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MR IEsE T (1)

@ Steven S. Muchnick, Advanced Compiler Design and
Implementation

r— ~

A Scalar replacement of array references
| Data-cache optimizations

(to constant folding, algebraic
simplifications, and reassociation)

In-line expansion
Leaf-routine optimization

[ Procedure integration Shrink wrapping '
Tail-call optimization, including Machine idioms '
tail-recursion elimination Tail merging !
B Scalar replacement of aggregates | . Branch optimizations and conditional !
Sparse conditional constant propagation ! moves '
Interprocedural constant propagation ! Dead-code elimination !
Procedure specialization and cloning ! D Software pipelining, with loop i !
LSparse conditional constant propagation ! unrolling, variable expansion, register
! renaming, and hierarchical reduction
v ; Basic-block and branch scheduling 1 _ N
— 3 - ~ . Register allocation by graph coloring E )f: /f—kl ES
Global value numbering ) Algebraic Basic-block and branch scheduling 2 ;J< /E—_
c1 | Local and glp_bal copy propagation | Con;tant §1mp]1_ﬁcat10n5, Intraprocedural I-cache optimization
Sparse conditional constant propagation folding including Instruction prefetching
| Dead-code elimination ) reassociation Data prefetching
f 4. f Branch prediction
1 [ ~
c2 | o \-
1 C3 : | '
Local and global common- ; ! i ™ Inte edural register allocati )
C subexpression elimination l Partial-redundancy elimination J Lo E : l'Pfocti u " ﬂ;gtl)s | r af ocation
Loop-invariant code motion [ ggregation ol global relerences
) ! | Interprocedural I-cache optimization
\\ |
N b
Dead-code elimination Y
Code hoisting .
Induction-variable strength reduction v
Linear-function test replacement | ___________________ - N >
c4 Induction-variable removal 1: EI:, l é] /f’k‘ E—%
Unnecessary bounds-checking !
elimination ! /fjt /f”t4
Control-flow optimizations !
. : L/
Y (from box D)
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® LLVM F #1547 /A4 (pass)
o ZHMMME —HAM— T

Basic-Block Vectorization
Profile Guided Block Placement
Break critical edges in CFG
Merge Duplicate Global

Simple constant propagation
Dead Code Elimination

Dead Argument Elimination
Dead Type Elimination

Dead Instruction Elimination
Dead Store Elimination

Deduce function attributes
Dead Global Elimination

Global Variable Optimizer
Global Value Numbering
Canonicalize Induction Variables

Function Integration/Inlining
Combine redundant instructions
Internalize Global Symbols

Interprocedural constant propoa.

Jump Threading

Loop-Closed SSA Form Pass
Loop Strength Reduction
Rotate Loops

Loop Invariant Code Motion
Canonicalize natural loops
Unroll loops

Unswitch loops

Promote Memory to Register
MemCpy Optimization

Merge Functions

Unify function exit nodes

Remove unused exception handling
Reassociate expressions

Demote all values to stack slots
Sparse Conditional Cons. Propaga.
Simplify the CFG

Code sinking

Strip all symbols from a module
Strip debug info for unused symbols
Strip Unused Function Prototypes
Strip all 11vm.dbg.declare intrinsics
Tail Call Elimination

Delete dead loops

Extract loops into new functions
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® FiERAL (local optimizotion)
S AT R AR 8995 6] HAT M, AT A HATRAL

o XiZMEMA (regional optimization)
S I E T AN A B a8 R GAT AT, Pl 3 7R IR e AL

o & Rt (global optimization)

o XW—PIAETA AR B A CAE R R JATOH, AL E
T AT AR ST B N AT AR

[ 42 18] £ 4L (interprocedural optimization)
B 3 HTA AR R AL RS B AT AT, AR B R AR A
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e

1i=m-1

BB1 %1_:n4 iy

void quicksort(int m, int n) v = aft1]
{ !
i =
e v, X BB2 (.5 - arto]

if (n <= m) return; if 3 < v goto (BB2)

/X KB s *) v

= n; v = a[n]; S

while (1) { BR3Y i
ORI while (ali] < v); f? £5a£t\l:]got0 (BB3)
do j =3J - 1; while (a[j] > v); |

if (1 >= J) oy BB4 |if i >= j goto (BB6)
e alt = aljl; aljl = x;

5 e |/ \“t11=4*1

el alili = alnl; aln] = x; x = a[t6] x = a[t11]
[* BB KGR */ £7 = 4% 4 £12 = 4 * 1
BEREksort(n;,  j); quicksort(i + 1, n); BBE Eg E :[t8%| BB6 ﬂz 4 i[mg]
} alt7] = t9 alt12] = t14
£10 = 4 * £15 = 4 *
gt i aEE 15N
goto (BB2)
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7 \_,‘)/_ﬁi/l\_ It\;\l_/ |3/{§ ( | )

o e ek

o —reliaved B0 = el
e S = alre
£8 = 4 * j £8 = 4 * j
t9 = a[t8] t9 = a[t8]
aEle =19 al ol =g
£10 = 4 * ] a[t8] = x
= e goto (BB2)
goto (BB2)

BB5 BB5
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A T\,7

=

i=m-1 el
j=n j=n
BBT f4) -4 « BBT f41 -4 «
s a[tﬂ\ v = altl]
SO v
i=1+1 \ i=1+1
e ety ) ]
BB2 ) ] BB2 TN Ral
if t3 £ v Yoto (BB2) if t3 < v goto (BB2)
N v
e B
] b=t
BB3 {15/~ apts] BB3 (15 - arts]
' v goto (BBJ) if t5 > v goto (BB3)
D A N v
BB4 if/ >= j goto (BB6) BB4 |if i >= j goto (BB6)
[, L
FOSR=A 48 ol = a1 e B x = a[t2]
= N5 e t9 = a[t4] BB6 t 14 =valk
e =t ] SASEEAT BBb |alt2] = t9 affc 2]
BB5 | t9 = a[t8] BB6 | M e afrtae=etx al b=
21 o R R iR = goto (BB2)
HRER e X SRl B =5
goto (BB2)
VNS S o S 1 N I
2024 F &5 EFFH (4% 5 22) AT RFHFEHNF R
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= I
yR=C IS
BB1 |y, -4 « BB1 (1) -4 «
= a[tﬂ\ v =
N ¥
=it \ oo =
R R 12 =
BB2| .5 - arto] BB2| 3 _ arte]
e 7/\)\goto (BB2) if t3 < v goto (BB2)
A N v
il gl
4 * ] EAE
if t5 >/v goto (BB3) if t5 > v goto (BB3)
A N ¥
BB if/i/>: j goto (BB6) BB4 |if i >= j goto (BB6)
T | T
x:a[tz]/ x = a[t2] ¥ X = t3 X = t3
t9 = a[t4] Rl ] a[t2] = t5 t14 = a[t1]
BBS |alt2] - 9 BB6 (.12 - t14 BBY (147 - « BB6 (.12 - t14
CIREA= X i e goto (BB2) aE =
goto (BB2)
2024 4 A% % H7 (%% R 32) R KRFETHTENFR L2
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@ copy propagation

@ Wi x=y & RIEE RN B FiEq

o £ FiE#HE

B x B3 R y, A LR x =y

-

X = t3 X = t3

2 ez i a2 =S

S| ="y S|

goto (BB2) goto (BB2)
BB5 BB5
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e > TT N i/
56@@65_] /E |§7_
© 7 (dead code): H i+ H 45 E KT AL AE A &35 6]

