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Abstract

This research project introduces the K Framework, a framework that can rigor-
ously defines the syntax and semantics of a programming language using formal
methods, and proposes a tool to effectively visualize the formal semantics of a
programming language described using the K Framework. The framework is a
framework that enables concise and systematic definitions of programming lan-
guages based on operational semantics and has the ability to automatically gener-
ate tools such as parsers, interpreters, and model checkers. This feature provides
great convenience in formalizing existing programming languages and designing
new languages, and it is widely used in software development for formal semantics
of programming languages such as C, Java, JavaScript, and Ethereum smart con-
tracts. Successful examples such as the formal specification of the EVM language
confirm its practicality. However, understanding the formal semantics described
in the K Framework requires a precise grasp of a large number of rewriting rules,
the complexity of which is a major barrier for learners and practitioners.

Based on operational semantics, the K Framework defines the semantics of a
programming language using its syntax, an initial state, and a set of rewriting
rules. The syntax is represented by a context-free method using BNF, and the
initial state is represented by a tree structure. The state is often the main body
of the program or an environment for storing variables. Rewriting rules make it
possible for a language designer to explicitly only describe part of an entire state
(called a configuration) being changed and omit the other parts being unchanged.

One of the characteristics of the K Framework is the mixture of rewriting rules
explicitly described by the designer and implicit rules generated by the framework
itself. The latter is, for example, rewriting rules necessary to realize value calls
in evaluation strategies, while programming language implicit rules are essential
to fully define the behavior of the language, they can also be a source of ambi-
guity about the designer’s intentions. Therefore, when studying the semantics of
a language written in the K Framework, it is not easy to identify the rules that
the designer considered important and separate them from other less-important
information. To mitigate this problem, this study developed a dedicated tool to
effectively understand the rewriting rules of the language described in the K Frame-
work. This tool extracts rules explicitly specified by the designer and visualizes
before and after states rewritten by the specified rewriting rules.

The proposed tool was applied to various language paradigms, including proce-
dural programing language (IMP), functional programing language (LAMBDA),
object-oriented programing language (CLASS), and a concurrent programming
language (THREAD), to demonstrate the usefulness of visualization according to
their characteristics. CLASS traces the behavior of object creation and method in-



vocation, helping the reader to understand the concepts specific to object-oriented
programming. In THREAD, we provide a method to clarify the complex behav-
ior of concurrency by detailing the state transitions associated with concurrent
threads creation, synchronization mechanisms, and inter-threads conflicts. These
case studies demonstrate the applicability of the proposed tool to various program-
ming language paradigms.

Furthermore, the proposed tool is unique and superior to existing visualization
tools (e.g., ShiViz, SMGA). In particular, the ability to selectively visualize rewrit-
ing rules that designers consider important is a feature not found in other tools.
In addition, by visually showing the order of application of rewriting rules along
a time axis, the tool is designed to intuitively understanding the interaction be-
tween rules and the priority of application. This approach lowers the hurdle for
learning formal semantics and shows its potential for practical as well as academic
applications.

The significance of this research is that it provides a new approach to effectively
understanding the formal semantics of programming languages utilizing the K
Framework. This tool reduces the complexity of the semantics described in the K
Framework and increases the practicality of designing and describing the semantics
of programming languages using formal methods. Furthermore, due to the inherent
flexibility of the K framework, it can be applied to new programming language
paradigms and more complex systems in the future and has the potential to further
expand the range of applications of formal methods. This research is an important
step toward the practical application and dissemination of language design using
formal methods and represents a new direction in the field of formal semantics.
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HELEINE e 2EW®WT 5, AFEN[ IEELZRT, BERINZREREZRIT LD
HIUX, WUITICOAFE L5222 bH 5, left BIHEIE. M3 Expl * Exp2
PEMBETHE I ®mRT, D% D, K framework I&, Expl * Exp2 * Exp3 %
(Expl * Exp2) * Exp3 LRI %, bracket BMEIX. #C ( AExp ) 2IWESTRRMT
KBVWTHMTHENATWS Z e Z2mRT, IR, Tur s3I v rSiEMHED
BANCIEZEH L. Z0RICEREZEHT 2 XeEE0WGEE, #llz HnT
BRENCESENEN 2 FEE ST 2 EDDH 5, ZORRIHEINE LTS 20 DidE%
HET27-0DBEMNTDH 5, strict BIEE, 518 ZDHEIX2 DD Exp HMEICHKR
% ¥ TRl 3 2 FHEEIgE 2 W2 2 2 Z2RT, IMPIZBIT 2 HEICDOWTIEEART
%o F7z. strict A TS BOFHIEDIEF ZH8ET 5 Z 23RV, D% D, Expl
* Exp2 7% Expl & Exp2 D5 5% LIFHI T 2 0 I3IERENTH 5, ZDER
Tld. IMP 0&fiid. BB £ HIHO~ A FXEE, BRE. mE. &)
THOLNLEMAr6R2Z 2 RLTWVWS,

MR IMP O 7 —VKOMX 2 EERT %,

syntax BExp = Bool
| AExp "<" AExp [segstrict]
| "1" BExp [strict]
| "(" BExp ")" [bracket]
> BExp "&&" BExp [left, strict(1)]



strict (1) (& MXNOIEKIRLE D 5 B, —DHDIFKIRFLE D & strict JETE
ZRDOZ L BIRT, seqstrict (&, 5IEDFHIMNER 23 RERT T2 & I fE %
TaHilishz Z e Z2Rd, ZOERTIE IMP 07—k, BiBfE, Fifio
b, AE, 1IN, A 5K 5 T e BN LTV S,

IMP OX DX
MTRIZIMP ODXDOHEXEEHET 5,

syntax Block ::= "{" "}"
| n{ll Stmt Il}ll
syntax Stmt ::= Block
| Id "=" AExp ";" [strict (2)]
I nif u(u BEXP n)u
Block "else" Block [strict (1)]
| "while" " (" BExp ")" Block
> Stmt Stmt [left]

CDEFETIE. IMPOXIZ., 7av 7, fRA. S&tFo. DR, XDEED
LB ERLTWVWS,
TRICIMP O a7 A 2ROl 2 EFET 5,

"int" Ids ";" Stmt
List{Id,","}

CDEZRTIE, IMPDO 7l 4013, ZERESEXDORAIEERLTVWS,
Ids ¥, ZBOVAMZET, av< () BV A MORXYIDEETH S,

syntax KResult ::= Int | Bool

KResult (& K framework OFHAIAADIEKRIHIL S T, 07 7 LA DFETHEREY R
3 KResult lZ 2L EEHTERVWIRTOMYEREZEATVWIERAETDH %,
SRBRETE X KResult ZHYNCER L T, SHEMREIHRINCIEETE %, 22
Tl IMP OFFERERITER D LABERETDH L Z 2R L TV, strict |&
Mid. JERRIREC S D KResult ISR B ECTiMiid N3 Z ¥ 2R,

syntax Pgm ::
syntax Ids ::

configuration

K framework | configuration & MHIN B IRELHE T %, configuration i
AHEETHD., &/ — FiEereMInsg, w34, JIEZ RO,
IR IMP OFIEAD configuration Z&ET %,

configuration <T>
<k> $PGM:Pgm </k>
<state> .Map </state>
</T>

kK IFFTEERT L TH S, state I 0T 7 ANOEBOLRET L HZLRT %
LA THE, ZOEETIE. configurationld, T EWIL— ML ZHB,
ZORZFEITLTWE IR T %2R T kAL EEME ZDHEDMEZFD state
AR ORBETH 2 Z L 2RLTWVS, $PGMIFFIAEIC Lo TIERE L
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IMPD 7 a7 ADEINEZEZRLTWVWS, Mapld, ZOHMEAZRT K
framework DFHAAADELFTTH 5, 2F b, IMP OFJHIIRAE X, IMP FMHE D
L7 a2 o A ZBOEAEDHEIERYTH 5,

