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R SEN A RIS Z %
>34 AHEA AR 2AFELBE YT/ A .
>R BMEBIAS, AETFRGEEETEZATEE

1%
BB AR E Zie HAEMELX, AR E—
NS

B de: Aoik i 544580 (instruction transition rules)
N1 + No = n nat
plus(num|nq]; num[ny|) — numn]

& 39N (search transition rules)

e — €] e1 val  eg — e
plus(e;;es) — plus(el; es) plus(e;;ez) — plus(er;eh)

W@ Ji: AEplus(e;; e,) P Ke;
F#): Fplus(e,; e,)ZM Hplus(e';; e,)
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) 7.1 mresmmmen-2

i, T 2R
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EZAN, 2EREHEFMFIGRIEE" YA T REIAPL", X
HAERAT RS T AT iR T E R A",
—— T AE AR GRIZ L RS T E T )Rk 3,
FIRFEHAR, BN TITUEATIIR, BPE—HNHR 2 A2 |
EERH, RAFAT R LA TR HIREHN.

B FAE Ao dh FA

> @A AESLE, R RRATE QHE] (Fedz B AR F)E
TAAA S, NMAEL AL EZHE,

> A LR B, MIETEMENTFE, B IAZAITEN S
FAE, GULAHBIRE LR, PR 63K B ZA4F 2 6 4 A,

> BAE XSRS L NS, ALK, mAR ",

> jﬁéiﬁvﬁ%zrﬂ EHARGHIRE, M5 ERNEFTEB TORE
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©) 7.1 mresmEs-3
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ARG — AR B R T FARAERR M R A 4 B S
FX—ANER| R IBARE T FAL, AE1F

> ERAYGESTFE LS T ER;

> B H B EE T TR (%F)5) X/ 3 A

Bk K3 ML BIKGESETESRX,

s FAG TR HAAEARE L. T, RFEpTEER ML
W, defT AL 6T 4 LTI ZIh B,

FlU{nat —}3I A EZHK{nat —}, EIHENG| AT H AR L —A
HHE SRR TFIHE.

7.1.1 FEhz sl

7.1.2 Z4iH

7.1.3 FHEMGEHAK: L{nat —}5K{nat —} 2 F 449
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G}) 7.1.1 HEHEN-1

> BV K{nat —}FPIRZ
>ORAE s AR —ANEFR kF—AHF X e
> RE G FA X
— KAa K & (evaluation state): k >e
BREERTAHEHAA KAAEGAX e 3ATR/E
— IR E KR A (return state): k<e, FHFeval
TR A AT L Mfie A X eI k AT RIE
REFHEHIIEFA > X <HBTFIZRENEE, FERMBRETH
XX, BABEKREF A
SRR Rask{E LT
>R RN A E" R L E T, ETFX48H A7
KA X P RAF A WAk 8 =) 2R )L,
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) 7.1 manzx-

> B AL AR (Frame)F K, L X4 T
f frame Fk stack

¢ stack @Hack (29.1)
> AW 2 S AR T L AT RABPTAE R 89352
> K{nat — }eg A M &y 4 T 2L )2 24 2 L
5L{nat —}#93) &35 5L ¥ 4L R AR &9 SN AR 2T L
(16.4) { e e } (29.2) (S fame < — e

s(e) — s(e")

/ EEL?E‘JEJ?{E%
£ & _ — , S(—) B
ifzigen;x.e1) v 11z (' jen; x.81) 1fz(—ie1ix.e2) frame | ppsy
g = &) FH¥ il _E Y
apie);ez) — ap el ez miskERiex F (—jez) frame
e, vall HHES PN g1 val

ap{lam[7] {x .g);e-0 — [.gy"j;:].g *%Eﬁ%'ﬁ‘ﬁ:' ap e, — frame
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@) 7.1.1 HZHLE -3
< K{nat — }FPIRZ
K MR Xis(e)RfE, M
> B AR H AN RS8R SR kS S
*zRME, NEBERz P ——— A&, FERfesR{E

-
iR [E] e A4k B, ) Y = a(— ) » 29.3
\tﬂﬁ#j&lﬁls(e)éﬁﬁ;kbﬂﬂ —a(=):kpe (29.3)

s(—):kae—kas(e)