X o= 13
T S a2 =

alte] = 5 —} alt4] = t3

q

S| ="13 goto (BB2)
goto (BB2)
BB5 BB5
if false goto (BB2) goto (BB1)
BB1 BB2 BB1

3T
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@ constant propagation

o WEREFENZIESE NPT EXNERT T, 507 UL H 2
X BT R IZ T BAR

=3 X = 3
s =l

2= X+ Y T » 77 e 7 S
= - X (i e

18

2024 F A& &5 A (RiE R IE) ERFTFENER



A= ==
SEITE
@ constant folding

© WERERHENZMHFH —NEAXVELT E, 27 UUE A Z
FERENRREXANEIX KX

X = 3 X = 3

= et
z=3+2 A R » Zi Zi=0

=3 =
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(AVELIE7S
o TEFA T XK SR (loop-invariant code motion, LICM)
© BHRAREX: REM/IFMAT Z V RAAF 2|48 B 45 R AT £ A X

SHC T AT
e BB1 |i = 0

RS

N e

BB2 |[R = L +

if i <R goto (BB2) if 1 <R oote .
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R ESERL (1)

o Y34 T & (induction variable) : B3 ¥ X x HIRAER & &
Whn— N8, VAR x ZAZEFG—DNETANT &

% =m - 1
BB1 %1::n4*n /,
i e it ] O TE}Z: {BBZ}
v :
P-4 e Eh
£2 = 4 * i
BB2|.5 _ o[io]
if t3 < v goto (BB2) > i
¢ o 7E7F {BB3)}:
U 1 TS
b4 = 4 * 3 S
BB3 |5 ari4] J>

IfEsEE >y goto (BB3)

BB4 |if i >= ] goto (BB6) ® ?):EL}Z: {BBZ, BB3, BB4, BB5}

<,
al[t2] = t5 T t14 = a[t1] ¢ T
BB5|alt4] = t3 BB6 |alt2] = t14

goto (BB2) R 553
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© SLIEMEIRET, BB E B 4h | & 7 X AT TAE
i=m-1
TS = e ]
j=n BB1|t1 =4 *n
BBT f41 - 4 » v = a[t1]
o tASR
v v
i=d+1 e i=1+1
£2 = 4 * § == fiRE £2 = 4 * i
BB2 {15 - arto] 3 R R 3 BB2 | (3 - afte]
if t3 < v goto (BB2) if t3 < v goto (BB2)
i ¢
S e | SREE I
BB3 t4-4*“"/‘> = ATH B A g3 |4 =t - 4
tb = a[t4] t4 = t4 - 4 G0 —alkcan
if t5 > v goto (BB3) if t5 > v goto (BB3)
v B EEZX th v
BB4 |if i >= j goto (BB6) #ATAIREAL if i >= j goto (BB6)
a2 = th o=t oy il 4=l
BB5|a[t4] = t3 T BB6 |alt2] = t14 BB6 |alt2] = t14
goto (BB2) RN alt st
22
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4 FRIEIREY, BB AN E

BB1

e
n
(I
:al:
=

2]
i
*

+ < o

J

v

BB2

IS

b2 = il

2= R

if t3 < v goto (BB2)

v

BB3

T e A

t4 = th - 4

o= ]

if t5 > v goto (BB3)

v

BB4

if 1 >= j goto (BB6)

a[t2] = tb

BB5|alt4] = t3
goto (BB2)

2 B Sh | 84 7 R AT TAE

t14 = a[t1]
BB6 |alt2] = t14
T a[t1] = t3

i=m-1
j=n
=
BB1|, . oo
o
th = 4 * ]
gt |
i 28 4
BB2 {5 - ort2)
if t3 < v goto (BB2)
T
th = t4 - 4
BB3 | ¢5 - arts;
if tb > v goto (BB3)
if 1 >= j goto (BB6)
B4 =R
BB6|alt2] = t14
al bl
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= =

o R —EIFMETEN TS BB, U T UH Yk — ik

i=m-1 i=m-1
j=n j=n
BB1 0= A5 BB1 =
v = a[t1] v = a[t1]
g = A t 4
i S ifo £2 =g
v % 98—
1L ST S
t2 = t2 + 4 =
BB2| 3 - arte] 3 -
if t3 < v goto (BB2) . AR FY if t3 < v goto (BB2)
o v 5 I 7H IR — y
=] - e ——
el BB3 |5 - afte]
if t5 > v goto (BB3) L if t5 > v goto (BB3)
A !
BB4 ifC>- j)goto (BB6) "— BB4 |if t2 >= t4 goto (BB6)
a[t2] = tb t14 = a[t1]

a[t2] = t5 =R
BB5|alt4] = t3 T BB6 |a[t2] = t14 BB5 |a[t4] = t3 BB6|alt2] = t14
goto (BB2) ali ]

goto (BB2) RN
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Z LIS R

===
JiEtln
BB1 ks S i) RN
v = a[t1] i=n
T =
* BB1 Vit
e tor g
t2 = 4 s 1 t4 = 4 * j
BB2 |5 _ o[to] ;
if t3 < v goto (BB2)
¢ G2 G AREia
BB2 [t3 = a[t2]
Tl if t3 < v goto (BB2)
th o= 4 %
BB3 f15 - at4] v
if t5 > v goto (BB3) W e R
v BB3|t5 - a[t4]
if tb > v goto (BB3)
BB4 |if i >= j goto (BB6) T
if t2 >= t4 goto (BB6
AR AT h/ \t11=4*i BB4 |1 goto (BB6)
x = a[t6] = taa E ]
=)o B s i
E; : 2 i 3 Eli E 2 % i alt2] = t5 t14 = alti]
i i t4] = 3 £27 = t14
BB5 | t9 = a[t8] BB6 |t14 = a[t13] a[ t4] BB6 |alt2] -
goto (BB2) af G
Elnya|=t 10 = el e
t10 = 4 * j (A T S
a[t10] = x S Enlh =
goto (BB2)
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o B 4 B RALTE 6 R B A A S AL

o A AR U AAR M@ ILEFHE(DAG) &
o ENTEXN DAG W — N4 A, REHEME
o FANEE s E—NEEAN, REEG T EFD E
o NEHTE AN (LELEN)E YA1ME) &9 £ ©E 4]
o N &IFRT £ 5 6935 F4F
o NAo—ABTEXEK, 2T 5 £ EAFN R €A1 EAEEE 4]
o AR AR T EAL AR E O & EK

© DAG & T &N T = m /a8 5 MHE1EA < &
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© NEARFHANFENT ERELLE L (R TAEME), ST EfX VL

AR (R TREZAE)

R 3 4G5> = bk 8 6], #4740 T 4 3E:

29

®
$ FEAx=yop
o AERNBEREILEAN, 155 A op
o N BZTESN y. 7z BRIRIKE 4 &
® & xF N KEK
% 3;a] A x =y
o REZHE A
» & YyRIKE N, A x AALKIKE N
e HRMAER G, N THMALAL AT T E X, £ x REKAE A E
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DAG HJ15E

ORI O

Qb @b N b AR O

@ I &P SR 66 Ju ()
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DAG EN1E
o DAG ## T &/ B RUGE5 M 4(E80 % &

© YL DAG A A&, 7T LAt AR ALt 4T T 4 Fo {1k
S SHME B AT R
S R AR AL
o F ARBIESE X BT E
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o T8 B AHEF %A X (local common subexpression)

 BuRENGEEMZA, BEREREFLE—NESEN, e MEE
ME A EEF T4 5 (R F 4R )

» WwREE, WATEEARTOES, ANETM
o b + c AL FERIEKXG?