S EHRZRAY

K framework | ZE K2 BAEHNEHEMICEOWTERT 5, BIENERKR & 13,
a7 AOEERIIRLEKRE 52 570 DERFIETH 5, K framework T
. FEFZHFAZHCT 0 S LA0EWEZ EFRT %, K framework IZB1) 3
Ta 77 AOEKmITEXBIFAOEETDH 5,

KIZBIT2F 22 HANE rule ZHH L TEFR SN S, rule ¥—7— N TH
D, PR 1 20FXHIFRT 20, FEHAEHETFII >0 I
TREINS, FZ0 A ED AKX =B D, HHIZIFNDRE— 2235 5,
Z D& — 2 Z configuration ND LIV ZEZDH T, EED K framework DI CE A
EELIZENTE S,

8
UM IMP @ 7 a 75 A E S OF S RAMAZTRT,

rule <k> int (X,Xs => Xs);_ </k>
<state> Rho:Map (.Map => X|->0) </state>
requires notBool (X in keys(Rho))

|mit

ol

rule int .Ids; S => S

<k> int (X,Xs => Xs);_ </k>IIK OF X HA F ORI MEHAGIETDH %,
KOEZHZHANCBWT, =>%HE T L TEAEEDCEZRZI S, 2085
E. IMPO70 27 A0 int F—7 — RIZHWTEBRELD ) A BT 07T LD
HHEICTHEET GBIy F T3 RR—2TH b, 70X =227 () IMEEDIE
IRl IC~Y v 73 5, ZOHFXHZHANC K o Tstate ICEE S & 2 DWIHAE O
ZERERT bo ZZTHDLN TV S X ZZEE Rho IXBEFED state L VDONEZ R T,
BEF D state EVICEBM X DBEENTWRWI L 2E&EL LTWS, 2 OHD rule
WBESEINTWAIERD D, ZZOEKDY R h2FKT . 1ds BENT5E.
ZDRITHEL X SHFHli X2 Z & ZRLTWDS,

TEADRKA
LURIZ IMP OfRA SO E: =42 2 JHAIZ R T,

rule <k> X = I:Int; => .K ...</k>
<state>... X |-> (_ => I) ...</state>



ZOMANZ., RAXDFHIXN 2 L. state BAANDEHX DENIICKRDZ L%
RLTW3, RAXIX.KICEHMliEN 3, ZD.Klik. KIZBUT 2R 5T,
Ml ARE T O T DR BT ZRT, . E ZORE=U v FHBK
L DRI T LAMNIE R L RN 2R L TWS, 2D, (RAXDL K ELD
FHHIZH B5EIC~Yy FT5, KOESMIHFANI AR THE, oFh, HEX
Paz @ P OIRBEIIELE LW, state BALADMHD . .. 13X |-> WS EEH
state ND EDIEFRICIFEL TWVWTHI Y FTAI e EZRLTWS,

ZHOBR

IMP IZB 2 EHOBIIILLTD LS5 ICEFRI NS,
syntax AExp ::= Id
rule <k> X:Id => I ...</k> <state>... X |[-> I ...</state>

X:Idk, ZEXDIATHBZZRLTWS, TiX. ZEX Ml N5ERT
3, IMPIZBWTIdDESIIEMRICEENA -0, ZHNICEBEISEN
22 e,

BT 5T
PO IMP OB O FHili D& & #1 2 BHI 27”9,

rule I1 / I2 => I1 /Int I2 requires I2 =/=Int O
rule I1 + I2 => I1 +Int I2
rule - I1 => 0 -Int Il

/Int. +Int. -Intld. BAKORE. A, BHEHDO~ A FREAEZ X T K frame-
work DRAIAADILE TH %, requires iF. 2RI, ZDHE. BREDI 0T
BN ERL TV,

7= LD FEH
MIRIZIMP @ 7 — VRO 0E =1 2 FHE 2R3,

rule I1 < I2 => I1 <Int I2
rule ! T => notBool T

rule true && B => B

rule false && _ => false

notBool 1. EMBMEDHBELXE T K framework DFHAIAADEL TS TH 5, X IE
FITBWTEHBEREE strict(1) £ LTW2DE, 1 DHDOFIE X ZFHiixndud, &
DA PRETH 272D TH 5,

10



S 4-93 I O 5Tt
PURIZ IMP OSAF7 I D E R 2 A2 R T

rule if (true) S else _ => S
rule if (false) else S => 8§

ZORANG. FAFDIEOFHIICE T, SAFAET HAUL then HiAFHIE X 41, 5%
DT HAUL else HiIAFHl SN2 Z L 2R L TV, SRETIEDHITHBWT
strict(1) BIEZRE L T D, RARSFHE S UL, SRl A fE
TH2DTH 5,

BoRL
MTRIZIMP O iR L oEEHZHAIZ RS,

rule while (B) S => if (B) {S while (B) S} else {}

COMANZ, #DIRLDOFHIICENWT, FEPETHEIKRIEZRHm L. B
DIRLZFHIIS 2 Z L 2R LT\, RIEPBTHIUL, ZZOT7ay 7 ZEHEL,
MDIRLZRT T %,

X DFEREFK
BUMIZ IMP O OBRREMDE ZH#Z AN Z RS,
rule S1:Stmt S2:Stmt => S1 ~> S2

EXZRAOEIIE. XOEERD S, ZOHRANT. XOEEIFHGi X3
Y. XS12FHli XA, FDRICK S2HFHEEXNE Z 2 ZRLTWS, “>iF. &
RE 7R T K framework DR AAADEEETH 3,

70w O
DR IMP @7y 7 DF R A 2R,

rule {} => .K
rule {S} => S

ZORANE., Tay 2FHiENE e, Tay JNOXDFEHEXNE Z 2 ERL
TW3, 7avy 7REThiUuI., KIZFHEEN 3,

K176
CZTWRIMPDO a7 5% ET3550%Rs, ULFD a7 Z nlk, IMP %

AWTERENTZE- x & yiZ1 222 RAL, xCy 2B T2707 74T
%,

11



B
o on e

Mo X e
HON e X

+ vy
DI L% K framework TEZE L7z IMP OEMERICIE-> THEITT D L.
LD & O RHIHHIRAE L 12 5,

<T>
<k> int x, y; x = 1; y = 2; x = x + y; </k>
<state>
. Map
</state>
</T>

SRR T Yy Te—oiED . LIND &SRR 5,
<T>
<k> int y; x = 1; y = 2; x = x + y; </k>
<state>
x |->0
</state>
</T>

Z OFIEPIREES & IMP OEF 2 X HHANCIE > TH X 2 E &M AN L A2
BECHITT B L. MUFO XS BRI B,
<TZk> . </k>
<state>
x |-> 3
y I=->2
</state>
</T>

MTRDES7%a— FTETAREEZIT) L BARET D 5,

claim <k> int $a, $b;
$a = X:Int;
$b = Y:Int;
if ( $a < $b ) {
$b = $a;
} else {
$a = $b;
} => .K </k>
<state> STATE => STATE [$a <- X] [$b <- X] </state>
requires notBool (X ==Int Y)
andBool notBool($a in keys (STATE))
andBool notBool($b in keys (STATE [ $a <- 0 1))