2 ST B n AR SERIIE F ALK
Sz tE VN

Eﬁ@;éﬁ*ﬁﬂﬂ?ﬁifﬂ{ﬁiﬁiiuﬁﬂ = 1fz{— e x. 820 K &
] kR FFxTe Lk {E (29.4)

ifei—jepx. e kA =k ey

LR [Fls(e) 4T,
kR H AT IR e & ifz{—;e;x.e)kas(e) = ke e/ xle:
He2rh L)X
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) 711 manzs-a

o’ R AR
K{nat — HPR A e
> % e id )3 X 44 5 3 00 NI EBRE 2

E%ﬁé};ﬁﬁ?&%’%m% Fi lam[t] (x.e) — k4 lamlt] (x.e)
#, HlixtelsK{H

Kb apigq;e;) — api—ie.) kb ey

R

(A BB I eR %K) ap(—;ez);kder — aple; —) kB e 29 5
e (29.5)
P g1 = lam[T] {x.&)

el 2 IH R, e? ap el —1skdez = ki [ea/xle

AR, Tt fun[z,;7,](x.y.e)= fix[parr(z; z)l(x.lam[7](y.€) )
T EHRERAE e, val e =lam[z](xe)

TEH ARk £, Xf— ap(e; —);k <e, »k>[e, /x]e

R A AT R K

{E—TC oA = ] Frfix[t] (x.e) — ke [fix(cd{x.e) fx]e
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ﬁ%} 7.1.1 HEHLEX-5

< K{nat — RGNS R ZEPIRES
> e IR A

£ > e nitial (29.6q)
EZRTF *te 1A
> RLER S e val
£ < ¢ final (29.6b)

Y1t eih B 4 AR,
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&%) 7.1.2 %ht-1

A ko
> k2 B AM & (well-formed) ELEF £ R 4 7 8444

> FrBRARME, RIBLAAREELSERXR AN, Kitxsibie
IAME T 8 k— AL (answer), B2 6y & sE £,

> ER o RTERELRGEFITERGER, EERA—ANEATH
BILR R,
stFL{nat —}k#L, , &nat.
FRBTHEL: BKE—ADAREA e ERRR—NER A ¢, M1E
< ERWrEK 7 AT AR E X
k:t f:1=1
£ Tans f;;f : T
> BB fr=> CRTARMIFRE Y r A R ER A 7 694E.
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€) 7.1.2 2am2

n E":-..: I-".J.l..

> K{nat — }F#HBIBZ f:r=> &AL EX

s(—) :nat = nat

g T x:natbe::t

/Xﬂ‘&fllp'iifz(—;el;x.eZ) ifz{—jeq;x.e) tnat = 7

e, RTHISR . (29.8)

B —FEELA hnat ap(—ie,) 1 arr (T T) = T

HI{E, 1ZARMmTH4E R £ :arT (T2, T) &y val
\ K&K aplei—) 1T = T

> AT Z LT K{nat — 3}k SR R
k:1 e:1 k- , - > val
ke ok Tk;;gki > (29.9)

& Z 2V (PFPL Theorem 29.1)
1.42%& sokH s —s', Ws' ok
2.2 % sok, MKFsfinalRFHLES, 1243 s o5
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&%} 7.1.3 HHHLIERHE-1

“K{nat ~}EHY:: BB EFAIZILnat —)?
St 1% 19) 2R ) &) 25T - e T R A~ AL
> 7.4t (completeness)
JoRese' , HEde'val, Mereseae

> ¥ 2 M (soundness)
deR ere"g<e', Mese , HPe' val
& SE& AR B
Xt % ik g S ATIAHAERR, NS EE /A
1.JeXeval, Mere s e<e

2. dmFEee', MxFHAvVval, dmEere' =" c<av, N
E>e S gV
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ﬁ%} 7.1.3 EEBLERLE

< SEE&MERIUE
1. 4mXReval, Meres gxe
JEBR: Ste 494 AHLATVILAIERR .,
1) ez, M E(29.3a)H 7 —»e<1Z

2) ef&s(e"), W& (29.3bc)F )3 LABRIZA
ex>s(e') = e«s(e")

3) e&lam[z](x.e), M & (29.5a)7 4% .
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&%} 7.1.3 HHPER-3

2.dmFe e, MxFFHEAVval, deFere' Seav, N
EDE B £V

stee'#ATR N, EIEATEERL B TR LM

A. TEERF EZR, B, FeHap(e,;e,), NI=H|Hueg
% —FHevaple;e)-ap(—;e)ere, XMHSTFE
JEAEIE B AR Eate RAL,

B. X% BB FRARMGRLME, Hldo, Behap(e,:
e,), e'Hap(e'y;e,)Hee' . L Ekrap(e'y; e,) kv,
W& ZiEsAkap(e,; e,) = kav, HAEBAEFHE —FZ
k-ap(e's; e,)—ap(—; e,);k« ey, A M A R IKe e,
SoIRA AR, , 1EAFE VL.
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&%} 7.1.3 BENLKERTE-4

PFPL Lemma 29.2 4= e | v, Wxt&—kstack, &
k>e = k«v.

ER: sfL{nat =} RAMAIE X (12.1,14.6)3AT)I A

%‘)ﬁ*{ﬁ%ﬂd ep |l lamlwe] (x.e) ez lbee [oafx|e |l o
ap(ey;e2) | @ (29.10)

SHEZAEFIARK, FRIEPKk>ap(e;; e) o kav .

