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4o Ai][[]s x.fLEF %387 9 %4E

B RiFEMETARS TKREEREH

B B —HBLEMNZRITEEZTEFSNLOKRREHE
F 2K

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

A M| % (dead code elimination)

KA 9= (loop hoisting, code motion)
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(1) i=m-1

I=m-1;J=n;v=a[n], —— - (2)J=n
while (1) { (3) 1 =4%n
iz Gv=a
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]; a[i]=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)...
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%t3<vgotoB

J=1-1

t—4* Bg
= a[t,

|15t5>vgotoB
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If 1 >= ] goto By
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B, x=all]; a[i]=a[]; ajj]=x;

t, =4 %I

X = a[tg]

t,=4 %]

tg=4%*]

Ty = a[tg]

alt;] =t
to=4%]
aft;] =x
goto B,

t,=4 %1
X = a[tg]
t, =t
tg=4%]
ty = a[tg]
alt;] =t
Uy =1
afto] =X
goto B,

FADAGERREARRELRREHI—EB D
ALLVMeYSelectionDAG

AT EARRE, SESSIMW
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O,

N FValue Numbering ({B4%18)/R

MMTERS

Fin, AEREEN

TR —MABHTRE A
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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)

‘, 2546
ts =4 %1 ts =4 %I ts =4 %I
X = a[tg] X = a[tg] X = a[tg] 25 %f&?&#ﬁé@ﬁﬁ&:
t, =4 %] t,=t, t,=t, ﬁi—%}%@f:%,
tg =4 *j to =4 * | to =4 *j 7T A6 Al g &S
ty = afty] ty = afty] ty = afty]
alt;] = Ly alt;] =t a[ts] =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 a[t;o] = x atg] = x goto B,
goto B, goto B, goto B,

10



§E1’cﬁ?:ﬂﬂJI!$ FEAZLAL XS

TR
m ARG I 2 R AT R 435 &
B —RAATRTRSF RRRD

Bl: ARTER, TRAMRSPRITEEY, MK

& 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

ﬁst5 4gotoB

If 1 >=J goto B,
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B, x=all]; a[i]=a[]; ajj]=x;
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£ A CSE,

5 E4£4&. DCE

t, =4 %I
X = a[tg]

t,=4 %]
tg=4%*]
Ty = a[tg]
alt;] =t
to=4%]
aft;] =x
goto B,

t, =4 %I
X = a[tg]
tg=4*)
ty = a[tg]
alts] = tg
a[tg] = x
goto B,

II|t l
Ifl = v goto B,

T

.lJl

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 alt,] =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,]

|1% t; <v goto B,
=]-1

{—14* 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 =alt,]
=4 %] HARRAF]
12 —Aen EHARBERIMUL X=1,
14 a[t13] a[t ] |
a[tlz] =1, a[tz] = X14
t,. =4%n L
ajt,.] =x
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V=alt) X
i t,, = alt]
=1+ =
t=d* B, alt] =1,
t = a[tz_ a[tl] =X
t; <vgoto B,
: E
= g td ’ aft,]se TAEH
|15t5>vgoto B, NEFEEX?
If 1 >=j goto B,
B. ' ' | B
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B )24 % 2 M & (induction variable elimination)
B 3% & ) 85 (strength reduction): ed§ 5 & T e m ik
B /XA s (loop hoisting, code motion): WHER R K #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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Wt =4 EHHAL, =4 T |
L] E%%ﬁ")‘i‘?ﬁnt4:4*j o
2
=]-1 B
BB J —Jt 3
)J=1-1 = ad[t4]
- |il§ t: > v goto B,
t,=4x*]
t; = a[t,] _ 5
If t; > v goto B, if i >=] goto B, | ~4

B, —— <~ B,
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I=m-1
=n
35 B 1155 {Vl_:g[;]n B,
B B,&TARMME K L= 4 fj
=] 2~ I
JEESE!S—y)] 73 N -
B AR ER S >=] E = gz[ﬁ;f, 2
TUAR T AL, >=t, if t, < v goto B,
BZ
1=1+1
t,=4*|
— T B
t; = afty] if i >= | goto By, | P4
if t; <vgoto B, ,BS / JNQ
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1=m-1
35 B 1155 L=4sn |B
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If t,>=t, goto B B
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B 7l(peephole)iiL: QM —ABHE O R4, HREBRE THIES
R EARARE 0 69 R AR
V THRBESME: de