(DI P IR & E A D)

[ S|

@bl @ delab S @
I

EDRFEYEICD NS
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HER LS

o JBHIF 7R (dead code)
“ & DAG EEMREZAMMEKRT EXRLE S
o BEX—AFEIAAETREA L e BAEERR

wE b AREFRLTE

(€D BEl §B HSa( @R A )
ISl
» T
I +
6D

[
QD
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FHREEFNEHWITE

X 2518 ¥ K (algebraic identity)
H R T K

ey L 0=0+x=x,x X1 =1Xx=x, x— 0= =8

& & JH & (reduction in strength)
$ Bldeix = xXx,2Xx=x+xx/2=x%05

% & 47 & (constant folding)
o Blhor ZIAKX 2 * 314 T AR B 6.28

S X AR, R E B DAG L F R R
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WA HEEFE =N

o FIA: THRAF,a[i] AL FREKXG?

= |
aljl =y
a1

© ali] A= a[j] T A ALH & (alias) X &, Xt a[ j] &A1& =T #E
KT ali] &1

o BARMEMEHR x = a[i] TN EFHFA =[] 894 =,
A THEsAa 1, MEEXFARKTE

o MAEBRMEAIEE alj] = yHRF—AEELA []= 094 4,
EHF TSN a iy, HERFAERBT a 44 &
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=, | m=h

TeE TR BEAIITAZ I A
IR B T MBS, A AT N e 4 R R 5.7

© AN XHAZ B 4T A fm APk FE R

® EETRAE
 REGX =%p; Yq =y T, BESHAAFEpAqQESGHER —E
* R RIR:
& i AE@’E%&’%‘EE F 25 e Fe AR AL #TH FR
e = RN EETERME, AR RTE L CLE A
* T LA #a%éy\#ﬁ(pomter analysis) #f 7 #f & X A [8] #R

o IAZIR
 RFBI: — IR BARFERAKETTY TR © e 0] & 235
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© H Ik
* HEANGE EME AN ZHHEE G, T E X SRR
¢ EREZREBRESLS —NEXRTE
* WRESHSNRBEOTE, N A EHE 6 #ATIRME
S AL FEHE )R FEATBE. AR A, BIEE A RGE A FF

w® b.oc.d & w® c.d A S
oo &b EBE O 4k 75 Bk
aib+c g
0 =l
5 di= ar =
h =.d
C (=56 Fee

e [ te

=8
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o MNALMKALE & B 7 =
© B AL A
o B H I
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I (peephole optimization)

AN\

o EA—NENE O (B B3, peephole) kAe & B #4645, £ HL
A HERERE RS RERE D F LT
< LT LUE T R R AL b AT

o T L& HILMAL:
DA AN
o EHRAMA
AR EALE]
o NLER4FA J8 5 B fE A

41
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HBRTARIES

© % 4&u LD A ST 454

EBERT -5
SiEa. <R

XA e S E R F — S4e 44k

© ANF[IARA 4 R 4= debug — & & 0

iEdenug == 1 goto L1

o if debug '= 1 goto LZ

42
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ST
Y\ ~
am rjU 2AN%e
goto LT goto L2
o o o > e o o
EiESGot0 L2 B0l (L2
e <t Hgoto: L] 1T a8 < hhgoiEoREs
e o o > e o o
=G 2 B G [eor el
o R RA—NBA L1 & BkEE
o fonlo) Sl Ita<ibEGonemsEg
e i goto L3
R D goto |2 s
ES% s
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REGE

© EMFEARBEL X FHITHE

LD R2, #9 :
ADD R3, R1, R2 LD R3, RT

LD R2, #1 »

MUL R3, R1, R2 LD R3, R

LD R2, #2 :

MUL R3, R1, R2 ADD R3, R1, R1

44
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Mes458 78 H91E

© CISC#4%EF, LW —1iz

o b, A INC 4= DEC 354

LD R2, #1

G e s (F7)) TR A 5 A

TN — A R — 52 H

ADD R1, R1, R?

LD R2, #1

* INC R

»DEC R1

SUB R1, R1, R?
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tE2ASE
o MNALMKALE & B 7 =

® BeRMmA: AR A AL
® AR L B ILARAL

o A Bt 3B BT

AP RS E T AR T I T IR 8 (R AT BOR D) RAZ 89 3R A
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© EBL: BB T & AT
S MR RIE 6 R A
» BELIECGHIERAASAER
T A FOE O] B KB RS

© BIFEMNMAE—ME BN
o DHTENEABREAE A
o 05 NEARPREME A A A K
» HFEEENEABRADRE OLHNE R
o AT E, EARRANFERBEIAES H B OREAEE
< GBI AT BRI AT A B M
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T A= AT

ENTRY 0
l 0 T B ARS8 R4 B4 B
BB1 | [:2238 {a}b LT ZFHETTRSAEZ
i JE WAL HUAT (8
BB2
BB3 4//////
e = read() {a,b,c,e} ol {a,g}
e S O e
{a,b,q}
BB5|a = a + ¢
EXIT
2024 F & 2 5 H7 (4% )R Z2) R KRF T ENFE R
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- N7 SUR I (S W
HNT A Z R EARF L

. /=R
ENTRY Ll
l =5 ,y=%,z=E
e 100 o i
BEIEEEES : x=iF,y="%,z=1iF
y y l X:_[E_’yz_[E_’Zz_[E_
X=#%,y=1E,z=1F
BB2 |[if y < z goto (BB3)

BB3

X=#k,y=1E,z=1E

|

Xe=x ~ -100
]
goto (BB2)

X=#%,y=iE,z=iF
X=#%,y=1,z=iF
X=#k,y=1F,z=1F

X=#%k,y=if,z=1F

EXIT

TG RRE S5
= AT A & E4 )
% ={0}
fo={FrA & g
= { TR a2}

X=#k,y=iE,z=1E

<

2024 F &5 ¥ #

(%% R 2D
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i%w; ;/llj %

EABE
* A F & (program point) : 538 613 L E A & APDARF A
v BARNFHEKIEZA s;8,, 8 BHRFRE s, AT 248 F
+ B2 (path): 5 & py, Py ..., p, MBI FI], S THEE 1 L<i<n:
AP ARA P A FEAR. ERANEF R A
> mop HEEARBREGLER, B p,, | T8 EZE ARG E S 4k 6Tk

© BRI MMEFXNTH MR = p
% BT [ (forward) 24T U p AL RE TR B2 E S E MR
% Ja M (backward) 7 4T: WA p A AR & & FT A B2 60 & 4 60 1

&

L)
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N/

3] [@) D ATEY I :

x=-1,y=0,z=100

ENTRY
n i BEE
BR1l[¥ = X 100
e
BB2[|if v < z goto (BB3)

l”nlﬂ
AL

-
L:J

T AR zh FAL 61 B
ﬁ/l\ T = AZH A 7&}%’3%‘%
T5 /9 fe B 2B F ﬁ?