Ko apleriex) —api— e kb e (22,117

—Yapi—;es ik a lam[w] (x.&) (26,12

ﬂﬁﬁ—%ﬁ%ﬂmﬂ — apilamlts] (x.ed =2 ke (22.13)
(29.5) RAES - o ap(lamln] (x.e)—) 1k 4 o (25.14)
= ke [ xle (28.15)

—Y kg (28.16)
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&%} 7.1.3 BN EHME-5

< A FEVE B IR B

R epes g<e’, Me Se', HPe' val,

s5t% Fdtdiepe o eaviG A RIET LI BRI, B AN
W BRALR S F 1R B R S 0 A

BmARZ, FEAMMERES ST EEXNG %D, Km
o 5 MR R R RGEAK{nat )4k A X 4
T A L{nat — GRS HBLPTAERL.

BiEs e REs oA RLKe.

FF I RS —epe, REALEKREs=cxe, HS +e.

M4 Es"s", HEPs final, s eks' e,
AR L e' val He e,
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&%} 7.1.3 BEHLKERTE-6

X EIQ'%':EB@EE%
deFs 35", H s final, s & eHs 3 €, We' valHe —e'.
X R B de T B AN 5K
1. 22X s+ eHBsfinal , e val.
2. mFss', s e s dHe' Sy, E¥vval, Me Sv.

316948, RELALERENHH B AZ—AME.

B (29.6b)& 45 K & 49 2 AL k43 3,

4512, EZEATRT|H

PFPL Lemma 29.3 #=%s —s', s 3 eHs & €, Me Se',
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n E"-I-..: I-".J.l..

< A FEMERIUEA
> BT E s c BERBIBT S k<e = e FA TFTHLN RE X,
Hdskredkk<e. (7, ArBRARBERITOEREX L)

kpde = ¢ ke = €'
ke gse kaegse (29.17)
> BB S ke = ' H A TFTALN 2 X
El<le = ¢ kraap(ey;ez) =e

keas(e) = ¢ ap(—;ex) ;kraer = ¢

a(—=):kpae =¢' kreaap(eq;ez) =e
ap(e; =) kpae; = ¢

keaifz (61,82, X .83) = e

L IR T T ¥ = ¥ — !
ifz(—;exx.e3) ke = e (29.18)

Yu Zhang, USTC Theory of Programming Languages - Control Flow 19



ﬁ%) 7.1.3 EHHLIERIHE-8

X EJ‘;':'E':EHQEE%

PFPL Lemma 29.4 #¥i 3 s & LA AEX(Y, ),
Bz ko<e=e'BAARKX (V,V, 3.

WA B HE—REESBRINE—RIEX,;, BEH/ATIT
O RN REXRI, HEREE—FHAZ. NRstE
Z W kAee, e, ke =¢",

PFPL Lemma 29.5 #=Xer~e', k<e=d, km<e'=d',
i did".

Z| R RES S B RITFHILX A,

JEBR: XFEEHAN e e A LHIERR .

> R R BB RANTE, X AR ) T R IERR
> AT RN A AR, XAt i Y3 4 R GEEA
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&%} 7.1.3 BN ERE-9

X Efﬁ%‘:iﬁ‘]iﬁ%
PFPL Lemma 29.5 #=Xere', kae=d, kpae'=d',
md —d',
JERF: XTEEFMLN e —e" YT LHIER ,
> VAR ARRRALNA AR, X A8 )3 44 R GE A
fRikeXap(e,; e,), e'Aap(e'y;e,)He—e'.
Fke<e=d, km<e'=d R,
HAN (29.18) _Fraaplerien) =«
ap(—;ez) ;kbde; = ¢
WA ap(-;e,);ke<e, =d, ap(—;e,);ke<e’,=d'
0 FHRIE, Ad-d.
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) 7.1.3 pamm s 10

PEPL Lemma 29.5 J=Re—e', ke<e=d, kp<e' =d',
md —d".

> AR SN R NIE, X ETAR YA AT RAIERA

fBikeAap(lam[z,](x.), e,), e'H[e./x]e, M Ae e,

Zko<e=d, km<e'=d'mz, FiEd —d'.