ZOa—REXEYZANELTRZIWD, X < YOHARKYIKXEZRAL, £
NONDGEWZXICY ZRATE 707 02T MVRET 520D a—FTdH
%, KNOEXZEET=>0H1F. kL NCEEXRZIONE T 00T LD
{72232 BEML, state /LN D=>DFHNIFHADIREE R T X R AR STATE
W2, ZH$a b2 XF—r LTEHELBENIX e REZ I ZHFL TV, &KL
LT, XEYWRERELLBWANTH S Z ., $a &$bh STATE WICTFTE L2
WZ e ERRLTWS, ZHIFBHSITX < YD L2 WIBE RS 215G
Th s,

SIMP DEFEN» EREINZET VRERLTHOWT, ZOETUVMEZFEITT S
CENTEDR, EFAMEBEERZITO . URDO LS RERLH SIS,
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#Not ( {
X
#Equals
Y
)
#And
<T>
<k>
.K
</k>
<state>
$a |-> Y:Int
$b |-> Y:Int
STATE
</state>
</T>
#And
{
false
#Equals
X <Int Y
}

EFIAMBELBIEOH IE. claim NOEEHZFHAIV B IcEXHEZI ST
BRWZ 2RI ERT . BRAIREED configurations &, FEATH DI IZBEH 55857
OHTZ X > THERENS, ZOHTDIGE. X < YORETIEZWIGEEDTIRIC
BT, BRI state ND$a L DEAE B HDH Y IZHD, X Y IIERZD
TR T 22 WS Zedbdr s,

D& SIZ K framework # WS Z 2T, 0l o I v/ EiERE I
BERMHEERT DI T. 7007 AOETRERETNAREREER L EMNT
X3, ZhUX, U I IVIFERNIBWT, el a0EKRE ERT
BRICIEWICERTH %, TitERT Y THNTOFEITHEREMRT 2 e
TE37:%, ERimzERT2BICOERTH %,

2.2 TERAEHSDESIWZIRA CFRE

BERGmOKETEZINT 2729, K framework 135k 4 72 fHAIA A D E =1 2 FHHI|
PIRELTWE, ZhASH0EXMHMIMFANL. 07 LOETRETAREELT
HSFRCHEHEINS, ZOHITIE, K framework TEF I N7-FE =8 2 HAID—EL
2T 5. Ty EN o OHAIE EHGROBEMICE T 2 REIC OV TH NS,

2.2.1 FH(MERR

K framework Tl. FH#AEZIEE T D7D DE X Z AR ATV S,
Bl 2, IMP 28 % 7 — VR 2 EPE G CRMEi 3 5 72 D FE Z# 2 FRAINI DL
T X2k 3,

syntax BExp ::= AExp "<" AExp [segstrict]
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Z D segstrict JBIEIX. E30D AExp. 3D AExp DMEIZH 5 £ Tafix 17z
DHIZ, HBREETFOEHINSE 22 Z2RLTWS, 20 X 5 RFHfi#iE % 15 7E
THIET, 7077 0D0EKMZEMICERT S I ENTE S, BERmDIKET
EHDELIR T 2 DIE—ITORSCHRANZ 1720, K framework 13 Z DIEF = TCITERL
OEEZHA (SEIOEFAE. RW1, RW2, RW3. RW4 @ 4 DD E =1z fHHI)
HENERT 5,

syntax KItem ::= freezer_<_1(Exp) | freezer_<_2(Exp)

rule <k> E1:Val < E2:Exp ~> K:K </k>

=> <k> E2 “> freezer_<_1(E1) ~> K </k> [priority(51)] // RW1
rule <k> E1:Exp < E2:Exp "> K:K </k>

=> <k> E1 "> freezer_<_2(E2) ~“> K </k> [priority(52)] // RW2

rule <k> E2:Val ~> freezer_<_1(E1) ~> K:K </k>
=> <k> E1 < E2 "> K </k> // RW3

rule <k> E1:Val ~> freezer_<_2(E2) ~> K:K </k>
=> <k> E1 < E2 "> K </k> // RW4

AUk, FHMEERES Ic B VT, e GO AExp HMEIZR % £ TRHMli X L7z D
BT, HEE T EHEI NS 2 2R L TW5b, RW1 & RW2&, e G40
AExp IZETRHRWEND 256, £00%ZiHli$ 5729, HETHEHE FOFHE % EZIE
SELEXWIMANTSH 2, RW3 & RW4 K, A HIAD AExp 2MEIZ TR 5725
B BEINTWHETHEHE IS LT, B2 EH T 2ZF 2B HAITHZ, 20
EIOREREZ —FRINGEBIE S 272012, AP Z—RIICEET 3270 D%
K framework TIHIBFHIIC freezer L WO TERT 5 Z B %W, Kltem W5
JERIREL Z 2 EFR Ly freezer EWOHFETHEIE T 272D DX EERT %, Kltem
1%, K framework DfHAIAADIEKEGFLS T, 077 I V7 FEAABE TIER
., FEHZHRAINETOAMRH T 2 IFHKLIREL S TH %, segstrict JBIEZ FFOM
NEZIZH LT, 2O X5 REF%HZHAPHHFNICER NS0, EXRiED
RLIRDEHERICIR B, LA L. Eimz FERBIHEHN L T {BEETIEZoF R
HANIEW G E P EEGEDA L -F 2 Al XKl xS 5,
Pz, IMPIZBWTEL < E2 & W) HEHEFFHli S L 2 BRI2id. AR &
5 ODFEXWZHADEH NS,

1: E1 2METHRWES., El1 22k 2 T3 3,

2: fHIZ/% 57 El% E1 < E2 IZFR T,

3: B2 2METRWIEE., E2 2{HI2/k 3 £ T34 3,

4: {HICH>7-E2% E1 < E2 IZFR 3,

5: E1 < E2 ZiHifis %,

CHUIEMRERDFEIT & L TIIMELR WA, BIENERROBEMBDO o, R
Ty T —DO0DBI TR, DX BRFMABANZ s, BELE
S BNTL £ 9,
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23 F&

ZDHITIX. K framework ZH W RN R FHE S nr 7 I v 7 FiE IMP
DEMMDERE £ B L TK framework TOEKFRDFHRICOWTHHL 72, K
framework TEKZ EFRT 2 1T e BEFim e WIHIIREZ ER T 2 HEL D
%, IMP OREIE, ZHES. A, Sl #DIEL. XO#EiE» 55,
¥/, ERLEEWRRZHOWTET VA ARETHL b RLE, £z K
framework DA AIAADE =1 2 FHAIT B 2 FHIHES D 7= O F X 2 FHAIZET
L. Z0F=HIFANC X - T, ERGmZ il 3 2BRICHRICGRT 2 e N TE
5%l LaL, ZOEXHIHANIERm RS 2RI, EERES
BRI NTLES 223D b, ZOFEIIH LT, RETIZK framework
OF = ZHRAORENY — NV ZRET 5,
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B3E K frameworkDEFHEZI A
HoRATEEY—I