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 il(peephole)tiit: RPWT—ANBRAHE O AMHL . FRBBRETRIES
REAARE v 06 X B hS

v ORARAEARIG ., B AR

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

v RSB, Rk ARD, EERAL

vV ZEH G, BIFRLHAES
mul $8, r0 => shiftleft $3, r0
add $0, r1 mul $1, r2 ISR S

v A B B AR A4 B

U inc. enter(ZESTA%M). leave((& kM)
SHINES . MEY BigS5%
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B A AN EHERL

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

B FAERKNL: EFEHKL
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B R REAEGE ARSI, REHERE
A 2 4 R R R 3R

BRSO
B A —ANIAEPEHELERLNEAHESE

B lde, FEHBDITRAD RIS AR LTI BIE XA AR
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sKE: (RIFFRERAEA M) KB 27



=) SR St

MR R é

rsity of Sci and Technology of Chin

*E FRO)HWBERFRES

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

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

2. BEAH
At BO)FRAFE

K= :

(1)

di:a=1

(2)

Ej; If read()<=0 goto B,

R—

d,: a
6) [dy: a=243
0 B,

Q D T

—~+

0]

(8)

9)

(HmIXRIBRIFAR H) ) KEBHL
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BRI

B SHAEAFITAE, LRAERLRE LT EAA OHITHELZE (ERARAREEER
MPATH, TFEFERTERLAE S NREZ H6G3kE)

B B TAAEMRBRK, NABFIOEFIITERERAR, LRTHREKEXAA
Ray B

B SR BRI RSEALT AR
&Fﬁw Bk 3 5T B8 0 e 5

BB IMITIRE LRFMBERIRES
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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 9&#&0&'{.&

B EEHATZIHENY—AARNTE, EXAFERINEINMEE LY
BBRK, BPRETHRZB R GAAR A XFNTE
RFE: BINEERSRBEFOITH

B A BNTRR, AEFRERENELLTR
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Zlik-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 ST TR RN
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 X T A RAL
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EXRETRERNEE
B gen[B]: A ARRBAERLZAL 3;; }im"l B,
B kill[B]: & ARBiz4 /L dy: a=ul

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

kill [B,]={d,, d,, d-} dg: a
gen [B;] = {d}
ill [B;]={d}
gen [B,] ={d;}
kill [B,]={d,, d,}

sKE: (RIFFRERAEA M) KB 32



=) Eaktigen T kill 5itE $EATLLKE

B =4S du=v+w, CHRSIZLIHHR
f4(x) = geny U (x = Kkilly),
XA B A HFLAND Q89 RAE
m =f,(x) =gen, U (x=Killy), f,(X) =gen, U (x—Kill,)
e f,(f(X)) = gen, U (gen; U (x — kill,) —kill,)
= (gen, U (gen, — kill,)) v (x= (kill, v kill,))
B FEASBANK A4S
killg = kill, U kill, U ... kill |
geng = gen, U (gen,_, —kill ) v (gen,_, — kill__; —
kill ) U ... U (gen, —kill, — kill; — ... = kill,)

sKE: (RIFFRERAEA M) KB 33
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R P E/FI(flow equation)

B geng: B ARty LA B ABHL R EMAE

B killy: BiE4key el

B IN[B]: f63|EABMFEMZMEESL

B OUT[B]: A 2|&ABHLREMNCIEES

FEF X (RPEgenFekillZ LINF=OUT)

B IN[B] =Usepeysra OUT[P]

B OUTI[B] = geng L (IN[B] — killy)

B OUT[ENTRY]=&

BA-RAEAAANENRKE, RLB X A(MFP)

sKE: (RIFFRERAEA M) KB 34



(@) Bk -EEERITEEE 3k b LLE:

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

(3) while ('f:":'f’ﬁ]'-“/]\OUTth i}‘n“’-’iﬁﬂ‘) /—ﬁim}ﬂmu;ﬁﬁiﬁ%’:ﬁl%
(4)  for (% TENTRY RS 4AB) { | B EAEEASRGISTR

FPAR R SE A R
(5) IN[B] = Us g e OUTIPI;
(6) OUTIB] = fg(IN[B]);
/I T5(IN[B]) = geng L (IN[B] - killy)
(7) }
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5| - EE (B FRudéE)
B N TFEENE—AG A, LRI KXZ AGHA A