4k &2 2t kb LE M AT VI

JoRk=g W& troae=cAIETIFd~d'".

foRk=ap(—,c,);k', My FEraaplee,) =¢

api—i&z) ;hbdey =&

AK'><ap(e c,) =d, k'sap(e', c,)=d'
B L HE MR, A ap(e, c,) ~ap(e', c,),
BEHAENERMHBIR, THd-d.
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@) 7.1.3 BEHLERE-11

« A FEMHERIE
PFPL Lemma 29.3 #=Xs—s',s 3 e Hs' & €/, Mer e,
JERA: xTK{nat —}aq4Ed 0 ST, AFxTBE—RF L, &£
sTec - fRE, Fxt L{nat —}450/ -k 1/ 453k,
1B3%s = k >s(e) Es' =s( - ) >e.
kas(e) =e' 3 BAX Hs( - );kee =¢', & 5|3227.5F¢e%".

f&iks = ap(lam[7](x.e,), - );k<e, Bs' =k >[e,/X]e;.
EHe'fae", 147

ap(lam[z](x.e,), = );k><e,=¢€", k< [e,/x]e; =e".
A k><aap(lam[7](x.e,), e,) =¢e'. &15|3229.5%¢e="¢".
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F7: AjRFFEEZIERGIELIGERS, HEWNE
BRI Z AT ERIER T,

PR GRS T BTAZ S 0 BRI FNAR, VAR RS R AT
Blde, FF A TR BERSHFIEFTRIETELHINIR
¥ F BT E 6945 R 51

;‘% 7 7T VAR AT AR IR R IR 0 — A 5 B XA

7.2.1 % ¥ (Failures)
7.2.2 3% (Exceptions)
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(Esa) 7.2.1 KM (Failures)-1

o RMr: —Fi ] B p FE AL
L RAE & MR, W dE A9 B R 6 AL T B (R LK)

>R AR —R AT X, CRAH KBGME
__’]'&T'fi & Zi/ﬁ'-ﬂiz.%' iR LN

@ iEE: XU{—=YT R
Expr’s e :=fail[r] | catch(e,; e,)
>fail[z]: ik HATERAEGG IR —SRIK)

> catch(e;; e,): e, KAh, mREFLER, WAL
fi; 4R R, NEEe,(R ML 8 ).

2= Fe R R void ey i =7 Xabort[7](e) .
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(E%) 7.2.1 KW (Failures)-2

[+ faill1] : 7

[Fep:1 Thes: 1 (30.1)
[+ catch(eq;ea) 1 T

> RBTARAEZT LR, AACKARRES D) LKA .
> KA 3 B catchég B /AT a) e Fre, s MAAT R KA

< PAEN: MR (stack unwinding)Hi AR
> Hxfcatch RAEH, RAEEFRTFEZE—NEABAEESR
> Bxtfail RIGR, 2EARAL 2B\ RTHINE R KA E
BREITTEFR, FEFELEZLER

>ABIIEHARE T FAABERELRME, A EREFY
% MT A —F e L%
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igﬂiIZJ

" ZjJJLD-[’%X:

AR e T

KW (Failures)-3

(stack unwinding)Hi Ak

T A A K{nat —}:k 45314 & M ) 3h 535 3L
> FIAFTRES: k <
ZREHFEMAELH, AMEERPH RN INEL

WAL R
> e < Zfinal R RE, REZMERKES, FEF—4%
3k 49 % % ("uncaught fculur'e ")
& B VE LI X
> R AT R £3 exp
catch(—:e2) frame (30.2)
AW ML R



ﬁ%} 7.2.1 KW (Failures)-4

2o ThARTE \ Stfail KAE, Mk Xfcatchk{g, M
B LE X‘ E— kI 4&%%%@%@]
> FEBILN G Y R B, JPxelR{H
IMELV( ), W - =
S HI IR TR S ko faillt) —k <

k> catch(eq;e2) — catch(—;e2) k> eq

e : :
Py N e catch(—;e )k av— kav
ax MR, FXT BTt 1Y

@ﬁﬁeﬁﬁﬁiﬁ{ﬁ catch(—;éen) k4 — ki (o]

(f # catch(—;e2) )
W RAERE — N R R, T y?
RTFR AN, ik fika—k«
FEARSE [n) B A FR XA SR
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(Esa) 7.2.1 KW (Failures)-5

¢ val

o ﬁj#&iﬁ)‘(%)‘( € < ¢ final
>RERSHY K e« final (30.4)

WM —ANRFBKNGFF, CTREENEF T
< Z2 M (PFPL Theorem 30.1)
1. 4= sokE s —s', Ms' ok.
2. 4% sok, MKXEsfinalREHAES, #4F s 5.