= AT A & E4 )
x=—18898,y}2,z=188 =108, y=1,2=100 T
S = = 10}

= x * -100
B fi= (A &9 B
goto (BB2) 2 {ﬁﬁﬁé’]%ﬁ(}

EXIT <
2024 F &5 EFFH (4% 5 22) AT RFHFEHNF R

ol




BEAFHHIT: EREE

ENTRY

l T B AP FALEAE &
o AT AT RS2
o 6942 B AT o £ R

QD)

BB1

BB? read()
a + C

BB3 / \\ BB4

{a,b,c}

—H @D
L |

read()
e + ca— |
ERCTh —’(;;\\

BB |a =

952
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IR RTC (1)

o IENIEF & f0— IR 7HAE (data-flow value) < Bk A2 5k |
FIT A =] Be A BB IRABA A BT & A A A Z AT &9 3% (domain)
 EHRTESTH: TENEL

=

_%__
 TEFFTOAN:ZERNE]TE]CTAL TRR] ey p s

© XMHENEAEB,
6 2 A5 AR
o XFFHEAEa s, A IN[s] 7= OUT[s] T K H 7l /& &I A(E

* wR BWE. REGA 5.5, R4 IN[B] = IN[s].
OUT[B] = OUT]s, ]

IN[B] #= OUT[B] e % E AU Ao i O 4

-

® ¥ 3E 1A AR (data-flow problem) : K it BT A & IN A= OUT

53
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LIEA DRIV (2)

o 1£i% X ¥ (transfer function)
fp B REAR B ND A i
ENTRY 0 4L 2R {E 8 < &

OUT[ENTRY]‘
IN[BB1] l i ® FIETHT:

Ji o o
OUT[BBH‘ % BE”\ * OUTI[B] = f3(IN[B])
IN[BB2 ——=2 = IN[ES e e

J8B2 /883 <+ IN[B] = fz(OUT[B])
OUT[BB2] OUT[BB3]

- aE o fu MM TEAARB WA, £
EXTT S LEALT] B E AN & E 6] 81
# K3 f, BAITE

54
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UNI P

G
ol
7N
40
)
=h
i
=)

I189%

BAE AT B2 2

S X n _y NN/ AT > \</
Bl : LAz B AR, KR
A) ? Sl G \
2 P 5 &b 32
B 6] s, BIfEE RS B 6] s, B1EE K f
] 2
x=1F X:Z X:ﬁ X:}E% x=1F X:Qj{ X:ﬁ’l X:%%
X= x= x= X= X=%k x= X= X=%k
y=1E y=1E
y=1E y=1E y=1E y=1E y=1E y=1E y=1E y=1E
- x="K x=" x="K x="K - X =7k x= M x= M X =%k
=5 e y=2 | % e
- Il Sl i MES = & X:}?% X:jzl\ X:fl X:%%
A v=p | y= | y=f | y=£ A v=p | y=f | y=0t | y=£
_p X =%k X=%k X=#k X=%k _m X=#kK x= x= X=%%k
Y y=#k y=4% V=A% y=4k Y y=4k y=4k y=4k y=4%k
58
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S1: ) SRl
(i e G Gl

o RARBMEBIK =1, of , £F o ATHKLA, WHAN
(fo o £ =£.(.(); Bt thIth T EIE S AR —AF B AT

x=E  x=&  x=ft.  x=#k
X=ﬁzl\ X=ﬁzl\ X=ﬁzl\ X:ﬁzl\

y=1iE
y=—E— y=J:E- y=_[E_ y:_[E_
yzg Xz,z: X=22'; X=r)f|:’ X=E"I;
= y== y=5 y=K
o
~ y:ﬁ]\ y:ﬁzl\ y:ﬁzl\ y:ﬁ\
y=2% S SR DG R S
y=#k y=#k y=#k y=#k

\ 56
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@ Om ﬁjﬁ
IN[BB2] = OUT][BB1]
IN[BB1] l BB1 TN EXT =
.
OUT[BB1] / \ e © ENLEH A
IN[BB2] . o 2 ;i IN[BB3] VAV =V, E V=)
Y ey Vi AV, = B, ZEFER
_y e YN x= Ml
OUT(BB2 i - OUT[BB3] o 4% &4 4L 3% :
\ / y-’ﬁ% INJEXIT] IN[EXIT] = OUT[BB2] A OUTI[BB3]
EXIT
IN[Bl=  /\ Ol
P& B B IR

S

2024 F A& &5 A (RiE R IE) ERFTFENER



BB1

BB2

BB3

ENTRY
X = x * -100
e

|

if y < z goto (BB3)

|

X = x * -100

gt

goto (BB2)
EXIT

X=7 ,y=7 ,7=7

o [BR%:BB2 A M w[3R BB1 A=
BB3, i1 BB3 &494E K 4=

© AVE—/ AR AR AL
IN[BB2] = OUT[BB1] A OUT[BB3]
OUTI[BB2] = fapo(IN[BB2])
IN[BB3] = OUT[BB2]
OUT[BB3] = fap3(IN[BB3])
IN[EXIT] = OUT[BB?]

o BiR: KB FAF# | ¢4t

58
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BB1

BB2

BB3

F=0Mr: 1E83F (2)
=M. 1B
ENFY (e A
X = X * -100
= +
o ot l x=T,y=T,z=T
if y < z goto (BB3)
l x=T,y=T,z=T
X =X * -100
i =1
goto (BB2)
x=T,y=T,z=T
EXIT <

) N—FPFT I B AERAE T, AR
A TRAE (top) , X T~ &A
AT AT 42 B,

HEREREE T OCEF
TH g 5 iy =

(F H T kB HARF S 608
P& RAE

EMIAREF, BITFF A1
B3R AR R

510

2024 F & &5 1R (4% J7 22 )

AT RFH HEAFER



BB1

BB2

ENTRY
= el
e
if y < z goto (BB3)

o BTN LM AAE

© HREF—NEAY, EHC
71 IN A= OUT
IN[Bl = /N O
P BET HI IR
OUT(B] = f,(IN[B])

60

x=T,y=T,z=T
l o EEZABAN R AAR
EREH
X =X * -100
BB3|[y =y + 1

goto (BB2)

x=T,y=T,z=T
EXIT <
2024 4 A% % H7 (%% R 32) R KRFETHTENFR



BB1

BB2

ENTRY
= el
e
if y < z goto (BB3)

|

o BTN LM AAE

© HREF—NEAY, EHC
71 IN A= OUT
IN[Bl = /N O
P BET HI IR
OUT(B] = f,(IN[B])

T8 2 ARH B R AR
e S &

O]
Ly

61

X = X * -100
BB3|[y =y + 1
goto (BB2)
x=T,y=T,z=T
EXIT <
2024 F & 2 5 H7 (4% )R Z2) R KRF T ENFE R



BB1

BB2

ENTRY
= el
e
if y < z goto (BB3)

|

®

B KRR AR

FREF—PDEARE, EFC
71 IN A= OUT
IN[Bl = /N O
P BET HI IR
OUT(B] = f,(IN[B])

T8 2 ARH B R AR
e S &

Ll

62

X =X * -100
BB3|y =y + 1
goto (BB2)
ngﬁ’, _=__|[E_,Zz=-|IE_
EXIT <
2024 4 A% % H7 (%% R 32) R KRF T ENFE R



BB1

BB2

BB3

ENTRY
X = X * -100
= e
if y < z goto (BB3)

|

X = x * -100
i =1
goto (BB2)

EXIT

o BTN LM AAE

© HREF—NEAY, EHC
71 IN A= OUT
IN[Bl = /N O
P BET HI IR
OUT(B] = f,(IN[B])

T8 2 ARH B R AR
e S &

O]
Ly

63
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BB1

BB2

BB3

ENTRY G L
l X:ﬁ =’:_§' 2=
e =100 i
- 1
1 L l X:_[E_’y=_|:E_’Z=_I£
X=%%’y=_J:E-’Z=J:E—
if y < z goto (BB3)
X=#k,y=1E,z=1E

|

x=#,y=1F,z=1F
X = X * -1060
it
goto (BB2)

X=ﬁ(a y=ib,z=1i

EXIT <

®

B KRR AR

FRFF—ANEARS, EFC
71 IN A= OUT
IN[Bl = /N O
P& BY] BT 3R
OUTIB] = f,(IN[B])