ZDETIXK framework DFE Z#1 2 FHAIOHFLY — L 2IERT 5,

3.1 K framework DEF I RADMHEEILY —ILDHE]
2

Iuro IV EBORKMERLDRT AIIH-o T, EXHZIIRANEHET 3
CXIWEETHD, L2L, L7z &L51CK framework TWX 7w /7 I 7'
FEDRGFTE DR L 7o F SRR BBk 4 I AIA A DFE X212 HRIDTE
£33, ZOFEMMZMANI K framework TEFR SN Ekim % BRI 70 7
ZLTEITTHRC, Tur oI v VEERETENER LEH A L Xl
BAEHENS, TheooFEZXHZHANI, 0S5 A0ETRET AVRE 21T
I BRI ELRIRRITH 200, ERimze RS 512H 7 o TELIBM MR WERT
HH, BT HMAL LS L TWEHFIC o TIIERLRF I RIS
TLESZ e H B, £ T, AHFETIE K framework DE XX HAIOHTH
Siaaar AR E L E A S, FICEEREF MBI EL. Z
NOAZMENTZY —NVERERET S, 2OV —UE, K framework 12X % 71
PIIVIEBOERTI AN EFDTOT T IV IEETEINET OSSN
PANE LTRITNS, Z0%. Sitaa BDEE LE A HARZH ML 7
077 LAEFETT L, ZDFEITBFETZOF XX AL configuration 1Z5# H X
NB7=NT, ZDHEIFRD configuration ZHELT 5,

3.2 K framework DEFHZHRAUDHERILY —ILDE
ROEE

MEY — VI RO FINETEITT %,

lfl

1. u2ro I r7E5EREE. K framework TERSI N0 /5307
FEDERT 7 ANVEIEKRT 5,
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2. ERT 7 AND O EiERat BB L 7 F A RANCHRTZ2O35 2L T
fEET %,

3. ARy — L2V, Rt L7270l oI v FEEBTErNET0 ST L%
FEITT 5. %%E‘ex%ﬁﬁﬂip@ﬁﬁéhfhé’i;ﬂﬁ%ﬁﬁﬂ:?é 77 A D
X,

Ty T IV EERIE . EEHIHANCLITO X5 14 E DT %,

rule [assign]: <k> X = I:Int; => .K ...</k>
<state>... X |-> (_ => I) ...</state>

ZofITid, ZREOZIROEF ZHZAHANC assign LW HAFTEDITTWVWDE, 2
mmiof\fnﬁiA%%ﬁ15WK\:@ﬂ%@iEWﬁﬁﬁémtﬁﬁ%
BEATEZENTES, TRT T I VI ERBRGHEIERmT RS 3BT
R LT WHE I HAZIEETE %,

Z D assign & WO HHTE DI F XX RADEH S W -EreflE ks s e
UTD XS mRnERENS,

before
state k
x|->0 x=3;~> K
IMP.assign
after
state k
X|->3 K

ZOKNZ. assign & WO TR D 7o FE 2 HZ HRIDY configration IZHA X
N2EMERFENLZDDTH S, HRILDONRIX configuration TH DK |
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D before & FHWTH 2 MIFHE ZHZHAIDEH Z N2 H(D configration &
ALTWVWS, MNEBOD after LFWVTH 2 NEFF M AHAEH SN BD
configration Z/RLTW5, ZOXTIEFZHIAMADOEH—FOAZHRL
TWADT, before & after LW\ I RIRITIZ o TV A2, FERHTIEE 2 A
D3 X415 72 TNZ before_1, after_1, before 2, after 2 ¥\ 95 X HITFE/RX
N5,

configration Hf2DENIIATADF X Z HANC O 5N L AFINR RS T
%, ZAUTED, Tur 5 A0FETERTEOE SHAKANEH SN0 %20
Hbs2ZennTZE3,

3.3 TOYIIVJERERGTENEE LIRAIDAHE N
RICARBROIREZEISIS DX Uy k

Ty T I ERERATENREE LR O ADFEAIRDOIKERZERXE S
T ZFDHDMK framework D EMGRZ AT 285, IMPD 70275 A
DB FETHZHWTHAT 2, U707 74130006 5 £ TOEKD
MEHET 205 L4TH 3,
inz 2; sum ;
sum = O0;
while (!(n < 0)) {

n =n + -1;

}

Zo7uar 7 L%k IMP ORI > THis % &, HfiI78 configuration i
FD &S5 %,

<T>
<k> . </k>
<state>
n |-> -1
sum |-> 15
</state>
</T>

Z DEAEH TR configuration IZEE T 2728012, K framework Tl&, 229 [FlDF
P ZFHAIDFEAEIN S, D229 FOHIZIE, 2—F —2F5E LcFZHZIMA
HIZEENTWBE D, el L EFE D 72 DE E 1z HHHISe, while XHIZHEEL
MEH XN EBOSBPRADEEZIHHAIEFNATVWS, LrL, 207
07 AT 2 ETEERODIIX, while XOEEHZIRAITH 3,

ZF I TCIRET 2By — % HAWT while ZOEEHZHADEH AT
ZH87 D A%E ZMET 5, IMP OEKGRND while XDOF Z#Z HANILI D
X IZHHT DT 5,

rule [whilel]: while (B) S => if (B) {S while (B) S} else {}

18



ZDORETHELY — L% HWT, while XOEXHZ HAISEH XA TWAE
FiefHiET 2 AIRD XS REMER NS,

before_1
state
k
nj->5
while (! n < 0) {
sum = sum + n;
n=n+-1;
}~> K
sum |-> 0
IMP.while
after_1
k
state if (1n<0){
{
n|->5 sum = sum + n;
n=n+-1;
}
while (! n < 0) {
sum = sum + n;
sum [-> 0 n=n+-1;
}
telse {}~> K
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before_2
state
k
nl->4
while (I n <0){
sum = sum + n;
n=n+-1;
}~> K
sum |-> 5
IMP.while
after_2
k
state if (1n<0){
{
n|->4 sum = sum + n;
n=n+-1;
}
while (I n <0){
sum = sum + n;
sum |-> 5 n=n+-1;
}
}else{}~> K
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:

before_3
state
k
n|l->3
while (I n <0){
sum = sum + n;
n=n+-1,
}~> K
sum |-> 9
IMP.while
after_3
k
state if (1n<0){
{
nil->3 sum = sum + n;
n=n+-1,
}
while (I n <0) {
sum = sum + n;
sum |-> 9 n=n+-1;
}
}else{}~> K
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'

before_4
state
k
n|->2
while (I n < 0) {
sum = sum + n;
n=n+-1;
}~> K
sum |-> 12
IMP.while
after 4
k
state if (1n<0){
{
nj->2 sum = sum + n;
n=n+-1;
}
while (I n < 0) {
sum = sum + n;
sum |-> 12 n=n+-1;
}
}else {}~> K
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before 5
state
k
n|->1
while (! n < 0) {
sum = sum + n;
n=n+-1;
}~> K
sum |-> 14
IMP.while
after 5
k
state if(1n<0){
{
n|->1 sum = sum + n;
n=n+-1;
}
while (! n < 0) {
sum = sum + n;
sum |-> 14 n=n+-1:
}
}else{}~> K
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before 6
state
k
n|l->0
while (! n <0){
sum = sum + n;
n=n+-1;
}~> K
sum |-> 15
IMP.while
after_6
k
state |f('n<0){
{
nl->0 sum = sum + n;
n=n+-1;
}
while (! n <0) {
sum = sum + n;
sum |-> 15 n=n+-1;
}
telse{}~> K
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before 7
state
k
n|->-1
while (! n < 0) {
sum = sum + n;
n=n+-1;
}~> K
sum |-> 15
IMP.while
after 7
k
state |f('n<0){
{
n|->-1 sum = sum + n;
n=n+-1;
}
while (' n < 0) {
sum = sum + n;
sum |-> 15 n=n+-1;
}
}else{}~> K
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Z DOEETIE, while XOE X IFAOHTD, sum D3FHAED 0, n ASEIHAHE
D5, sum D 15, nB-11272 5 F TOWELIHE/LEINTWVWS, AKIZ while
Pz D 229 BlopE =z FHRIASEH X T W 223, while XD E =12 HHHI D A
ZWRENTZ T, 077 20K AT 2 RICEERE XA
Wy TLES Z 2l enTES,