FE: HERMRET, XEYRRVEFALSRME, 12
AT 2T E— /SRR RIK.
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(ES(B) 7.2.2 7% (Exceptions)-1

o SH L
5 RAL K ET, AT RBEAME, EAME I 4455 4
—H ey —RELATREIEFHEAT)
o T
Expr’s e ::=raise[r](e) | handle(e,; x.e,)
> raise[7](e): A AfkeRAE, AR AL IEEWE
> handle(e;; x.e,): ZEste KALHNE , bR KA FF, N
FF T ABREG R B R Be, WY REAX L.
HE: = KA voidéy il = Xabort[7](e) .
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((:5(3) 7.2.2 7% (Exceptions)-2

< R EH KB R B
let f = lam [nat] (n.ap( fun[nat; nat]

(f.u.ifz(u; s(2); x.[ap(f; x)/ y] times (s(X); ¥))); n) )
inap(f; 3) #&XA6, RAMAITEML T(3*(2*(1*(1))))
PITEHRE: REEFAH, REREE),
=T AR R S w L] E AT SR RS K
let f = lam [nat] (n. lam [nat] (r. ap( fun[nat; nat]

(f.u.ifz(u; raise[nat](r) ;

x. ap(ap(f; x); times(r; x) ))); n)))
in handle( ap(ap(f; 3); s(2)); ex.ex)

f 89 X% A nat—nat— nat, % 2/~ 5 4kr #4022 HAT R R R,

AL B AHIR B B FAA((1*3)*2)* 1 i, H 434 H K = (ex.ex).
LRA6, RALiTARANLF((1*3)*2)*1
Yu Zhang, USTgil'(r}iT—'t*E: ji;%—‘/l\iilpi‘*ﬁe%%ipi%rammmg Languages - Control Flow
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(ES(B) 7.2.2 7% (Exceptions)-3

o SN
> A IRA:
> BT R

I 7 8 R BRH
k<e, HPeval. [ERMEREKEFI

raise[7T] (=) frame (30.5)

> 5w RAR

handle(—; x.e2) frame

0] 5% AL

MraiseskfE, MK i
S HISRE LT O
£, R eRE

| B RERAEBARE

Yu Zhang, USTC

> raise[1](e) — raisel[1](=);kpe

raise[1](=):kde—k dr¢

raise[1](—);k 4e—k aq¢ (30.6)

Theory of Programming Languages - Control Flow
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(E%) 7.2.2 7% (Exceptions)-4

..?I‘...: :|;J.I..-

“‘ —_ \E \}
» BIASTE X Sthandlesk{g, ﬂlﬂﬁi
> 3R RAL G H AN TR

h) = \
Eﬁﬁiﬁ“%’ MRS 7 > handle(ep; x.e;) — handle(—: x.e3) ;K b e

AhELA% AR, BHE

e PR IREER handle(—;x.e);k<ae—kae (30.6)
/Ziiﬁﬁ?, 3 A handle(—;x.e:) ;k e — ki [e/x]e;

B HRIFH R E (f £ handle(—;x.e;))

HeE fe2H HIA R Fkae—k«e

(ZETox, SRERME

AARTA R W AL TEES, WA
FARER 7 HOIRS AL TR,
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(E'a) 7.2.2 7+ (Exceptions)-5

i%aulnx [ e Toen

[+ raisel[t](e) : 1

[Fep:1 Tox:itpmben:t (30.7)
[ - handle(eq;x.e5) @ T

Toxnt R RE
exn/i BT ARRIRY?
> TR S w AR Z KR ARRE, T RERIERA 24

— =AM EBTRHRABIEZACHRPOREXIATIHR L A
& raiseg A XA A

- ZRARF, NAEBERRFESTNFFEEE, WAHTH
AR H BB Z 2N RTORLEFF.
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(E%) 7.2.2 7% (Exceptions)-6

T LI RN A KR R,?
> ¥, AREFAE: AR TEKYRE

— 4= raise “Division by zero error.”
raise “File not found.”

— RRZAL: s TALPFFRESHRG AT, LESF
ZARB AR RF E, ARREE T A A VABIeAToR 5L ?
> ¥ A manat: B TAEIRS
— RRZA: FEATEZRBERTHATSREIE, XAHH
4, BARMERRBERAXTATHEL L
> ¥ 1, A RARX(FARLGF)ELE: KAHLE
— %= g, = [diviunit, fnf:string, ...]
WEAIVEIRETIREFT; FEA IR T L RKE

Yu Zhang, USTC Theory of Programming Languages - Control Flow 35



(ES(B) 7.2.2 7% (Exceptions)-7

T LI RN A KR R,?
> ¥ ARAFER: RAHLHE

— 3= 1, = [diviunit, fnf:string, ...]
— handle&t 32 B 2ARYE X XW9AFE 5T AT, Mtk BmAR AL
KR GEAE (try e, ow x.e,&handle(e; e,)#) ELA4RiE %k )
try e, ow Xx.case X {
div<> =>¢,
| fnf s => e
|}
— RRZA: b &
1) SIRABAEB T H E RIS R o,
2) #IRE— B R R XEXBEAAARF W1y, XA EFF]
AT —2 ARG FRES, FREEHRS N RLL.
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(ES(B) 7.2.2 7% (Exceptions)-8

el T A5 T kA, , XRILBFRNEFRH THFE?
> ¥, X RTY FtyfakA: [PEPL, 38]

L TH R AER . AR AR AR, R LR
THIFEES R LAEBITIAL.
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(E%) 7.3 #EZE(Continuations)-1

EHIAR: RAEHRZRGITH

H R EMGeRAF . BRE)NE T ARG — % R &Rk
i,

iR (reified)iz#4k: F—NsRERTAH L@ 09E, A
first-class continuation(z£ 4z).
HERTELRFZT, HRITARNITE.