T8 2 ARH B R AR
e S &

Ll
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BB1

BB2

BB3

ENTRY X=f ,y=& 2=
l X:ﬁ =’:_E' 2=
e 180 DUge
= 1
1 L l X:_[E_’y=_|:E_’Z=_l£
X:%%’yz_[[f_’zz_ﬂf_
if y < z goto (BB3)

|

X = x * -100
i =1
goto (BB2)

EXIT

o BTN LM AAE

© HREF—NEAY, EHC
71 IN A= OUT
IN[Bl = /N O
P BET HI IR
OUT(B] = f,(IN[B])

T8 2 ARH B R AR
e S &

O]
Ly
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2024 F & &5 1R
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AT RFH HEAFER



BB1

BB2

BB3

ENTRY
X = x * -100
e

if y < z goto (BB3)

X=%%’y=’[E I Z=’I:E

|

X = x * -100
i =1
goto (BB2)

EXIT

<

X=#k,y=1E,z=1E

X=%%’y=’ﬂi ? Z='I:E

X=%7?(; y=ib,z=i

X:%%,yz_ﬁ_’zz_ﬁ_

o BTN LM AAE

© FRBHF—ITHEASR, B
71 IN A= OUT
IN[Bl = /N O
P& BY] BT 3R
OUTIB] = f,(IN[B])

T8 2 ARH B R AR
e S &

O]
Ly
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INES . BT D ATRRT

© BERMMEBIRV, WILEFA:VXVS>V,TMET €V

© BNEARARBHEEIH fr: Vo> VIKATEEO)

o W% OUT[ENTRY] = vEnTRY

o #1¥1a: OUT[B] = T (B # ENTRY)

© HAZA: & B # ENTRY, A

IN(B]= /\ OUT[P]
P BHI BT IR
OUTIB] = f,(IN[B])

6/

2024 F A& &5 A (RiE R IE) ERFTFENER



BREENT: 18T

s;: e = read() def, = {e}, use, = @
ol e R e de]gz: {f},useS2= fe,c}
SN def, = {g},use; = {e,f)}

© NEFIEE s, EX T HA:
* def, & s RAAN T &
* use T SERNTE

© 1B s BRE f AN s FRERTEES, i A
SsHHERTERES(ERTZESHAE NG EITAT)
e O) = (O — def ) U use,

68
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SEIR T =M HAL

ta,b,c} s;: e = read() defgl = {e},usesl =
I Bls,: f=e+c def, = {f},use, = {e,c}
{a,b,q} e g a’ejg3 = {g},uses3 — T

Chﬁ% {e’f7g} Us€p = {C}
© &6 5w XH: f(O) = (0 —def,) Uuse,

o AR BUIERIYfy =1 of, of; BRMILE B/

J8(0) = f, (f,,(/,(0)))
= (( ) — defsl) U use
- (a’ejg3 U a’efs2 U deﬁl)) U ((((uses3 - defb) & usesz) - defsl) U usesl)

f5(0) = (O—defp) U useg

69
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ERT RN HY

@ iL% Mu }i
BB2 OUT][BB3] = IN[BB5]
IN|[BB?2
[ ]g ) OUT]BB4] = IN[BB5]
OUT‘[? EH el OUT[8B2] = ?
BB3 B e
IN[BB3] lebier NGB B b © EXRTLEFR A
e = read ge=hraad s
= v o write(g) O Or
gt A = ol Bp: feAE &G g b SE BRI A K
OUT]883] ;0,9 OT {a,,93 R EH
IN[BB5]—2BBS » fa b, g} © X AHILEE:
AR A ] B
OUT][BB5] OUT]BB2] = IN[BB3] A IN[BB4]
OUT[B]l= /A WINjS]
SAE BH] J& 4t

70
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i il j;Tﬁ?;.!EEi_‘/’\\~;t;:f_ e T
/ Etj’( == . T)/H\ </‘)
ENle o TRAE (top) H = &
{}
= read()
B81 |, - ead)
2 {}
= (FEall)
ez o a+cC
BB3 / \ BB4
e = read() gEsebie i
e i+ ¢ write(g)
Gicee = f e
BB5|a = a + ¢ U
l {}
EXIT
2024 A Z ¥ H (4% R 3E) T RFHENFER

il



EREE S

3

ENTRY
l {}
R d)
el e e d ()
y {}
= (FEall)
37| 2 Sl
BB3 / \ BB4
e = read() h=abued
e i+ ¢ write(g)
Gicee = f e
\ / 3,9}
BB5|a = a i 0
{}
EXIT

o BTN LM AAE

© FRIEF—/NEARB,
## el IN A OUT
OUT[B] = /\ IN[S]
SAE BJG 4k
IN[B] = f3(OUT[B])

FERIAAER LA
FEABE B E

®
ﬂ

2

2024 F & &5 1R

(%% R 2D

AT RFH HEAFER



EREE S

3

ENTRY
l {}
R d)
el e e d ()
y {}
o SR @)
BB2 e
BB3 / \ BB4
&%= "raad() 13,0} E=abied
e i+ ¢ write(g)
i * £ 2 '
e fa, g} el S
T /{a,g}
BB5|a = a i 0
{}
EXIT

o BTN LM AAE

© FRIEF—/NEARB,
## el IN A OUT
OUT[B] = /\ IN[S]
SAE BJG 4k
IN[B] = f3(OUT[B])

FERIAAER LA
FEABE B E

®
ﬂ

Y08

2024 F & &5 1R

(%% R 2D

AT RFH HEAFER



THER =

BB1

{}

BB2

BB3 /

{a,q}

e = read()
e i+ ¢ write(g)
S b=g-5
sk fa, g} ¥
T /{a,g}
BB5|a = a i 0
{}
EXIT

o BTN LM AAE

o FHREF—NEARIR,

## v a7 IN A= OUT

OUTIB] = /\ IN[S]
SA BJE 4k
IN[B] = f;(OUT[B])

FERIAAER LA
FEABE B E

®
ﬂ

2024 F & &5 1R

(%% R 2D

AT RFH HEAFER
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THER =

BB1

{}

BB2

BB3 /

{a,q}

e = read()
e i+ ¢ write(g)
S b=g-5
sk fa, g} ¥
T /{a,g}
BB5|a = a i 0
{}
EXIT

o BTN LM AAE

o FHREF—NEARIR,

## v a7 IN A= OUT

OUTIB] = /\ IN[S]
SA BJE 4k
IN[B] = f;(OUT[B])

FERIAAER LA
FEABE B E

®
ﬂ

2024 F & &5 1R

(%% R 2D

AT RFH HEAFER
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BRE =N &3 (6)

ENTRY o BN LM TAE
a = read%) t ® 'éiZﬁ:552455"‘/T\é%§2$;i;5,
BB1 S
iU ) F# T e IN #2 OUT
OUTI[B] = /\ IN[S]
BB2 SAE BJG 4k
IN[B] = fg(OUT[B])
BB3 /
e iead®) o EEZIAER LA
i EARTEBEH
g=-e
BBS5|a = a + ¢

EXIT

16
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{}

S 21N =— AN 7|:)-’|- :
THER L E AT
ENTRY
R d)
el e e d ()
S =
BB2 || _
BB3
E=read) Cpelih
f=e+cC
Gicee = f
{a,b}g}
BB5|a = a + ¢
EXIT

o BTN LM AAE

o FHREF—NEARIR,

## v a7 IN A= OUT

OUTIB] = /\ IN[S]
SA BJE 4k
IN[B] = f3(OUT[B])