3.4 WHMEMLY—-IDOEE

Z DOHITIE, K framework OF 2 FHRIOHFALY — L OEEL DM ZEZ FHH T
%, 2B, HEMAY—LTB 7T L https://github. com/QWYNG/KToMD 12T/
BILTW3, ZDY—lid, K framework DEER 7 7 A Ve FITT 507 L%
AN LTRIIZ A< R34 Y=V THb, ZLTERT 7 4 LD SR
o TwaHEEHZHAZHE T2, ZOBRMARLY — X K Framework A
DTNy HY—)b (https://kframework.org/k-distribution/k-tutorial/1_
basic/19_debugging/) ZHEI L, R TOHFEZXHZ X7 v AT LT, i L7=FE
ZZHAIDEH I N0 E S 2T Ny 7 L THERT %5, SN2 5E6. 20D
A2 D configuration DHTEDIREZRIF T 5, wRICIRTE L 7 cofigration D—F
%,%—Z L., Markdown ¥ WS ERT 7 7 £ W15 %, Markdown FER & 1,
T =7 F X MERTEDPNLEEZ HIML KA T 20 0EY—7 T v
TETH 5, Markdown TERTHII 2 Z & T, SHBEILY =V TERL ZEB
ZTXAPNCTEMTLZIEDTE, XN=Ya VEHI AT ATOENEHIES
W75 %,

3.5 Lo

ZDOETIE, K framework DF X2 HAIOHTLY — T OWTHAL . Z
DY =M, Tar T I ERBRENRH L F > S, FRcER
REXWZHAZIEEL, ZhoAazHlElLTEZY—1THE, ZOY—IL%EH
W3 Z YT, 727 A0RTEBETYOEEHIRANEH XN =0E2HEL
TEHIENTES, ZHUCED, Iur I r0EKmEZHRET 2B, ERAgE
SHZHRADHEONTLES e 2SN TE S, T2, FEBRIC while XDE
S ZHRADSEA SN TV A EME RIS 202 R L, HEOE XA
HHEXNABICD, FFEOHEEMZIFANOAERENT 2P TELZ 2R
L7
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FT4E LAMBDA

Z DETIZK framework Z W T LAMBDA ¥ WS S EFHET 5. LAMBDA
. FEHHOBMB w5 IV SETH A,

4.1 LAMBDA QX & EkH

LAMBDA DX & BEiRE ERT %, B, K framework TIIARK., W CER
DEY 2 —IVEEBERRBOEY 2 —VEFTTERTAIRETH LD, Z 2 TlEit
Hﬂa)ﬁ_@&:_‘o@%/ lel/&ui Z @T%?)’Cj—éo

4.1.1 LAMBDA O#{fiR%E
LAMBDA 128 2 #IHIIRRED configration {ZATFD K S ICER I NS,

configuration <T>
<k > $PGM:Exp </k>
<env > .Map </env>
<store> .Map </store>
</T>

k mciﬁaﬁé Ni7a 7o 02RKTELVTHS, kL HNDO PGMIZTar 5 3

JERAHEMER L7705 02 RIEBTH S, env BIVIIERAE ZD
x@l@ store NN E % XS IF 52V TH %, store BIUIEA VT v o7 X B
HZMEDXNIGER TV TH 5, FIHIREETIE, env L, store L 17"3'0%%

Bl ZIX, ZEXICE 1 ZHET 258120, env ZLIZIEX |-> 0D XD IZE

B v 7 DEED store NDALEDRIF XA, store ZIUIZIX 0 |-> 1D K HITA
YTy 7 R BRRRENRIEI NS, ZDHED configration IZATD X 51
%%,

configuration <T>
<k > $PGM:Exp </k>
<env > X |-> 0 </env>
<store> 0 |-> 1 </store>
</T>
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4.1.2 HrE

ZDEFHZTIX, LAMBDA O ENER SN TWVWS, LAMBDA IZEWTHEIX
BHMCEBEr 70—V v TH b, 708 —I % IZOWVWTIREOEHCTHIAT 2, R
WiE. B, 2R, BEE. BAEGEA. fEIN. Ao BMra s, BEGH
FEREETHD., a2 0ERAERORAHEREH DR TH LVEII
TR BREM BRI CICR S KO ERINTWS, Hifile 7—1RXigrsE6 3
EIENTH B, 5IEOFHMNEZIERERITH 5, F72 LAMBDA IZBWT, 5%
D A ZEPE ST H B

syntax Val ::= Int | Bool

syntax Exp ::= Val
| Id
| "lambda" Id "." Exp
| Exp Exp [strict, left]
| "(" Exp ")" [bracket]
> "-" Int
| Exp "x" Exp [strict, left]
| Exp "/" Exp [strict]
> Exp "+" Exp [strict, left]
> Exp "<=" Exp [strict]
4.1.3  FH5I%
syntax Exp ::= "if" Exp "then" Exp "else" Exp [strict(1)]
rule if true then E else _ => E
rule if false then else E => E

ZDEFTIZ. LAMBDA OFEMTIKPERE N T VWS, strict(1) & F=AKXD
ADEFFNTH D, ZALANDOETZHEIFITH 2 Z e 2R L TWS, HFEN,
ZRIPER 25 8% & & 5 EHili LT 375 & W0 S FHEHRIE OB RTTH %,
PO & A ETFE N OEWE, EFE NG DS FHE S 7RI DRI S 5 DI
B L. ZRIPFENEB I B S N 2 B RDFM N2 2 TH B, KHTIED
ZEPZFHAICIX, FHDPETHIUS then HIZHES, BT HIUR else HiliET
LR LTWS,

4.1.4 ZEHOFRE

syntax Exp ::= "let" Id "=" Exp "in" Exp
rule let X = E in E’:Exp => (lambda X . E’) E

let &, ZHXICKE Z2iHEiL TIEON2MEZ R L, NE ZFHli§ 2, let
Xid lambda RANDOFERELTH %, B, let x =3 inx + 11&. (lambda x .
x4+ 1) 3 LHEMTH 2, ZOHA, x I 3VFBEh, x + 1 M2,
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4.1.5 70—«

LAMBDA Ti3Z7u—Y v ZHOWTHEKZEE LTS, Z7u—y v 3, RE,
518, BRAAZE, 24Uk D LAMDA FIHZE I3RS R SR, k%
SIBUCH B BB REET 5 Z e BT X 5,

syntax Val ::= closure(Map,Id,Exp)

rule <k> lambda X:Id . E => closure(Rho,X,E) ...</k>
<env> Rho </env>

77— vl lamnda REFHH ST 2 L AEREINDE, 70 —I % E7 v —2 v DR
SNTRER TOBREE (env V), lamda KOG 8., BEARKZR D, Bl 21X, <k>
lambda y . x + y </k>, <env> x |-> 3 </env> X, closure(x |-> 3, vy,
x+y) ERB, ZOZ7HE—=Y %I, xIiTstore ND 3% F— & 3§ 2HEIPRMEI N
TERE L. 518y LBABAR x + y 20,

