ FEELRIC ¥FRHAZEL*XS
; 1 ? 'U\ University of Science and Technology of China

BEIRES: Teagxk

type conc_state = int StringMap.t

concrete.ml

ﬁ%ﬂk:mﬂ T2 3FTEEXIBBEFH, symbolic.ml
type sym state = (Symbol.int t StringMap.t) * Symbol.t

B Symbol.t: REFFREXELE

B Symbol.int_t: A FF 2 ik X XA

sKE: (RIFRBREARH ) REBHL 112


https://github.com/Isweet/sym-while/blob/master/src/concrete.ml
https://github.com/Isweet/sym-while/blob/master/src/symbolic.ml

X &k .

~ 3¢
=
1958
< g
% &
o
 and T

o ®
Sor o
ey

HFforkfIFSHT FEAZLALX S
an{a] 1 BT BB AN 493 32 AT 4T (feasible) ?

ce

let rec eval (s : stmt) (s st : sym state) answer =
let (env, pc) = s st in

| SIf (b, s1, s2) ->
letl =t_of booleanb envin (* branch cond *)
let cond_true = LAnd (I, pc) in (* ... and path cond *)
let cond_false = LAnd ((LNot l), pc) in
let sat_true = check (z3_of t cond_true)in
let sat_false = check (z3_of_t cond_false) in

(match sat_true with (* might do both branches *)
| Some _ -> ...(eval s1 (env, cond_true))
| None -> ...);

(match sat_false with
| Some _ -> ...(eval s2 (env, cond_false))
| None -> ...);

sKE: (RIFRBREARH ) REBHL 113
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Ti F= SR B

B iR pe=0, BEFH Atrue, KIS Hempty

B S ELKEGFTRAE

B —23fF59 X, WHEANS XAS A KA (DepthFS)
WiFeE, BEEAFTRE

ER 12 1RYE (path explosion): 9~ % . #&3R

R R R

DFS (& % &£ %34 stuck) . BFS; #->H

AR &, M E. BE5IFHRB AR, oK.

sKE: (RIFRBREARH ) REBHL 114
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- . . - k ‘
) (ERRIMAAL RiF = YEAZLELE S

A Cprogram. Derived program properties
def-use;
dependence;
control flow;

Low-level code transformations
loop transformations

common subexpression elimination
vectorization/parallelization

nderstands C constructs;
hardcoded basic knowledge (e.g.
linear algebraic identities);

ardcoded optimization heuristi

sKE: (RIFRBREARH ) REBHL 116
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©)) BREXIRRIRIE *RAZEALxS

BHEX
B DSL: #4EMiEH b=atc

B 29 miER K
O o H]5Y

O A TUREER
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B 3R A 55
f545: bl2 = b>>1

d,f"'”\b
- a
a-b <d <a+b

sKE: (RIFRBREARH ) REBHL 118



FOAZLEL*XS

University of Science and Technology of China

for (i=0; i<N; i++){
a[1] =b/c:

Elusive to existing techniques.
W = WO,
while (d > 0.01){
d=0; -
for (1=0;1<M; 1++){
d+=a[1] +b[1] * w; = reduction over loop i
b

1*d;

Stay the same across while Stay the same across for loop,
loop, but vary across for loop.  but change across while loop

sKE: (RIFRBREARH ) REBHL 119
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* An equivalent form of the example.
O(M*K) —* O(M+K)

W = Wy, W = Wp;

while (d > 0.01) while (d > 0.01){ // K iterations
A >al1]; ~d=0;
B 5, blil } e | forG=0i< M i
d=A+B*w; d +=a[i] + b[i] * w:
w=w-0.001*d )

} w=w-0.001 *d;

sKE: (RIFRBREARH ) REBHL 120
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183 NGEHEBIL FOBZLLL S

[yuzhang@localhost lab]$ clang bisheng3.c -O3 -flto -fuse-Id=Illd -WI,-mllvm,-enable-struct-peel=false -0 bisheng3.no-struct-
peel && time ./bisheng3.no-struct-peel

real 0m1.526s

user 0m1.145s

sys 0m0.380s

[yuzhang@localhost lab]$ clang bisheng3.c -O3 -flto -fuse-Id=Illd -0 bisheng3.struct-peel && time ./bisheng3.struct-peel
real 0m1.519s

user 0m1l.154s

sys 0m0.364s

[yuzhang@localhost lab]$ objdump -dS bisheng3.struct-peel >bisheng3.struct-peel.dis

[yuzhang@localhost lab]$ objdump -dS bisheng3.no-struct-peel >bisheng3.no-struct-peel.dis