FERIAAER LA
FEABE B E

®
ﬂ

2024 F & &5 1R

(%% R 2D

AT RFH HEAFER

vl



BRE =N B3R (8)

Enrv o BTN LM AAE
4 Py { © FRBEF—NEAR,
b= (el &3 v a9 IN A= OUT
ouT[Bl= /\ IN[S]
BB2 SAE BJE 4t
IN[B] = f,(OUTI[BI)
BB3 /
N © H 2173\7&5_? &
BBS5[|a = a + ¢
EXIT

18
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BREEDN: B3R (9)

Enrv o BTN LM AAE
4 Py { © FRBEF—NEAR,
b= (el &3 v a9 IN A= OUT
ouT[Bl= /\ IN[S]
BB2 SAE BJE 4t
IN[B] = f,(OUTI[BI)
BB3 /
N © H 2173\7&5_? &
BBS5[|a = a + ¢
EXIT

179

2024 F A& &5 A (RiE R IE) ERFTFENER



R E N @8 (10)

ENlRY o BITHENRZEMAAE
T read() t ® 'é%Zﬁ:552455"‘/T\é%§2$;i;5,
2 F#H v & IN 2 OUT
OUTI[B] = /\ IN[S]
BB2 | _ SR BJE 4K
IN[B] = fg(OUT[B])
BB3 /
£ read() (Enheh o BEEZIAABRLE
b EARTEBEH
{a,b,g}
BBS5|a = a + @
EXIT

80
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SERTEoN: B (1)

ﬂw " o BT HR KM AL
BB = read() {} @ E:)Kz\i%%//l\%j&ij{)
Db F ¥ & IN f= OUT
OUTIB] = /\ IN[S]
BB2 8 5 SR BJE Uk
IN[B] = fz(OUTI[B])
BB3 /
£ read() (Enheh o BEEZIAABRLE
b AAREEEH
{a,b,q}
BBS5|a = a + @
EXIT

31
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NS BRI AR

© BERMMEBIRV, WILEFA:VXVS>V,TMET €V

o HAEAKBHIESZIS,: Vo V(KETHAD)

© UFFA: IN[EXIT] = veygT

o #¥1E: IN[B] =T (B # EXIT)

o AL MHE B+ EXIT, A

OUTJB] = /\ IN[S]
SAE BH J= 4k
IN[B] = f(OUT([B])

82
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o XEEDHT (1)

e 7] iA 1A (reaching definition)
o THLEELBRZINA-NEFENIEFLx=... 6:E6)
< BRI, (BN EAEN R4S
> ik HEH

l ddd e
if ... goto (BB4) B S
l {dlde)d3}
diana
d,: b=a iy, 03
dy: a = 243
goto (BB2) {d,,ds}
/
ds o
BB4 LBl L

83
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X EEDN (2)

© NEFFIEE s, EX T HAE:
* gen: B a] s ARE EANES
> kil %6 5 47 0 2 AAH R

o FEsXxBAE, W F£%]TATAELCH x 8 E1E
» fEE KA f() = — kill) U gen,

o EARBHMEREKKfy=1F o...0f, of,

T AET A fI) = (I — killg) U geng

o EMUTFERTENH T defﬁﬂ use
o RTEHL: L AL =1 UL, AMEREATIRT AR AN & TAH
o A (top): =&

34
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U

i}

i3

i}

genpp| = {d, dy, d3}
klllBB’| — {d4, ds, d6’ d7}

genppp = {dy, ds}
killggp = {d;, d,, d7}

gengp3z = {dg}
killpgz = {d;}

gengp, = {d;}
killggs = {d;,d,}

2024 F & &5 1R (4% J7 22 )

AT RFH HEAFER




{}
{}

{&,17d2’d3}

i3

i}

genpp| = {d, dy, d3}
klllBB’| — {d4, ds, d6’ d7}

genppp = {dy, ds}
killggp = {d;, d,, d7}

gengp3z = {dg}
killpgz = {d;}

gengp, = {d;}
killggs = {d;,d,}

2024 F & &5 1R (4% J7 22 )

AT RFH HEAFER




{}
{}

{dl 7d2’d3}
{d17d2yd3}

{&i3,d4,d5}

i}

genpp| = {d, dy, d3}
klllBB’| — {d4, ds, d6’ d7}

genppp = {dy, ds}
killggp = {d;, d,, d7}

gengp3z = {dg}
killpgz = {d;}

gengp, = {d;}
killggs = {d;,d,}

2024 F & &5 1R (4% J7 22 )

AT RFH HEAFER




ENTRY
{}
\ 4
{}
BB1 jl l ; : v 8€NBR1 = {dlad29d3}
2 killggy = {d,, ds, d, d;}
& =lu,] {d17d27d3}
o= s e i b killggy = {d,, d,, d7}
td,d,}ds} genpp3 = {dg}
\Hf,ds.d& killggz = {d5}
\ 4
T genpgy = {d;}
{3 killgpg = {d,, dy}
\ 4
EXIT
2024 F & 2 5 H7 (4% )R Z2) R KRF T ENFE R

88



ENTRY
{}
A 4
{}
e =]
BB1 dl' j=n genpg1 = {d}, d,, ds}
i killggy = {d,, ds, dg, d7 }
: l‘” (d, ,d,,d;}
d,,d,,d
SETREE e genpgy = 1dy, ds}]
J - J = {d37d47d5} klllBBZ = {d17d29d7}
{d37d4vd5} genBB3 = {d6}
d47d5-d6} killBB3 = {d3}
A 4
e U3 {d3;d4,d5,d6} genBB4 = {d7}
{H3’d5’d6’d7} killBB4 == {dla d4}
A4
EXIT
2024 F & ZF 5 H (4% R 22) T RFEFFNFER
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ENTRY
{3
\ 4
{3
@t = =
BB1 dl. j=n gengg1 = {d|, dy, ds}
o killggy = {d,, ds, dg, d7}
_lu,] {d17d27d3}
d,,d,,d;}ds,d.,d
= ] td by s, o} gengpy = {dy, ds}
12 ek s killggp = {d,, d,, d7}
td,d,}ds} genpp3 = {dg}
d killggs = 1d;}
\ 4
i idy,d,,ds,dg} gengp, = {d;}
e d, killggs = {d, d,}
\ 4
EXIT
2024 F & FF (%% 7 22) AT RFHFFNF R
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ENTRY
{}
\ 4
{}
drEeis =]
BB1 dl. j=n gengg1 = {d|, dy, ds}
’ 1 killggy = {d,, ds, dg, d7}
lu {d17d27d3}
AR asa =
TS EE tdy,dy,ds,ds, g, s} genpgy = {dy, ds}
1= e o i killggp = {d,, d,, d7}
bds}de} genpp3 = {dg}
Ldg} killggs = {d5}
\ 4
i3 {d3’d4’d57d6} 8€NBB4 = {d7}
S dd i killggs = {d, dy}
\ 4
EXIT
2024 F A& F 1 (%% R 32) R KRFETHTENFR
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ENTRY
{}
\ 4
{}
drEeis =]
BB1 dl. j=n gengg1 = {d|, dy, ds}
’ 1 killggy = {d,, ds, dg, d7}
lu {d17d27d3}
AR asa =
TS EE tdy,dy,ds,ds, g, s} gengpp = {dy, ds}
1= e o i killggp = {d,, d,, d7}
vds,ds} genpg3 = {dg}
Lde} killggz = {d5}
\ 4
i3 {d3’d4’d57d6} 8€NBB4 = {d7}
S dd i killggs = {d, dy}
\ 4
EXIT
2024 F A& F 1 (4% 722 ) HERFHHEHNFR
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ENTRY