181 2L - E EBURR AT B H R R udsE

B eRXeBY EFadh s A AT Haby 214,
ARKFaI R —REABREZLI A
AJudét 7§ v = eenggens

B e RRBY L Fat s LA Lat RAA,
AR A% 5] B Bgudet L2 IN[B] F atd = 18 e = e
CEES
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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, dg, d/}

gen [B,] ={d,, d:} gen [B;] = {dg} gen [B,] = {d/}
kill [B,] ={d,, d;, d/} kill [B;] ={d;}  kill [B,] ={d,, d,}
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IN[B] = Upgpg sz OUTIP]
OUT[B] = geng U (EI]/JN[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, dg, d/}

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

sKE: (RIFFRERAEA M) KB 38



B3k - E(E ERH) T
OUT[B] = genBPC)%B(TS [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, dg, d/}

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

KE: (RIFREMZARMH)) REBMK 39
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IN[B] = Up g5 OUT[P
OUTI[B] = geng U (EI]/JN[EE] — 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, dg, d/}

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

KE: (RIFREMZARMH)) REBMK 40
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OUT[B] = genBPC)%B(TS [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, dg, d/}

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

KE: (RIFREMZARMH)) REBMK 41
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IN[B] = Upgaiarm OUT[P]
OUT[B] = geng U (IN[B] - killy)

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, dg, d/}

gen [B,] ={d,, d:} gen [B;] = {dg} gen [B,] = {d/}
kill [B,] ={d,, d;, d/} kill [B;] ={d;}  kill [B,] ={d,, d,}
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OUT[B] = genBPCJ%B(TS [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, dg, d/}

gen [B,] ={d,, d:} gen [B;] = {dg} gen [B,] = {d/}
kill [B,] ={d,, d;, d/} kill [B;] ={d;}  kill [B,] ={d,, d,}
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IN[B] = Upgaiarm OUT[P]
OUT[B] = geng U (IN[B] - killy)

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

w

0 W W W
N

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

gen [B,] ={d,, d:} gen [B;] = {dg} gen [B,] = {d/}
kill [B,] ={d,, d;, d/} kill [B;] ={d;}  kill [B,] ={d,, d,}
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OUT[B] = genBPCJ%B(TS [gé] — killg)

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

N

0 W W W
w

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

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

KE: (RIFREMZARMH)) REBMK 45



213k - FE(E LT EE R tRALLLxS
IN[B] = Upgaiarm OUT[P]
OUT[B] = geng U (IN[B] - killy)

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

w

0 W W W
N

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

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

KE: (RIFREMZARMH)) REBMK 46



B3k - E(E ERH) T
OUT[B] = genBPC)%B(TS [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,, d:} gen [B;] = {dg} gen [B,] = {d/}
kill [B,] ={d,, d;, d/} kill [B;] ={d;}  kill [B,] ={d,, d,}

KE: (RIFREMZARMH)) REBMK 47
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FEH R AT

RIFBRD?A: BK-ZAEDH
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ENE &0




) Blis-E(EiTE 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 ERERF XA =
Fhx-EEBEAFANEREERKHE
B IN[B] =Upggaim OUT [P]

X ERBRFANLSABEZLE
MENE-EEBERFN, ERXKENEE
X ERIBRTEATREZLXR KB

sKE: (RIFFRERAEA M) KB 49



%&?E}ﬁ.ﬁ*ﬁ*i‘t YERZLL S

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

B 5 a)sAT )G A BB A A IN[s]A=OUT[s] &k & F
B KEARAFAHXALZBIE TE9ELH4E (TR LA TEHANLG LR
* F BRI 5 4 sBIN[s]A=OUTI[s] & — AN

sKE: (RIFFRERAEA M) KB 50



=) 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 K3EBHIFE S, S,, ..., SARKLERR, 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])
#1: IN[B] = f; (OUTIB]).