> UHFRMEAEERF TR, FAEMEBNE T LAz 4
AR B AT 2 6 BRI B AR (BP £ 4R).

> Fii8"first-class”" 35X AMELA IR AEGTH, TUAMERE
B FAE g FaiR
first-class continuation X #runlimited “time travel”(T VAL
EWE IR, TR EHFEARGE—E)

oA K I EARIZ FIAR, BPaE4e?

> ¥R R A B A (persistent) B LM (iR AEHET)
—— A AR FTBAT2IEL B R
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(E%) 7.3 EZ:Z(Continuations)-2

BHARGAREZI: A 94% 1 (ephemeral )5 454
—— R e R B P = Hl AR M8, ALK, EARTH
AT A 18] 7% AT
First-class continuations®y A 4t
> RB—ANT BLE S 2 B %) 6932 4R S (P R T ARG T F)
> #| l continuations, 7T ¥A"checkpoint”#2 5 # 42 %]k
A, WERAEKBELEMT, AEFIDIIr4RE

7.3.1 Continuation®y &/~
7.3.2 ContinuationtyiE 3L
7.3.3 J Continuation& ~+%
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(ES(B) 7.3.1 Continuationf)fE4--1

< #EAH A Continuation(FE4E)

> FRGR R A £
~ BAG (G BT ASa. — R FEBHAR) HFAEHK
— A RA, PAEB|BOR R RABL
— A& AR R A AR I NG
Continuation: £ & 38 F A B & 5 a9k 4 34T 6942 AT

> =51
int £ () { return 1; }
void main () { fO)RIESLR: Wi
if (£()) printf("Good f\n"); */'\{E\Q%E@QV
else printf("Bad f\n"); Zﬂéﬁ?ﬁhﬁﬁﬁﬁ}?
} 45 6
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(ES(B) 7.3.1 Continuationifaj4--2

int f () { return 1; }

void main () { f( )/B\'Jﬂ?j?i% JA%
if (£()) printf("Good £\n"); _ MHV, R/ELAHV
else printf("Bad f\n"); Zﬂé%ﬁ&ﬁﬁﬁ&f?

b= | o

}
void f_continuation (int v) {
if (v) printf("Good f\n");

} else printf("Bad f\n"); void main () {

mainZs % :’> f_continuation(f()):
}

— B IGRAEF_continuationX A F

— fEE A, RAFABGA FEF GRAL

— #idHHf 49K EME, 4 AHF_continuationty £ A&, HAA
f _continuation
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ﬁ?) 7.3.1 Continuationf &4/ -3

int £ () { return 1; } void main () {
void f_continuation (int v) { f_continuation(f());
if (v) printf("Good f\n"); }
else printf("Bad f\n");
b ik f E#FHf _continuation;
M AL B FH (tail call)

— =

void f_continuation (int wv) {
if (v) printf("Good f\n");

else printf("Bad f\n"); V23 T LA AR B

+ —ANBkEE
void £ () { }

void main () { £(); }
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(ES(B) 7.3.1 ContinuationHfaj4--4

< #EAH A Continuation(FE4E)

> T2 MR factorial (3) A HELE 2 -
int factorial (int n) { 1) BfF—AMEv
if (n == 0) return 1: 2) Fvell4, FgsRiR P2
else { K 58 3 I3 P factorial (5)
int v = factorial(n-1); 3)ZET AR L RFELLS,
return n#*v: FrAE R A G
} 4) ¥ B 44 45 BLIR B B B AT Y
} factorial i, FITEN

void main () {
printf ("Factorial of 5 = Jd\n", factorial(5));

:|.
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(E%) 7.3.1 Continuationi{&4--5

int factorial (int i,} { 56.0.0 B2 R0
if (i == 0) return prod; BIANF IS Sprod, 77
else return factﬂrial{i-l,};g,ﬁﬁ;!;ﬁp@gg%o

}

e R e

?7

int factorial (int i, int prod) {

L: o XPHAE PP XS PR A 2
if (i == 0) return prod; CPS(Continuation-
else { passing style)

prod = pred # 1; 1 =1 - 1; goto L;
¥

}

}
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(ES(B) 7.3.1 ContinuationHfaj /-6