{}

\ 4
{}

s =]
BB1 dl. j=n S€NBB1 = {dl’dZ’d3}
t 1 killggy = {d,, ds, dg, d-)

lu {d17d27d3}

ardadyd-rd=-ad
o1 |redidstodt o, — (d,ds)
1= e o i killggp = {d,, d,, d7}

vds,de} gengps = {dg}

Lde} killggz = {d5}

\ 4

i3 {d3’d4’d57d6} 8€NBB4 = {d7}
S dd i killggs = {d, dy}

\ 4
ddead vl

EXIT td, ds, de, d7}
2024 F & & 5 17 (4w i% R 28 ) T RFITHENFEIT
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JAFRIR AT (1)

e 7 A% ik KX (available expression)

* BRX—NEF AN EFRAEATEFLAXE KRB, FEZEEXNRA
— R KRAB G BAE A o T E A BAZ, WARE & —AFT A &R K

* B ESAM, (BFAXRBXORE

& HE: AT ERIEIEFR

106

1 Tl R BB (41 = 4 %1 |y
= %@ 4@
BB2 W Ak BB2 |1 =
R %
TR {}
\ A4 /sy \ v
BB 3 =4 * 1 S BB3 [ L3 =G4l t

94
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JAHRIZTLOMT (2)

SNBSS, X TFRA:
» e_gen;:3&e] s ERMERXNESL
» e _kill: &6 s | F]GEREXNE AL
o FEsXTxBAE, M FX]TAHAAEECER x 8 ERE K
» 2 JB f () = —e_kill)Ue_gen,

EAR B #1535 X S =fSn ot <>fS2 <>fS1

» T UAERTA fu(l) = (I — e_killy) U e_geng

o KT ERLTESMN T & def A= use. 7T 3L TABLSH F &1 kill 7= gen
XLBE LAL=1NnL, BREEFIEFHET A A AN T A

1A (top) : 2% (A 47?)

88
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ENTRY
\ 4
a=X+y
4l if x == 8 goto

BB2|" ~ ¢
o] =l Y : ,
%:n,1+c,x==e}
= R
’/BB?'if NS N G0,
17| S / BB5
1 G e :
{x+y,i<n,i+c,x==0}

N

UNI P

vEK7
@
6>
4118'5

I898%

3

{x+y,i<n,i+c,x==0}

{x+y,i<n,i+c,x==0}

=

XiesEiay.

{x+y,i<n,i+c,x==0}

L

EXIT

e_genggl = {x+y, x==0}
e_killgg1 = {}

e_genggy = {x+y}
e_killggy = {x+y, x==0}

e_genppa = {x+y, i<n}
e_killgga = {i<n, i+c}

e_gengps = {x+y}
e_killggs = {i<n,i+c}

e_gengps = {x+y}
e_killggs = 1}
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UNI P

PEK7
@
&,
4118.6

I898%

ENTRY
{}
e {3
4l if x == 8 goto
{x+y, ¥<n@}+c,x==0}

{x+y,i<n,i+c,x==0}

BB2|" ~ ¢
o] =l Y : ,
%:n,1+c,x==e}
= R
}/BB?'if NS N G0,
17| S / BB5
1 G e :
{x+y,i<n,i+c,x==0}

N

=

XiesEiay.

{x+y,i<n,i+c,x==0}

L

EXIT

e_genggl = {x+y, x==0}
e_killgg1 = {}

e_genggy = {x+y}
e_killggy = {x+y, x==0}

e_gengpy = {x+y, i<n}
e_killgga = {i<n, i+c}

e_gengps = {x+y}
e_killggs = {i<n,i+c}

e_gengps = {x+y}
e_killggs = 1}

o
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UNI P

PEK7
@
&,
4118.6

I898%

ENTRY
{}
e {3
4l if x == 8 goto
{x+y,x==0}

{x+y,i<n,i+c,x==0}

N

.
R
= R
}/mifi<ngoto...
Bl s V/ BB5
1 G 8 k
{x+y,i<n,i+c,x==0}

=Sty

{x+y,i<n,i+c,x==0}

L

EXIT

e_genggl = {x+y, x==0}
e_killgg1 = {}

e_genggy = {x+y}
e_killggy = {x+y, x==0}

e_gengpy = {x+y, i<n}
e_killgga = {i<n, i+c}

e_gengps = {x+y}
e_killggs = {i<n,i+c}

e_gengps = {x+y}
e_killggs = 1}
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UNI P

PEK7
@
&,
4118.6

I898%

ENTRY
{}
(A ' {3
4l RS S==E qoitoT .
{x+y,x==0}
% 1x+y,x==0}
3 T
ol
T {x+y}
4 L1 i la o o Pl o
’// e v
v e BBS[d = x + v
i G e 2 ST
{x+y,i<n,i+c,x==0} {x+y,i<n,i+c,x==0}

L

EXIT

e_genggl = {x+y, x==0}
e_killggr = { }

e_genggy = {x+y}
e_killggy = {x+y, x==0}

e_gengpy = {x+y, i<n}
e_killgga = {i<n, i+c}

e_gengps = {x+y}
e_killggs = {i<n,i+c}

e_gengps = {x+y}
e_killggs = 1}

e

2024 F & &5 1R (4% J7 22 )
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BB4

UNI P

PEK7
@
&,
4118.6

I189%

ENTRY
{}
e {3
il RS S==E qoitoT .
{x+y,x==0}
% 1x+y,x==0}
3 T
ol
T {x+y}
4 L1 i la o o Pl o
/ \ {X+y’i<n}
{}wzn}
(i’ e Z BBS [d = x + y
{x+y}i<n,i+c,x==0} {x+y,i<n,i+c,x==0}
y

L

EXIT

e_genggl = {x+y, x==0}
e_killgg1 = {}

e_genggy = {x+y}
e_killggy = {x+y, x==0}

e_gengpy = {x+y, i<n}
e_killgga = {i<n, i+c}

e_gengps = {x+y}
e_killggs = {i<n,i+c}

e_gengps = {x+y}
e killppe =8l
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UNI P

PEK7
@
&,
4118.6

I898%

ENTRY
{}
e {3
4l RS S==E qoitoT .
{x+y,x==0}
% 1x+y,x==0}
3 T
.
R {x+y}
4 L1 i la o o Pl o
\\‘ {x+y,i<n}
{x+ysi<n}
C y A
BB4 ; i BBS|d = x + v
{x+y} {x+y,i<n,i+c,x==0}

R <

e_genggl = {x+y, x==0}
e_killgg1 = {}

e_genggy = {x+y}
e_killggy = {x+y, x==0}

e_gengpy = {x+y, i<n}
e_killgga = {i<n, i+c}

e_gengps = {x+y}
e_killggs = {i<n,i+c}

e_gengps = {x+y}
e_killggs = 1}
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UNI P

PEK7
@
&,
4118.6

I898%

ENTRY
{}
e {3
4l RS S==E qoitoT .
{x+y,x==0}
% {x+y,x==0}
3 T
ol
R {x+y}
4 L1 i la o o Pl o
\\‘ {x+y,i<n}
X+y¢1<n X+y,i<n
{ } {x+y,i<n}
BB4 g ; Z BBS|d = x + y
{x+y} {x+y,i<n}i+c,x==0}

R <

e_genggl = {x+y, x==0}
e_killgg1 = {}

e_genggy = {x+y}
e_killggy = {x+y, x==0}

e_gengpy = {x+y, i<n}
e_killgga = {i<n, i+c}

e_gengps = {x+y}
e_killggs = {i<n,i+c}

e_gengps = {x+y}
e_killggs = 1}
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UNI P