(wIFRIBAEAR H) ) REDMKL 51




%&#Em.,ﬁ*ﬁ*;-\: FEAZLL %S

EHIR 2R
B EmfEiE

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

OUTI[B] = U sepey e 2 INIS]

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

sKE: (RIFFRERAEA M) KB 52
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FEH R AT

RIFBRD?A: BK-ZAEDH
BBRGSTRN EKXRT =57,
ENE &0




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

EX

B T8 xWEAPETIE L S MATRA LRI A, XL E &K,
F N ARXEp R EAT

IN[B]: 3kBHF¥EMHEKRTELESL

OUT[B]: kB&REWEATEHEAL

useg: BY A ABLASIAMACANETESR

defy: BT A ZANTER

3

P -

—MHEZN ARRE KRN T E S 5B

sKE: (RIFFRERAEA M) KB 54
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use[B,] ={1,] }, def[B,] ={1,] }

B IN [B] = uses U (OUT [B] - def, )

B OUTI[B]=Uszpewes IN[S]

B IN[EXIT]=O
MENA-EEFAZBHNEKRSX 7
B CEEF: RRELSHHF

B AR TEMEA, INFROUTH/E IR
B usefedef2 A B AR genf=kill

B AREERIH

sKE: (RIFFRERAEA M) KB 55



xEE 2| (Def-Use) FEAZLL %S

EE-5| B (dufk)
B XX eExAEXEd, /AR BETE 5] Audi R SARAXEIL G 2 4E-7]

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

B wmRXBPxWEALAZ)E LAy #0218, NIB
b dZ BEXxEIFTA 5] A AR OUT[B] P x# BT A
5| B A A d g dudt S X

sKE: (RIFFRERAEA M) KB 56
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(=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—AFERGKE , , , ,
i User BasicBlock
Constant, Argument, Instruction, \ ) .
Function £ ) . ) .
. . Constant Instructi
B Ay —NMuaBEEERAFNIR o) _netrheron
O iZ&Hikdef-usefs 2

[GlobalVariable] [ Function ]

B IEFE
O Type* getType(): FEL Value F2E4Y
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: (RIFFRERAEA M) KB 57
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) LLVM IREYUDFID U 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), FRECE i EAESL
B unsigned getNumOperands(), FkEUERVEE AN %k
O #EefEFukiC3s, User:op_iterator
B op begin(), op_end()

sKE: (RIFFRERAEA M) KB 58
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University of Science and Technology of China

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

O 45 ValueXt 54— Use ** UseListXW [AEEFE, 43 i 1fs &
O &4 Usext RALE — 2% MUser— Value#)id
O &AUsersf R4if—AMValuedl|Z8 o

B R E R User —— | PIPIP LR User

mUEHH R 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: (RIFFRERAEA M) KB 59


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 ' > ‘
A\ 1) & @ @ é :& ﬂJ‘ * é
g 19% L LV M I R s U D u D U University of Science and Technology of China

B Value. Use. Useréam e84tk 4DU. UDX &
O &A-Valuedf % H — Use ** UseListW [Al &5, 43 pra B8 3

O & Usekt ZACHE — 25 MUser—ValueH i1 B *J';E)ﬁﬁﬁi%
O HA-UserXf R4Edr—AMValuedllZR o

. plplPlPI|U for (User *U : F->users())
B A EHHEES N User ——— [ PP PP User if (Instruction *Inst =

mUEHH R U —

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

| User Jﬁ)ﬁﬁﬁﬂfﬁ
, 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: (RIFFRERAEA M) KB 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
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) ARt A LRR

Al A #=i&x (available expressions)

X=y+7z X=y+z X=y+7z
y= 2=
RBXY
yFdzHY
P EE P P
y +z Ep& y +z Ep& y +z Ep&
T AT H AT H

sKE: (RIFFRERAEA M) KB 62



i’S:T:C ¥EHAZLELX G

University of Science and Technology of China

TEBEMFELT, 4« EBMACHETH

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

S ~

t, = 4] B,

KE: (RIFREBEAMEARMH)) REBMAKL 63



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

B 53 SpFFRIATHREA T +y, FETHEE LA STXRYBAL,
AR AFRX + YA BT A

e geng: kBFAMTH AKX XES

e killy: 3BE4AH&IT A &E XES

IN [B]: 32BARTRHEXXES

OUT [B]: B ®TH AKX XE 4

|.IIII

35T xR X MR

"E

sKE: (RIFFRERAEA M) KB 64
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University of Science and Technology of China

HAERFN

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

B IN[ENTRY]=O

S SERTR EE X5

B CAER: #RANRTIAU

IS N AP S-S QN

sKE: (RIFFRERAEA M) KB 65



=) {EfRfBValue Numbering FAAFLL% S

Value Numbering

B Balke 1968 or Ershov 1954

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

MALRISERE
B X A3: Local value numbering

B b E&E A3k Superlocal value numbering (SVN)
B fRXA: AT XEMMARAD (DVN)

sKE: (RIFFRERAEA M) KB 66
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FOAZLEL*XS
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.
% &
S X