[yuzhang@localhost lab]$ grep "bl.*calloc"

bisheng3.struct-peel.dis | wc -I

1 emor emor
[yuzhang@Ilocalhost lab]$ grep "bl.*calloc" / poore Memory \ / Mermory \

bisheng3.no-struct-peel.dis | wc -I W datal W data2 [l next

1 ty?:gegai:;TCt cand_struct { Yoid**array = ca1196(lll, w)s
[yuzhang@Ilocalhost lab]$ clang --version ctruct cand_struct next; e T
BiSheng Enterprise 3.1.0.B006 clang version 15.0.4 (721bae198ed1) e I:> eneeenext S anr, 1, Nesisor(umsianed);
Target: aarch64-unknown-linux-gnu o stric, oy eaioc(Ny w); onsigne i - o

Thread model: posix Cand struct t vtmp = array; W iidfia;;;iirhd)f];
InstalledDir: /opt/compiler/BiShengCompiler-3.1.0-aarch64-linux/bin i T e

K ) tmp = tmp->next; ‘ / \ /
http://staff.ustc.edu.cn/~yuzhang/compiler/lectures/bishenglLab.pdf 5£%:3
HE: (HIEEREAEAH ) REBHK 122
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. ks ke
[yuzhang@localhost lab]$ clang code.c -0 code-noOpt ® B i TS%‘-‘E
[yuzhang@localhost lab]$ ./code-noOpt
Bubble sorting array of 80000 elements  TTTTTTIIITTTTTTmmmmmmm oSS T l """"
Average: 21163 ms

[yuzhang@localhost lab]$ clang code.c =02 -0 code-02 @
[yuzhang@localhost lab]$ ./code-02

Bubble sorting array of 80000 elements

Average: 3696 ms

[yuzhang@localhost lab]$ clang -O2 -fprofile-instr-generate code.c -o code-PGO -
[yuzhang@localhost lab]$ ./code-PGO ©) RisgE >@@
Bubble sorting array of 80000 elements
Average: 5582 ms
[yuzhang@localhost lab]$ LLVM_PROFILE_FILE="code-%p.profraw" ./code-PGO &> /dev/null
[yuzhang@localhost lab]$ llvm-profdata merge -output=code.profdata code-*.profraw
[yuzhang@localhost lab]$ clang -O2 -fprofile-instr-use=code.profdata code.c -o code-PGOopt
[yuzhang@localhost lab]$ ./code-PGOopt

Bubble sorting array of 80000 elements

Average: 3388 ms

[yuzhang@localhost lab]$ objdump -dS code-O2 >code-02.dis

[yuzhang@Ilocalhost lab]$ objdump -dS code-PGO >code-PGO.dis

[yuzhang@Ilocalhost lab]$ objdump -dS code-PGOopt >code-PGOopt.dis

gRiatT

http://staff.ustc.edu.cn/~yuzhang/compiler/lectures/bishenglLab.pdf 544
HE: RIBREEAEAR W) KRB 123
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—ANCETHEF T,
main()
{
Intij,kK;
1=5;
=1
while(j<100){
k=i+1;
=itk
}
} R T BREAA?

% W ARG 89 B AR

L4:

pushl %ebp

movI| %esp,%ebp

movl $1,%eax - j=1
mov| $6,%edx -- k=6

addl %edx,%eax  -- J=)+6

cmpl $99,%eax
jle .L4 -- while(j<99)

sKE: (RIFRBREARH ) REBHL

124



FHHZLL XS

rsity of Sci and Technology of Chin

—ACETREART, HARKME B IR

main() pushl %ebp
{ mov| %esp,%ebp
inti,j,K; movl $1,%eax - j=1
1=5; mov| $6,%edx -- k=6
1=1; L4:
while(j<100){ addl %edx,%eax  -- J=)+6
k=i+1; cmpl $99,%eax
i=itk; jle .L4 -- while(j<99)
}
} £ 5446, B EH. R, Bk LR KI

sti, ARk BNAETLRN S L, KRB

sKE: (RIFRBREARH ) REBHL 125
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pushl %ebp

—ACEE AT
NCIEEE AR movl Y%esp,%ebp

i subl $8 %oes while E1 do S1
main() N o L2:  E189R4
{ L o A4 L4

3 _cmpl $0,-4(%ebp) R AAR L3
long 1.J; Ine L4 L4: SR
Jmp L3 IMP L2
L4: |3
while (i) { cmpl $0,-8(%ebp)  if E2 then S2
e e - je L5 E269 R
itQ){1=J;} movl -8(%ebp),%eax fB# L5
1 movl %oeax,-4(%ebp) S249 R A
L5: Lo:

} OERMICHRARLEL  jmp L2
A 2ahEgssE? B

sKE: (RIFRBREARH ) REBHL 126
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pushl %ebp
movl %esp,%ebp
subl $8,%0esp

—ANCETHEF
main()

cmpl $0,-4(%ebp)
jne .L4
jmp .L3

long 1,J;

cmpl $0,-8(%ebp)

je .L5

movl -8(%ebp),%eax
movl Yeax,-4(Yoebp)

while (i) {
ifg){i=J;}

ERBCHBRAED
B2 AH A7

jmp .L2

(2 (GIEREAEAR M) KRB

B BARAD 22 4 T R

L2: E149 /X4
L4
A% L3

L4: S1694%A
E269 KA
B3 L5
S269 K4

L5: JMP L2

L3:

If E2 then S2
E269 XA
f8%% L5
S269 K4

L5:

127
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—ACiETHF pushl %ebp
main() movI| %esp,%ebp
{ L7:
. testl %oeax,%eax
long 1,j; e L3
testl %oedx,%edx
while (i) { je L7
f(g){1=]J;} movl %edx,%eax
1 jmp .L7
1 L3:

A F 0 IC S A A

sKE: (RIFRBREARH ) REBHL 128
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1§|J 3 BiE FOME LK XS

K\ R4 E K o Jvb a4 it )2 if RAR N Bk )a
o sTRBE, REFEBLEH

long gcd(p.q)
| £ RAL AEFIX S ) R BT
long p.g; T I T A K KR D2
{ o I H K ESFKqAPLWg, HK
if (0% == 0) ERRWTFERF
turn O c BERAFABRTRALKOME
9 ANSHED TR H X5 H

e BEAREA— RS A
return gcd(g, P%0Q); s pr o 4 3147

sKE: (RIFRBREARH ) REBHL 129
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N

or G

S, s
“ice and Te°

*ﬁ k/}?ﬁ ﬁé{, &,ﬁ movl 8(%ebp),%esi p

movl 12(%ebp),%ebx q

long gcd(p,q) L4
| ] movl %oesi,%eax
ong p.4, citd ¥ IR A 644
{ idivl %ebx
movl %edx,%ecx  p%oq
If (0%q ==0) testl %ecx,%ecx p%oQ
return q; Je.L2 |
movl %ebx,%oesi g=p
else movl %ecx,%ebx  p%ag=q
jmp .L4

return gcd(q, p%aq); | .
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Program — Stmt
Stmt - Id :=Exp|read (id) | write (EXp) |
Stmt ; Stmt |
while ( Exp ) do begin Stmt end |
If ( Exp ) then begin Stmt end
else begin Stmt end
EXp —> id | lit | Exp OP Exp
2 X Stmtég A A5 b
B MayDef2 FTETREMEHNTZES
B MayUse2 FETRIIANEEZES
B 5—ANEEHFEXRMAESTE, ©itHStmtey L MayDeff=MayUse % 1
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Stmt

Stmt

Stmt

Stmt

—> Id := Exp
{ Stmt.MayDef =
Stmt.MayUse =

—> read (1d)

{id.name} ;
Exp.MayUse }

{ Stmt.MayUse = @ ; Stmt.MayDef = {id.name}}
—> write ( EXp)
{ Stmt.MayDef =& ; Stmt.MayUse = Exp.MayUse }
—> Stmt, ; Stmt,
{ Stmt.MayUse = Stmt,.MayUse U Stmt,.MayUse ;
Stmt.MayDef = Stmt,.MayDef U Stmt,.MayDef }

K= :
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Stmt - If ( Exp ) then begin Stmt, end
else begin Stmt, end
{ Stmt.MayUse = Stmt,.MayUse U
Stmt,.MayUse U Exp.MayUse;
Stmt.MayDef = Stmt,.MayDef U Stmt,.MayDef }
Stmt — while ( Exp ) do begin Stmt, end
{ Stmt.MayUse = Stmt,.MayUse U Exp.MayUse;
Stmt.MayDef = Stmt,.MayDef }
Exp - Id { Exp.MayUse = {id.name} }
Exp - lit { Exp.MayUse = J }
Exp — Exp, OP Exp,
{ Exp.MayUse = Exp,.MayUse UEXxp,.MayUse }
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A FMayDeffeMayUse & %, 468 Stmt,;Stmt,
FaStmt,; Stmt £+ 2 LT A B 4655 L

Stmt,.MayDef N Stmt,.MayUse = & and

Stmt,.MayDef N Stmt,.MayUse = & and
Stmt,.MayDef N Stmt,. MayDef = &
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