4.1.6 BEHEHA

BBGEZ 70— v IEZEAT 2 2 Tirbh d, HIZIZ 70—V vy &
FNEDT, 70— % /7u—Y vy 2#EHT2 2 bRETH 5, BEGEHD
fTbhd e, BIFEOREZ k L VOBRRERDLHTRBIETEE, /e—Yy
DEOBEIZ /70— v DR OEHLIZ /0 —2 v R AT 2EE ST 728
DEMATRE " 70— v DR OBBARZ EITT 2BICH V%, BIFEOIRE
X7 v —2 v NOBBARKEFHE L7z 2 iciiExh 3,

rule <k> closure(Rho,X,E) V:Val => E > Rho’ ...</k>
<env> Rho’ => Rho[X <- !N] </env>
<store>... .Map => (!N:Int |-> V) ...</store>

Bl % FHWCERA S %0 IR Ex IZME 10 D50WG L TWAIREET, 71— vclosure (x
|-> 0, v, x + Y W4 %EEHHT2HITH 5,

<k> closure(x |-> 0, y, x + y) 4 </k>
<env> x |-> 1 </env>
<store>
0 |-> 3
1 |-> 10
</store>

ZOBITIE. T envE VNOREEx |-> 1 05EHEX N, envELIEIZ7 B —D %N
DEFEx |-> 0ICEEI NS, RICHBGEHOGATH 5 40370 - ¥y NDE
B y ITRHIET BEISITT 3, env BLICER S & store NODALE, store
EILNZ store NODNLE & EDXIMT T B b, kEiEr v —3 v DBEARIRT
HHx+yriHiiss EoCEXHZI LN,

<k> x + y "> x |-> 1</k>
<env >
x |->0
y I->2
</env>
<store>
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0 |I->3
1 |-> 10
2 |-> 4
</store>
RICEREDEEICOWTEHIAT %, RFEOMEEOF ZHZMANILLTD X512
ERIND,
rule <k> _:Val ~> (Rho => .K) ...</k> <env> _ => Rho </env>

BARGE M OFHMEAH T LEAS o2 &, REZEET 5, Ll OREBGEH O
THHUI, x + yFHilic, 7 > x > 1R 5%, ZORRCRREORIEOEH =
P2 HAIDERA SN 5, REORIEIZ, BIBGERH OBRIITON I EREDIRE % T
RRTRIETH 2, BREWDELTHZ x |-> 1 BEDT 0T T LAKERT
KIZEBE N, env B VNOERED x |-> 1ITK 5, SEbDBILIEICEREE % B8
L7558 D configuration &L RD X 512k %,

<k> 7 ~> .K </k>
<env> x |-> 1 </env>
<store>

0 |->3

1 |-> 10

2 |-> 4
</store>

LAMBDA T, BABGEH DRI ERIE 2858 U, BEIEOARIR %2 1M U 7RISR %
FEST2Z T, ZHORa - WO SR ERLTWS,

4.1.7 YRk
LAMBDA TV R b 25 e TES, VR MMEDH Y <RXYIDTH %,
syntax Vals ::= List{Val,","}
syntax Exp ::= Val
"[" Exp "|" Exp "]" [strict]

|

| "head" Exp [strict]

| "tail" Exp [strict]

| "empty?" Exp [strictl

Bz, [1,2,3] 13, 12,3 DIEZEFDV R M TH %, head [1,2,3] 1&. 1 %K T, tail
[1,2,3] 1. [2,3] ZiBF, empty? [1,2,3] 1&. false ZIR L. empty? [ {&. true Z
B3,

4.2 HELRY—=ILZEBWIEETH
R a—Frik, let RE2HWTEK add3 ZEZE L. ZOBEBIC 4 ZHEHT 5
TS LATH D,

let add3 = lambda n . (n + 3) in (add3 4)

ZDFn T L% K framework TEZ L 72 LAMBDA @ EBEGHICHE - TRHM$ 5
. B2 configuration XL FD & 512725,
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<T>
<k>

7 "> K

</k>
<env>

. Map
</env>
<store>

o |
1]

-> closure ( .Map , n , n + 3 )
-> 4

</store>

</T>

store D 0 ZHICIZ et RTER L7z add3 7 u—Y vy & LTRESATWS,

D7

O—vid, BENETHH, 518n LB + 3 2HD, store D 1

FHICZIZ, 78— D518 n IS EINTE 4 DRIFSINTVWS, kEAIZIE
add3 12 4 DB S N/AERD 70K 5, BIRIIERONC let ADEF X 5N i/z0
10— %2 add3 DARIKD 7 v — 2 » HEH IRtk v v 7= wIHREE D
HOREICEEEI N T VWS, ZDORMEHIZ configuration IZEET 5 £ TIZIE, 18

Bl o> &
)

A Z A EH NS,
7077 MZB VT let . lambda 22627 10— v ANOEH, BEEGEH D

3oDESMAMANZIEE L THENLZIT S,

rule
rule

rule

[let]: let X = E in E’:Exp => (lambda X . E’) E

[createClosure]: <k> lambda X:Id . E => closure(Rho,X,E) ...</k>
<env> Rho </env>

[application]: <k> closure(Rho,X,E) V:Val => E "> Rho’ ...</k>

<env> Rho’ => Rho[X <- !N] </env>

<store>... .Map => (!N:Int |-> V) ...</store>

WEALY —LZ2 WS & B4 add3 12 Imanbda X3 7 v — 2 % & 72 o THE

XN

FOr70—Y v IZANEH SN BEPREIND, ARBEIRF )

ZHRANZ 18 MITH 523, 5 HDEXHEZHAOAICHFEH LT a2 F 4 OFHfhE

Ez#

"TZX D,
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before_1

letadd3 =lambdan.(n+3)

store env in (add3 4)~> K
LAMBDA.let
after_1
k
( lambda add3 . (add3 4 ))
store env

lambdan.(n+3)~> K
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l

store

env

before 2

lambda add3 . (add3 4 ) ~>
#freezer___ LAMBDA-
SYNTAX_Exp_Exp_Exp0_(
lambdan.(n+3)~> K)~>
K

LAMBDA.createClosure

!

store

env

after 2

closure ( .Map , add3 , add3 4 )
~> #freezer __ LAMBDA-
SYNTAX Exp Exp Exp0_(
lambdan.(n+3)~> K)~>
K
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store

env

before_3

lambdan.(n+3)~>
#freezer__ LAMBDA-
SYNTAX_Exp_Exp_Exp1_(
closure (.Map , add3 , add3 4 )
~> K)~> K

LAMBDA.createClosure

:

store

env

after_3

closure (.Map,n,n+3)~>
#freezer__ LAMBDA-
SYNTAX_Exp_Exp_Exp1_(
closure (.Map , add3 , add3 4 )
~> K)~> K

store

env

before_4

closure (.Map , add3 , add3 4)
closure (.Map,n,n+3)~> K

LAMBDA.application

|

after_4
store env k
0 |-> closure (.Map,n,n+3) add3 |->0 add3 4 ~> Map ~> K
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before_5

k
store env

closure (.Map,n,n+3)4 ~>
.Map ~> K

0 |->closure ( .Map,n,n+3) add3 |-> 0

LAMBDA.application

after 5

store

k

0|-> closure (.Map,n,n+3) env

n+3~>add3 |->0~> Map~>
K

nl->1

1]>4

RELEITS 28T, let XEIKD env R store ICERZHAT 5 Z 7 <, lambda
RICEBLEINE Z eIV DEBRORE X OHEINCEBEAEETH 5, Fi.
lambda X237 B — ¥ IZZME N, G1ladd3 Z2d D70 —Yy 20—V r %
WA 2 Z 2T, add3 DS env & store ICIBIME NS Z bbb, REDOEIEIC
DWTC, E3HRAOBEBGEEMTD % let XHiE 22 517 lambda T add3 &
A3 SN BBRITIB X N TV ZEDERIEDNRAEINCEE I NS Z e b b,