(=2)) Local Value Numbering
SMETFRRERE—MEHE

Original Code With VNs Hash Table for VN
Q< x+Yy a?® « x! + y2  {x,1>, <v,2>, <«<+,1,25,3>, <a,3>}
Zey 22 « @ {..., <z,2}
d« 17 d* « 17 {..., <Z,2>, <17,4>, <d 4>}

Ce X+2 c?— x! + z2 {..., €2,2», <17,4>, <d.4>, <c,3>¢

Rewritten Hash Table for Rewritten
aeX+y {<l.x>, <2,y>, <3,a>}
E: 1':? {Eé}ﬁﬁ%{’ﬁbkey, \\,{{1,}:}, <2,y>, <3,a>}

value IFIERY f<lx>, <2y>, <3,a>, <4,17>}

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

TL4 8B4 (Redundancy Elimination)

sKE: (RIFFRERAEA M) KB

67



)LVN: fBRES[EA

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:

e Use c?<« b3

* Save a’ in 13

* Rename around it (best)

\_
K2 (FFRIBREA M) REBETE

Rewritten
a<« Xty
Z ey

* b« a

K
* C

Hash Table for Rewritten
{<l,x>, <2,y>, <3,a>}
{<l,x>, <2,y>, <3,a>}
f<l,x>, <2,y>, <3,a>, <4,17>}
{<l,x>, <2,y>, {3&{4,1?}}

(1RYES | RV ERIDREIK(E
HIR, ICRIREEMRX
EXRYERSENERYIRGT
XJaBE5R, AAEXEN

valueAalipair )




LVN: {B%Rt3R0ERs

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: (RIFFRERAEA M) KB

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: (RIFFRERAEA M) KB 70



) Superlocal Value Numbering

FOAZLEL*XS

University of Science and Technology of China

Scoped Value Table

a->1
b->2
1+2->3
m->3
n-=>3

S K&/ KA XA

t->6

U->3

KE: (GIFFREERMFZAR H) ) KRB

i IPNEL T
N FRHYSEE

ACEFZ R 2 14BB
\__ J




O simRmmENE Chat L

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

wexs PR N
BA-fE A efE4S Ewm HTFTDCE#def-usest
ERTE T4 Bw FEBHBL., AWE
LA M), SSAH)E .
X R A% Tl R 5
ENE &3V XEXEELS IEm CSE
FFEEREX XBEXEELS AW RS
HEHE vc>f4  Em FTENE

sKE: (RIFFRERAEA M) KB 72



@) imsUE(flow-sensitivity) FEAZLL%S

AR Hr (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 A RBRITH EF Q) RA TR LSRG RIER S

TR (flow-sensitive analysis)

ZRAFFIRLAGEFRFL ORF. 2% #A3R)

-

sKE: (RIFFRERAEA M) KB 73



C)) £SO, (B, S FEAZLLX S

E RS8R 43 #rContext-insensitive analysis

B ASARMGRELZEEMGET

F T 3839 #rContext-sensitive analysis

B EIAERANG ETLCAR R ES, BREEA1ER)

b5 (S B RR Sy #irfield-sensitive analysis
B OHPRESRBEMEKRPORRAR. KEFTHRR THRLE

IR () B 5 #rpath-sensitive analysis
B RERFES IEGEIRIFERTERR O L

sKE: (RIFFRERAEA M) KB 74
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X

% ‘&’#n [} » ]
VN ¥R HBZ2LELLXE
19% i * ) )
C i, \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 A5G, BXFPHERMAEANZHSINNERITAY
B AAEGHNHALIL: 244 =R (false positives). FFRF W E 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 (RIFFRBERMEARH) ) KB 76



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 b # SOV TR TR A EITHITEAE, B AKTR
B - HRAMNFEXBARStZ, BERTITIE

RS HTHIMR # AR BERHEK

A

B HEAMR R B F K — A T 88 h9 YT

B AZNXRAPEEA AN, ERAPEARE
FEHIT: w2z, SIANESERAHE

[+ E AL 4R 2015] B2 it ilsoAR, 38(4):717-732, 2015.
K2 (RIZEEMEA N ) KRBMRL 77



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

%

(S xL
® ~- 2
“’%
5
% s
%. s
\S‘c'l"’<‘c and e

) TS HITEEB]