PEK7
@
&,
4118.6

I898%

ENTRY
{}
e {3
4l if x == 8 goto

T R
{x+y,x==0}
3 T
.
R {x+y}
4 L1 i la o o Pl o
\\‘ {x+y,i<n}
{x+y¢i<n} {x+y,i<n}
C Ty i
BB4 | . BB5|d = x + vy
i +C :
{x+y} ‘// {x+y,i<n}
\\\\\\\\~~——> {x+y}
EXIT

e_genggl = {x+y, x==0}
e_killgg1 = {}

e_genggy = {x+y}
e_killggy = {x+y, x==0}

e_gengpy = {x+y, i<n}
e_killgga = {i<n, i+c}

e_gengps = {x+y}
e_killggs = {i<n,i+c}

e_gengps = {x+y}
e_killggs = 1}
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NG BRI T

© MMTAFEALF R AL R/ S8 TR B2 80 56 0% R AT 1 it

3% TENES AR & A FBERXHEE
5 7T 8 71 18
(O — defp) U usep (I — killp) U geng (I —e_killy) U e_geng
IN[EXIT] = @ OUT[ENTRY] = @ OUTI[ENTRY] = &
XL U U N

\ OUT[B] = |} s.sucegy INLS]|  IN[B] = U P.pred(B) OUT[P]| IN[B] =) P pred(B) OUT|P]
IN[B] = fy(OUT[B])  OUT(B] = f,(IN[B]) OUTI[B] = f3(IN[B])
IN[B] = @ OUT[B] = & OUT[B] = &%

© HMABANSHELEL SN 0.3 T EAAME. A, I8
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\
_WV)S'

®

®

®

®

®

RA R F A 77 %

B SRARAL: FR AR SR ARAL
B3R Al: BLALARAL
R BT IR AT

One More Thing

2024 F & &5 1R (4% J7 22 )
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A

® THTR
EN
EN

BB1 ENT
>BB4->EXIT

ENTRY->BB1->BB2->BB4->BB2->BB4-
>BB2->BB4->EXIT

=)
=

N /
4

@

=]
© &
& —

B LeRRRR A AR

'RY->BB1->BB2->BB4->EXIT
TRY->BB1->BB2->BB3->BB4->EXIT

RY->BB1->BB2->BB3->BB4->BB2-

LI AR RIRF FRAZ

LA —/ A FREF X Z)
MNRREEAE?
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- N ZRIXE

B0

A RRA A (BN £ R) k%) & TR RFReg £ 4 (ENES)
& e 2T7ES Le) = {e)

o WwRaRAFFEFTNET, W axT1EF L) = {a}

® W r Ao, A IEN&RZEX

® r|r &T~3&S L(ry| 1) = L(r)) U L(r,)

BN Y = L) = (v | x E L),y €L

S S A L(r¥) = (i, | 71 2 0.3, X%, 00 S ERIE NI

1
1

an

B1F: 80 | 1)* % & T AT A L8 FFskay08/1 42

0
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A [ E gL RIAT

o ZEAME G=(V,E), — ¥4 %L X (path expression)
E’AMEﬁ%ﬁi%EJ% Ar, Britdleg&E A5
BB G T8 —FRE

=loE DY 7 D),
(b,d),({b,c),
(d,a),{d,c),{d,e),
(e, d)}

WRA a B c 89 BRZ2H B2 EXR:
(d, e){e,d))* (a,b)((b,c) | {b.d)({d, e)ie d))i dna
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18I B FRIX TR B AR RS (1)

© A F(r) &7 r it R A8 RRE2HKEN T/ ME
* Fe) =0, F((uy, up)) = & (uy,up) HIRE
@ F(ry | rn) = min(F(ry), F(r,))
e — F(r ) + F(nry)
) = 7
+ & F(r) <0, M F(r) = —o0
* &M F(r) =0
o #l¥F:
s E(ld e))=—1, F((e,d)) =2
¢ F({d,e){e,d))=(—-1)+2=1
* F(({d,e)(e,d))*) =0

109

2024 F A& &5 A (4w i% R 28 ) ERFTFENER



BT R R IATN KGR (2)

F( (a.b)(b.d)({d, e){e,d))*(d, a))*(a, b)({b, c}) | (b,d)((d, e){e,d}))*(d,c})) ) = 7

(d, e) (e,d)
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AE L BB R RIAR

© L/HFH— N

ENTRY
vl © BIESAHT: A ENTRY & & &9 5842
BB1: ¢,
BB1
BB2: e,e,((e5 | ese5)ee)™
¢62 BB3: e,e,((e5 | eqe5)eq) ey
BB4 8162((63 8465)66)*(83 | 8485)
EXIT: eje5((e5 | eqe5)eq)™(es | eqes)eq
2 © JEEAHT: BIL EXIT & 8842
\\\\EZA BB4: e
4
BB3: ¢; )
BB2: (e; | e4e5) ey
v
E— BB1: e,(e; | e4€5) €5
ENTRY: e e,(e5 | e4e5) e

sihl
2024 F A& &5 A (RiE R IE) ERFTFENER



|

SR RIATNBTE R AT

© BEBERTHEIRV, WLEHFA: VXV >V

ZaaN

o BENEALBHEEXIHf: V>V

®

/L

F(r): V- V&Tre# R adRaaE iy

® VAR [E1 9T A B
* Fle) = 85 &%, Fle) = fi,,) £ T h(e) £ e a1 REARR
* F(ri|rp) = F@r) A F(ry)
S = F(r,) o F(r)
o F(rf) = NisoF(r)', AEAR KB E & H ok

52
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KRR F(r)(I) = (I —kill ) U gen,

Ie gen, ={}  gen, ={dy,dp,ds)
| kill, = {) kill, = {d,, ds, dg, d7)
BB1 d2: J =0 gene3 B gene4 = {d49 dS} gene5 ] {d6}
a = ul kill, = kill, = {dy,dy,d;}  kill, = {d3)
v & gen, = gen, = {d;}
A e kill, = kill, = {d,,d,}
Vs
gene4e5 = {d4a dja d6}
> kill, , = {d,, ds, 3, d;)
'&A v E€Mesleses = {d4’ d5’ d6}
il = o 3 kille3|e465 = {dlﬂdZ’ d7}
e REBEA
i 8N (gile,eqy = 1Ay, ds, dg
2N ki”(€3|€4€5)* =1l
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PR/ |\

o RALMALE F B 7 &
* WEMAEANE AL TRAZER. £ 5 £ AR IR. 131
A (RAG SR TN T EIH MR 58 E JH )
® H ABELAL
< FERBR DAG B HI3E
o B3I RIARIJEFR. AR ALTE R, AR EEF KX

o FILAL
< BARRALMALE E A Ak

@ %ﬁ ;ILE ‘/\)ZI\T_J 67\ #ﬁ’
 FARATFE.FKRTE.THERAIAGNEARAE L
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A o)

® %ﬁé}%i%%%z‘éf’%’%%f—;ht%?ﬁ]é@ﬁtﬂc%z% (4= -01, -02, -03), EA
AT NE Z 47 2 FRAE B R A RS E & A& 5 7

o MRAMMA B F E AN G A AL 8 AT B [8] £ K /> 2 8] 3
. BT AT &% IS EXAT A

®© At B mAE K B & A A7 A & 4% 1% U B 1% A0
a] F KB AR R BE? & S A R 2 B SE B A R?

© AT ATEFRMAINT TRAARTFHREALANEE? IR T R
. BIH I, RITRE A B A A R R BE?

o ANLAFRMAA, £F % @ EALEEF 3 A AL H e AT
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