4.3 BREE

LAMBDA TI3HIFHARETH %, U NIHREED-DOMLER E=MHZ
HAITH %,

syntax Exp ::= "letrec" Id Id "=" Exp "in" Exp
| | "mu" Id "." Exp
syntax Val ::= recClosure(Map, Exp)

rule letrec F:Id X = E in E’ => let F = mu F . lambda X . E in E’

rule <k> mu F . E => recClosure(Rho[F <- !N], E) ...</k>

<env> Rho </env>

<store>... .Map => (!N:Int |-> recClosure(Rho[F <- IN], E)) ...</store>
rule <k> recClosure(Rho, E) => E ~> Rho’ ...</k>

<env> Rho’ => Rho </env>

letrec SIFFIRBEIBMER 21T 5. mu IR TR T, mu i recClosure 12
X b, recClosure IZFREE L T X — X B2 & 1=K ZFiD, recClosure D
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RIEICIE recClosure BEANDOSBAEGEN 5, AU & D BIRBEEERDIFTHE
25,

4.3.1 BREZORTOMREL

IR ERITOVWTHHAT %, map BT, GAONEE fF 2V A D&
FRICHA L., ZOFRISGFHLWVY X M2 HEET 3 EREKRTH 2, ZOFE
B TOFRFREIC Lo TEBREIND

1. VAIDETH 256, R LTEDY X 2R,

2. VA MDBETRWGE, VA NOHEHERICHEE f 2 EHAL. Z0OMEZY
2 NDRFEEZRE T, KITY X hDOFER D O L THIFIIZ nap %
BWHL. ZAx U R FORERY OET T 5,

Bk oa 7o 2FLL T k51t 5,

letrec map f = lambda list . if (empty? list)
then []
else [f(head list) | map f (tail 1list)]
in let add3 = lambda n . (n + 3)
in (map add3 [1, 2, 3])

ZO7ur T A&, map BB HIRBEBERZHOWTER L. map BIEIZ add3
BAfi L 1,23 2T 27077 4 TH 5, add3 351823 2 MR 2B TH 5,

D7 s T h% LAMBDA OEMEIZHE - TRl s % & Hef&H72 configuration
BELRD X512 %,

<T>
<k>
[4, 5, 6 , .Vals ] > .K
</k>
<env>
. Map
</env>
<store>
0 |-> recClosure ( map |-> 0 , lambda f . lambda list . if empty? list then [
.Vals ] else [ f head list | map f tail list ] )

1 |-> closure ( map |-> 0 , f , lambda list . if empty? list then [ .Vals ]
else [ f head 1list | map f tail list ] )
2 |-> closure ( map |-> 1 , n , n + 3 )
3 |-> closure ( map [-> 1 , n , n + 3 )
4 |->[ 1, 2, 3, .Vals ]
5 |->1
6 |-> closure ( map |-> 1 , n , n + 3 )
7 1->[2, 3, .vVals 1]
8 |-> 2
9 |-> closure ( map |-> 1 , n , n + 3 )
10 |-> [ 3 , .Vals 1]
11 |-> 3
12 |-> closure ( map |-> 1 , n , n + 3 )
13 |-> [ .Vals ]
</store>
</T>
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HIRBEBOBEH Z1T> TWb DT, store MIZIE add3 23E (0] map D5 f 12
FEXN TV, /2, add3 D51 n ) 2 N OBERPIERICH BN TV 3,
Z DI configuration (ZEET 2 F TI2id. 189 Bl = #1 2 FHRIAE FH X
méo

HEAY =2 HWTHFRNRBERER EH SN2 B2 HELLT 5, HE
b3 2 E=HZIHAANIIEIAR L7z letrec IE mu KD 2 0ZF8ET 5,

rule [letrec]: letrec F:Id X = E in E’ => let F = mu F . lambda X . E in E’

rule [createRecClosure]: <k> mu F . E => recClosure(Rho[F <- !N], E) ...</k>
<env> Rho </env>
<store>... .Map => (!N:Int |-> recClosure(Rho[F <- IN], E)) ...</store>

MEALY =2 VT, map BIOBERBEBUEREN 2TV 2 ETZ2 HE
32 UFD &5 BB EMRSNL,

before_1

letrec map f = lambda list . if
empty? list then [ .Vals ] else [ f
head list | map f tail list ] in let
add3 =lambdan.(n+3)in(
map add3[1,2,3, . Vals])
~> K

store env

LAMBDA .letrec

|

after_1

let map = mu map . lambda f .
lambda list . if empty? list then [

\Vals ] else [ f head list | map f

tail list ] in let add3 = lambda n

.(n+3)in(mapadd3[1,2,
3,.Vals])~> K

store env
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before_2

k

mu map . lambda f . lambda list
. if empty? list then [ .Vals ] else
[ f head list | map f tail list ] ~>
#freezer_ LAMBDA-
SYNTAX_Exp_Exp_Exp1_(
closure ( .Map , map , let add3
=lambdan.(n+3)in(map
add3[1,2,3, Vals]))~> K
)~> K

store env

LAMBDA createRecClosure

after_2

Kk

recClosure (map |-> 0,
lambda f . lambda list . if
empty? list then [ .Vals ] else [ f
0 |-> recClosure ( map |-> 0, head list | map f tail list] ) ~>
lambda f . lambda list . if #freezer L AMBDA-
empty? list then [ .Vals | else [ f SYNTAX_Exp_Exp_Exp1_(

head list | map f tail list ] ) closure (.Map , map , let add3

=lambdan.(n+3)in(map

add3[1,2,3, Vals]))~> K
)~> K

store

ZDHIRTIE, letrec X mu ICEHAX A, mud recClosure IZEHL X N 5 EFED
PAELEIN TV S, store I HFE L KIZ X2V lambda X678 —2 v AD
ZHar 38 e D, BIREEEFR D mu R store WIZ recClosure 24 %3 %, store
NI AE B X 3172 recClosure 1&. k LN D recClosure IZfED N EH X5 Z & T,
recClosure 236 DF¥imap |-> 0IC Ko THIHEINSE Z2IThE, ZDLHIT. B
IR ERDOBEHEELZHENT 222 T, @ED let ROENE L letrec ROENME
ZHEUEWEHER TSI NTE S,

4.4 F®

ZDETIE. K framework ZHWTLAMBDA ¥\ 5 3% EFH L7-. LAMBDA
. FEHOBB TIn S I v EETH Y. BBCEA. S, o FE,
ru—Y %, VRN HREREZFO,

F7-. HEAY — L ZFHWT LAMBDA @ let R, letrec ROE Z# 2 HANCTH
L. ZoEeH2HA0AZHEMT 2T, KEOZXHZHAOFD S8
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BLEVEEHIBHAOATBR T2 N TEL I BR L, ZHUd. BEIR
e MR T A2 EDD 2HEN., REDE XHBZHAOH 2 55EDFH 212 Hifl
EROGBBICERHTH %, 7. F =X HAEHORTR D configuration % 7
T THEEIMABANCEL 5T, ED XS WTREBEHE XN D D% HigE U Tt
RIBZENTESLZ%BRL7, configurationno L NVDHNHED 7 A 7 L DB
IRHIRSERHICOWTHHEN I NS0, EXHWIABRAOEHICE->TED
EOBEADEL 2002 HENCHBET L2 TS,
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FT5E CLASS