FOAZLEL*XS

University of Science and Technology of China

)
3

inta=a,b=B,c=y;
/[ symbolic
InNtx=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: (ImIFEIRIEMMILIN H) ) 1T 78
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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, §FELXBIAIBTRLREZETIT
6, BFRRIFHFZ4E

sKE: (RIFFRERAEA M) KB 79


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

FOAZLEL*XS

mqk University of Science and Technology of China
HEH: AR, AARE
BIEFEBARKHBISMT/SATKERS

B SMT= Satisfiability Modulo Theories =SAT++

B OPRRBEIEF SN AEWE. ABRTHHEL
B KME: Z3(LEARFILLVMP), 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: (RIFFRERAEA M) KB

80


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?ﬁer Y EEE YERZLL S

SATKRZEESMT KR ZRV4%I0

B SMT((T#HREBREREL): BXARABRIXNEFXEZAL
B SAT: 2MAASBMCNFE XA RE X

B b, FAESMTEET UL E|SATE 4

B SR LE SMTASEXKALE X4

a8 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: (RIFFRERAEA M) KB 81
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Q) HShiTEL 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: (RIFFRERAEA M) KB 82


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

=) # —— — AL X TS
i ﬁgﬁ@ﬂ‘ﬁ E I M Pﬂgﬁ %m{[ T 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 nZEHK, XELTZ. bvEAR RI{E
B cREF4A. afrbp R REARfof RA KA X
B Sym-whiled§OCamlsE #: https:/github.com/Isweet/sym-while
O syswhile.ml 88 235827, Blmain, BARAT BT SHUT
lexer. mI(ENEFRGIR) . parser.mly(iEVEFIR) . ast.mI(AST)
concrete.ml: fEREHAT, IREZALEBIELRIBLS, Imp.runs
symbol.ml, symbolic.ml: fF 54T, RS AR & 37575 F 0k 20U BAR 244 1) i B

O O O
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https://github.com/Isweet/sym-while
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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
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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
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BEIRES: Teagxk

type conc_state = int StringMap.t

concrete.ml

ﬁ%ﬂk:mﬂ i‘%ﬂﬂ’ﬁ‘iii&ﬁﬂ%@\.xﬁ' symbolic.ml
type sym_state = (Symbol.int t StringMap.t) * Symbol.t

B Symbol.t:#f RAEFF R AXLA

B Symbol.int_t: A FF 2 ik X XA

sKE: (RIFFRERAEA M) KB 85
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HFforkfI ST 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 boolean b 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: (RIFFRERAEA M) KB 86
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T = R BR

B iR pe=0, BEFH Atrue, KIS Hempty
B ELEGHTRA

N -—-.‘?—a‘iuTéJ\fL W) S5k A~ X AR5 A KAE (DepthFS)

B PTEE, BESAFTRE
Eﬁ?:’éﬂ%'}:’ﬁ(path explosion): % . 3R
RE R

DFS (& % & X3R4 stuck) « BFS: #->H
RIAREE. MK E. BEFIFHERXHLE. oK.

sKE: (RIFFRERAEA M) KB 87
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- . ) > k .
) {EGHAIACIRIFES vEAZLATS

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: (RIFFRERAEA M) KB 89
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R B

) BRiE IR NHE bbb LEA

BHEX
B DSL: #4EMiEH b=atc

B 29 miER K
O o H]5Y

O A TUREER
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2)) B RiE SIREN R IE roAzLAS

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

d#,-—"'*xb
=" a
a-b <d<a+b
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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: (RIFFRERAEA M) KB 92
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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 Y al1]: ~d=0;
:B 5, blil }---H_“_ for (i=0: < M; i+){
d=A+B*w; d +=a[i] + b[i] * w:
w=w-0.001*d )

} w=w-0.001 *d;

sKE: (RIFFRERAEA M) KB 93
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[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@localhost lab]$ clang --version erven e | et nets 1?:,*3353;: "
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 5253
HE: (HIEEEAMELA H) ) REHEAL 95
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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 ~ TTTTTTTIITTTTTTTmmmmmmmmmmm 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 -0 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 L4
W (RIFRBAEA H)) KEBHL 96
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%ﬁ&uwﬁ*ﬁ (ER FOA2LA &

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

B KBRS FTED, € AL ERREE

B REFERAEGRR: FRBV. LEHTA

B VEVHEIRZBAF QFEERTARFHSH (ENTRYREXITE L) 6975
g

FRV, A)