% Continuationft]25 % 5k

> EA: cont(r)
B2 v XA 4948 49 Continuationk &

> FIAT A letec[r](x.e)
¥ 4 A7 ég Continuation( 2 ATd= 4R ) 2 2| X X, *teRfh
iEE: letcchr #let with current continuation;
BT AR &3 R wcont(7)8 31N, Bfcallecc(call with current
continuation)

> M EHA: throw(e; e,)
Btz FIARKE He,t9/h, Fxte KIE

FhRE* LR35 %
cont(7) T cont
letcc[7](X.e) letcc x:zcontine
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#include <stdio.h>
#include <setjmp.h>

}

void main () {

¥

ﬁ% 7.3.1 Continuationf]{&j4-7

"F'-'.- L

«* setjmp/longjmpcontinuation
> setjmp/longjmp: ZC#ERHK, REEMTF 7L E 4]

jmp_buf%ﬁ!ﬁﬁﬂéﬁﬁiﬁseump/longjm|i|

iRk ER IS EE, B8 F—4%
Je &bk, kRIgEr. —HFFEPMESE

int £ (int i) { BRI 2k PRI, BEHFEZRlsetimp(k), It
if (i == 0)Qongjup(k, 42) iR [E]42. longjmpAEfEHiltk L i F setjmp AL B FR
else return i*f(i-1); HA—ERNAGEENY, BULEEHMESFIERISE !

23] i%%ﬁiﬂk HFigME0. XA

continuation!

int result =

switch (result)
case 0: f(5); break; // setjmp returns 0 first time
default: printf("f(5) = %d\n", result); break; // w

! ERHATIOER: 42
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(ES(B) 7.3.1 Continuationi]f&aj4/--8

«» Continuation(¥E4E) 53K E_E T 3¢
> ETFEX
- FHEEX: BESHRE T AR ET LB 5 FHATEL
— Mo H L AT B384, F= L AT &9 Continuation(f] RAAL LT X
SRZENG
> T
let(plus(num|3],num(3]), x1.let(num[4], zo.plus(z1, z2)))

let(o.x;.let(numl[4]. xo.plus(xi. x0)){plus(num[3]. num(3])}

—  let(o,z1.let(num[4], z2.plus(z1, z2) {num[6]} [ sweepynes sy
= o{let(num|6], x;.1et(num|4], xo.plus(x1, x2))} | plus(num([3];...)
— o{1et(umld], 2> plus(mun(6], z2))} o
—  o{plus(num|6], num[4])} letcc [nat] (x.
—  o{num[10]} let(x;x1.let(...)))
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(ES(B) 7.3.1 Continuationffaj4--9

<+ Continuation[¥] ™ Fi 2543
THl1: ARIEHLT F A gAML E AR

ERITE: RATMNAETPERE, NHELERATFAR

E{E0, 7 R A PATR| R0 k.

= ol LA SRR SHATIFIINRG], &
> R AT R [ h PR B0 B 7 22 j
fun ms {ﬁ:l:uat -> nap, n : nat) is
case n {

zero = succ(zero) |
succ (m:nat) = times (q zero) (ms

BEERAI—ANFHFS, Ethgl ot
7; IR EE ] PIREgH F IR

Yu Zhang, USTC Theory of Programming Languages - Control Flow 48




ﬁ% 7.3.1 ContinuationH]f#4--10

..?I‘... : :|;J..I..-

FHL: A RBMAEF FFI R I E KRR
> skt Bk K

\‘ Z [ ), \n \?‘ >
letcc: nat cont 1n ~—

let fun ms (q : nat -> nat, n : nat) be

case n { QIO TEE O, mu»%?zﬁ%ua%j

zero = succ(zero) | B Hret, /AR EREO!
succ (m:nat) =

case (q zero) |
zero => throw zero to ret |
succ(p:nat) => times (succ p) (ms (q o succ) m) } }

in
ms q n
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@) 7.3.1 Continuationff)fijf-11

T2 (BEAIELE N T A)E T ER K contdE LK
Fak R -7 B RHKF, FRKEASEFIHEAD A
7' contdyiE Lk " .
4T RERD - WEY AK HEZJeAAT(V)I
2k .

fun compose(f:17" — T,k:Tcont):7 cont = ....