B 2 NEHEVR—ANA_AREBEH(CAEH)A, BA:

B REH: HAAHX, XAX=X

B XM TR ARy, XAYSYAX

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

sKE: (RIFFRERAEA M) KB 98



) ¥4& (semilattices) tOAzLExS

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

RFX<%&: KREVERXARS
B AR HAAEX, XX
B RATARME: STEFA &xAry, mEX S YAy X IRAX=
W FFbE: AR WX YAz, mRXSYRY S ZARAXS
I, RA<HEX

X<yHHAREX<Y)FEX=Y)

sKE: (RIFFRERAEA M) KB 99
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5. o S e et 0\0{5

EBMwFRRZIBEKR

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

B EXAyETFg, NgAxFyW R X TR
il EERILEVESLMEEUNES
B CABHARLSH: ORWMA, URKRL, A XEZ D
B LABHARALR: URTAL, OREL, BFXER C
O #}%1%<ax_téﬁﬁkﬁ%%ﬁ*‘zﬁéﬁ
(1) B)L-248: BRAFANBREERD 21
(aTmiﬁﬂ.ﬁ%%%ﬁ%ﬁéiﬁi
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) TR

& E
B LERAVEHLE {1(T)

B %y <x MAA /l\
XA T Blydy A m L

1d.} 102} 103}

tRRZETEZN >< ><\
7 B B &

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

B FX-ZENIED
B XAYVHRKXTHA \I/

XYy {dy, dy, dg} (L)

sKE: (RIFFRERAEA M) KB 101



) TR E RS AL LEE:

Bik-EEREGFENE-E

B RBEREAVREARMEREGNRR
SRELEARETERIHULEK

B SANTENRAEATEARBRI THATENCATAMR
RALFRETANRENT SR F T EFEME S GRFEHR
FRERBUIRZ (A, Ap)#=(B, AB)7%‘=F'*§')

B B AAxB
B CAEHA (a,b)Aa@,b)=(ansd,baghb’)
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B GFEESNV, )FEH—ANLEHAERFTIX <X, < ... <X,
B FRNSEARLTRK EF&F <K
B, E—NANNZAGEFF, BEX-ZEGSHEEN
BT SO
B FRNEHEA R => KIBRI;TERI IS
B FRNELRAR = FRGHEAR
B FRNGELBAR => FRGHETRAMR
Yo, FEGELEPEAGFER

sKE: (RIFFRERAEA M) KB 103
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TR BIEF : V> VE TR
B FOEBEIEI, 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) < F(X)AFf(Y)
N ARIEZE(D, V, A, F) A
B EED,V, A FegHaek
STE PR 89T, f(x Ay) =1(X) A f(y)
R IF=> T RFOBRAKBRTREAGE KR A

sKE: (RIFFRERAEA M) KB 104



FZ ] YEATLRARS
B B4R AE 4

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

B ECHKEZR, NIREFHHK

B f,(f,(x) =G, (G, v (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) =f(Y) AT(2)

sKE: (RIFFRERAEA M) KB 105



Q) —HRIERAE 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 XASh 84 HAN31B) {

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

sKE: (RIFFRERAEA M) KB 106



%ﬁ&:ﬁﬁ*aﬁax FORZLA %S

Fie: BEAMGRERERNIRIIEN

PO E ERBE
B PTHRAER: AR LHE—FRERETEES
FRBAER, NRATHZHEZLRE
B AEAFTROMITHELEE: BERIITHANLZETHES — XREABI
FRNOKZE
B TROMTRLEE cHITHEZEE
B FRITATRIITHRZRERTH
LRI UE SRR 547 Ja i

T

sKE: (RIFFRERAEA M) KB 107
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%% 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 ARZWNET, ARELIDEALMIEARH

sKE: (RIFFRERAEA M) KB 108



-))) MFPFIMOP tORZLLXE

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

maximal fixed point meet over paths

B FREENELR (R—RERAL B MOPIB] = Nog pentrysiBs— 2542
B AT B R ) fo(Ventry)

B AEEHENLCAESE, BICEABHAER B MOPRILET A B2
B LA R BRI, TR FAIERAL, GIEAREIT AL
— AR AL IT 2R BB IRAL

B XA &93B, MOP[B] <
IDEAL[B]

sKE: (RIFFRERAEA M) KB 109
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MFPEMOPRIEEFHR ENTRY
B MEP A A 3 R o 48 BT K B / \
W &3k 69 i A A B F Y B, B,

POREKIELE R —K \ /

B MFP3-F3uig FICAE
IN[B,] = T5(f,(VenTry) A T2(VenTrY)) B,
mMOP[B,] = (f; ° 1) (Ventry) A (5 ° 1) (Ventry)
ERBEARAIAER LA SRR, —FHERX2—HF8

MFP < MOP < IDEAL

sKE: (RIFFRERAEA M) KB 110
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—ANCETAEF T,
main()
{
Intij,kK;
1=5;
=1
while(j<100){
k=i+1;
J=itk;
}
} R T BREAA?

% W ARG 89 B AR

L4:

pushl %ebp

movl| %esp,%ebp

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

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

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

sKE: (RIFFRERAEA M) KB

111
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—ACETREART, HARKME B IR

main() pushl %ebp
{ mov| %esp,%ebp
inti,j,K; movl $1,%eax - =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)
}
} £ 54546, FEAH. R, Bk LA KA

sti, kBN AEETLRN S E, KRBIRH

sKE: (RIFFRERAEA M) KB 112
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pushl %ebp

— 5 = A2
MCEFAF movl %esp,%ebp . ;

' subl $8,%es while E1 do S1
main() . vesp 12:  E18RD
{ e kL4

“A(0O
3 _cmpl $0,-4(%ebp) R A A L3
long 1.J; Ine L4 L4: SR
Jmp L3 IMP L2
L4: |3
while (i) { cmpl $0,-8(%oebp) if E2then S2
e je L5 E24h KA
itQ){1=J;} movl -8(%ebp),%eax fB# L5
1 movl %oeax,-4(%ebp) S249 KA
L5: LS:

} OARWICHRARLEL  jmp.L2
2o hEgkit? L

sKE: (RIFFRERAEA M) KB 113
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pushl %ebp

CheREER O ot P AR A
i bl $8,% S 27 B
main() ,_;u 6, %0esp L2: EL8RA
o A4 L4
1 N f:mpl $0,-4(%ebp) R AR L3
long i,j; Jne .L4 L4:  Si1éR A,
Jmp L3 E28 KA
while (i) { cmpl $0,-8(%oebp) S289 KA
o je .L5 L5: JMP L2
itQ){1=1J;} movl -8(%ebp),%eax L3:
1 mov| %oeax,-4(%ebp)
L5 If E2 then S2 ‘
} iﬁéﬁ/ﬂ%z—%ﬂfﬂ jmp .L2 4;;::?5’;‘%
W 2L FEgRE? LS S244 KA
L5:

sKE: (RIFFRERAEA M) KB 114
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‘ L. ¥ AZLAL%S

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

A F ) L A A

sKE: (RIFFRERAEA M) KB 115
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K\ R4 E K o 3 vb a4 ik )2 if M AR Bk )z
o TR E, HEBLEHE

long gcd(p,q)
| AR g4I A i 28 AT
long p.¢; B 400 2 A K KA
{ o H LA SKqRPLY, FK
if (p%q == O) EXRBRWNTFHEET
turn o o B LAFHRFLALKMBMA
q, BALHWEDRETH ALK
else p?ﬁﬂqé@ﬁﬁﬁﬁi

e HMEAHZHRF—FiGa) AL
return gcd(q, P%0Q); s nk 5k 4 3147 =7

sKE: (RIFFRERAEA M) KB 116
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R B

©))fiRE 3 Big3 PRk Lk

N

or G

S, s
“ice and Te°

*ﬁ k/}?ﬁ ﬁé{, &,ﬁ movl 8(%ebp),%esi p

movl 12(%ebp),%ebx (

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=qQ
jmp .L4

return gcd(q, p%aq); | .

sKE: (RIFFRERAEA M) KB 117
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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 MayDefR T THREMENTEES
B MayUse X TETRIIANEEERS
B 5—ANEEHFEXRMAESTE, ©itFStmtey L MayDeff=MayUse % 1

sKE: (RIFFRERAEA M) KB 118
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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= :

(HmIXRIBRIFAR H) ) KEBHL
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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 }

sKE: (RIFFRERAEA M) KB 120
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A FMayDeffeMayUse & %, %68 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 = &

sKE: (RIFFRERAEA M) KB 121