KOLPRYEE: 1. 2 fTRFK ? 2. TR EK ?

fun compose (f:7' — 7, k:Tcont):7' cont =

letcc ret:1’ cont cont in
throw (f tcc r in throw r to ret)) to k

v 8 f(v)gk, X rRE00 1 cont; letccHIRA T
A TIEV ik

498 € B EIR B ZELE, throw rER
b —FE T ER [B] ) SE 4L HIERBAENN r ildhret




(ES(B) 7.3.2 ContinuationJiE X -1

':"'-'.- L

*XHU-WRUTAR

Type T.:=cont(7)

Expr e ::= letcc[7](x.e) | throw(e,; e,) | cont(k)
>cont(k) : —ANEARIEHIE, ©RAERMIEFHN,
FEH N AT vAE A
i%aulnx [Lx:cont(t) Fe:T
thrOW%ﬁﬁ%%ig I I_ letcc [T] (x.e): T (31.1)
RATEN, FHER Fhe i Thes: cont(t)
28] 2138 B 2 B 1 -1 €2 tcont(Ty
e '+ throwl[t'] (eq;e2) : T
E)nt(k)%~/|\continuation, f
UEERAA o M k:t (31.2)

[Fcont(k) : cont{T)
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(ES(B) 7.3.2 ContinuationfJif X -2

o
LIXY

Z)‘b I -[/l:I X
> ¥ EK{nat —} A% Wi

£2 exp g1 val
throw[1] (—;e;) frame throw[t] (e1; —) frame (31.3)
> F~ AR 32 %] A% (PP continuation) £ 14
k stack (31.4)

cont (k) val

(31.5)
> éf#ﬁ%y\'d k’ [ :]_EtC':[T] I:I_E:I — .IE' [= [cmnt{k} EI]E

throw[T] (v: =) :k dcont (k") — k' av

k = throw[t] (e1;62) — throw[t] (—;e)) ;k > eq
€1 val
throw[1] (—:e2) ;k <¢eq — throw[1] (e =) k> ez
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(ES(B) 7.3.2 ContinuationHJig X -3

[}

0:0 ﬁ‘é'l‘é_‘
> 3 A vA T AR 2 AL

€7 : cont (7)
throw[1](—;e) : T = 1’ (31.6)
£1: T ep val
throw[t] (e1; —) : cont (1) = T’

> X7 (PFPL Lemma 31.1): J=%e: cont(r)He val,
WAL —/K, e =cont(kM&fFk : 7.

> 24 % 32 (PFPL Theroem 31.2)
1.4e% sokH s—s', Ms' ok.
2. 4% sok, M &FEsfinalRFEHALS, 143 s o5,
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(ES(B) 7.3.3 HContinuationZ ~72 & -1

< FRIESERN R R A B AR

> BRI AT RERERTRER N, contdyE L, € #4E | A
R Ket) 1ae- 54 AFRA
e:r EBFAHe 11, cont > 7

> AilR—AFFraise[r](e), WA F e WA LAHLER
raise[ 7 ](e)&4#F 2 lam[ z,,, cont](h.throw(e; h))
hA LA EE, RERABKXR o sEg XA

> AaE—AEBhandle(e,; x.e,), SRBN E—AIELAE A I 7
TRIEE, R EINITE B EL TR GEFe,

handle(e,, x.e,)(try e, ow x.e,)&8&EH KA K7, cont - 7 &).FK3K:

lam[z,,, cont](h.letcc(r.let(...; h*.ap(e;;h"))))

Lhandles f 3] B AT 69 F LB Bhe, ERABEr SR 2] L AT

BaEsE, Kh SRR BF AN A FRESE, KREKap(e;h)

Yu Zhang, USTC Theory of Programming Languages - Control Flow 54



((:5(3) 7.3.3 HContinuation®Z R~ 75 -2

handle(e,, x.e,)(try e, ow x.e,)&8&EH KA K7, cont - 7 &).FK3K:
lam[z,,, cont](h.letcc(r.let(...; h*.ap(e;;h"))))
> Hhandle A 2] B AT 69 77 AL BheF, ERAMBFEr 23 L
AL, Fh R RIS AN FFLER, RERape;h)
> SRR B et g dr sl4E S Ble,, H P xR Ble BT =AM T4
> ap(e;; h)#fRIeRe FA R T, MNAFMETABAEEN .
h' 82 2| letce(r'.let(letcc(h'.throw(h'; r")); x.throw(ap(e,; h),r))
> RE—AARGERELr, REZILMEWNEEL, Fhwsr
> h'Z A AR?
LEEFFE, WAFEFEE|X, ASSELERhife, RI1E, ¥
{APae91 & I8 B IE L 1
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(E%) 7.3.3 HContinuation® =75 -3

INGE-

B AT R AT — AR X Xe B, FAF —ANHATGLIEEh
Fo 2 B R T ARAG T F(BPGR B IESR)r,

B AT R A X hhandlely, AHATHR TS LA F
T, BERAEFT, NEAZE-NFHEESRNL, UK
RS FELET

FURAR TAK =AY FFIEGFEEX, Bhe, THEAST
S E R R T BhIBATRAL, WP RAF AL B MR
EEIE4
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ﬁﬁ) YENV

7.1 iEBK{nat -} 24t
7.2 [PFPL, 31] 31.3 Exercises 3
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