ZDETIZ K framework Z FHWT CLASS ¥ WS EFEZR ERT 5,

5.1 CLASS DX & Elk:m

CLASSIZIMP DA —>%—+t» b THD, IMP DREREICINZA T R ATV =
7 MEMOKREZR RO, A7 Y27 MEROTu I VTR AT 2 b
FOT—Re 207X BET 2 —2DFED e LTS, ZHITK
D, a2 o AOEMAESCRSTESR LT 2, A7 27 RO E XY v
R, T=REBRXVANEREMER, 7AW, A 7927 FOFKEFIKTH B, F
T2 MITVFTADA VARV ATHY, 77 RADFFKICESWTELR S,
A7V MIEREIhE e, 77 RDEEIRIZE DO WT T — & & B FFO,

1T T I CLASS @ configration DFJHIIKELR EFKT 5,

configuration <T>
<k> $PGM:Stmt ~> execute </k>
<control>
<fstack> .List </fstack>
<crntObj>
<crntClass> Object </crntClass>
<envStack> .List </envStack>
<location multiplicity="?"> .K </location>
</crnt0bj>
</control>
<env> .Map </env>
<store> .Map </store>
<nextLoc> 0 </nextLoc>
<classes>
<classData multiplicity="*" type="Map" >
<className > Main </className>
<baseClass > Object </baseClass>
<declarations > .K </declarations>
</classData>
</classes>
</T>

CLASS O configuration 13K Z £ 3212775, 10D, FHiiho v
TLTHDE, THUIkEBALTRI NS,

20D, FHiiFO T a7 LD DERETH S, Z3UL control £IL, env
)L, store /L, nextLoc LIV THINS, env LIIEE L ZDERD store
AN DNE Z ST 28V TH B, control ILIZX Y v ROBMERH EN-5E
2. OBEDONIEZEE L TELZDDRX Y 7 TH S fstack L ¥, BHEDA
T2 MDY T A%BHSHHT crntClass LY, RICA TP =27 bPEREIH
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%% % /R nextloc RV ERFOLNLTH 2, A7V =22 PBEREINE TN
nextLoc £/LEA ¥ 7Y XY bEN DB, CLASS Tl F 7Y =7 MEROHKHE
Fiold, BEFEITLTWS Ry R DA77 bDary T A M TH
ITENTWVWE D %R crntlbj CILBKETDH 5,

30D, ERINIZ TADIHRTH 5, ZALI classes L TRI NS,
classes BILIE, 7 7 ADHH (className, MAKILD 7 7 X (baseClass), 7 7
ANEBDEE (declaration) ZfD classData L/ DY X b TdH %, classData
LD multiplicity = "*"& W I RIEIX. classData LA DEBIFIERRER Z
EERLTWS, ZHUICLASS D707 ANTHEEDZ 7 A EHRTEL L
ZRLTW5,

5.2 CLASSDEXCEFHZIHE

5.2.1 J5ADERH
CLASS IZBWTZ ZREILLTFD XS ICERE NS,

class A {
var x;

method A() {
x = "A Var";

}
}
class <Z 7 R%4> <HE> LVOHOEKXTIIARERT S, 77 ANETIZE
MESAY Y FEBDRRETH S, ZI7AKLRILAHIOXY v Kidary X b
FIRTHbD, AVANT 7 RIZOWTIZETHAT %,

ZOFITIX, 29RAZES L, ZVI9RADXIUANEHxZESL, aY A M52
RABRERERLTWVWS, XAUNTIIZ SANDRAY v RTEBT AN TX 3,
class X R UOE = ZHANILTDO XS ICEREI NS,

syntax Stmt ::= "class" Id Block
| "class" Id "extends" Id Block

rule class C:Id S => class C extends 0Object S

rule <k> class Classl extends Class2 { S } => .K ...</k>
<classes>... (.Bag => <classData>
<className> Classl </className>
<baseClass> Class2 </baseClass>
<declarations> S </declarations>
</classData>)
...</classes>

class MiSZIZBH/RAYIZ extends Z HHWRWIGE, $XTD 7 7 XL O0bject 7 7
A% MK T 5, Object 7 7 AKX CLASS DIAAA LT FATHH, TRXRTDT 7R
¥ 0bject 7 7 A% MK T %, class C extends Object S, 777 X CH30bject
7 RAME L, 77 ANEDEE SEZFHDOI 2R L TWa, class C extends
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Object S BHEXHIZ 5N B ¥, classes BILIZT T RAIFMOENE NS, .Bagld
VA MANOBERIZENAEEZ BT 27290 K framework DX TH %,

5.2.2 ATV FDER
CLASS IZBWTA TV 27 NI FD XS5 IcEREN %,

var obj;
obj = new AQ);

new <27 724> L WIHBKTAI7 I =27 b RAERT 5, A7 =7 MEMREL
MUFBSRZBAMILTO XS5 1IEFEIN 2,

syntax Exp ::= "new" Id "(" Exps ")" [strict(2)]

rule <k> new Class:Id(Vs:Vals) ~> K
=> create(Class) ~> storeObj ~> Class(Vs); return this; </k>
<env> Env => .Map </env>
<nextLoc> L:Int => L +Int 1 </nextLoc>
<control>
<crntObj> 0bj
=> <crntClass> Object </crntClass>
<envStack> ListItem(envStackFrame (Object, .Map)) </envStack>
<location> L </location>
</crnt0bj>
<fstack> .List =>
ListItem(fstackFrame (Env, K, <crntObj> 0bj </crntObj>))
...</fstack>
</control>

new Class:Id(Vs:Vals) &, AV A NI 7 X ZMNUHTHDOEXTH B, =
DL create(Class) > storeObj > Class(Vs); return this; ITHF X
ZAbhd, TNEFNOEZXHZHAONFIIHRDT 5,
¥7znew Class:Id(Vs:Vals) 23iHilidhid &, BIfEDA 7S 27 %K T crntObj
LM, Object 7 7 RITRRE X 4L, B RA X v 712 Object 7 7 A DEREEH BN X
%, Object 7 7 ADIRIRIIZETH 5725, Map BWRESIN D, T DEIEIEXA T
VI NI TADA VARV RARERT B2TDDIMHETHD, /1 VAR ADAE
T®H % DT, nextLoc BIFIA > Z VX hE4, location E/LIZIE nextLoc
tADA TV AT MHTDENRE S NS, fstack BUZIE, IV A MF 7 XN
M X2 BB NS,

create(Class) DF ZHZHANILL T D XS5 ITER SN,

rule <k> create(Class:Id)
=> create(Classl) "> setCrntClass(Class) “> S > addEnvLayer ...</k>
<className> Class </className>
<baseClass> Classl1:Id </baseClass>
<declarations> S </declarations>

rule <k> setCrntClass(C) => .K ...</k>
<crntClass> _ => C </crntClass>
rule <k> addEnvLayer => .K ...</k>

<env> Env => .Map </env>
<crntClass> Class:Id </crntClass>
<envStack> .List => ListItem(envStackFrame(Class, Env)) ...</envStack>
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create(Class) {&. crntClass % Class ICEHE L7205, Class DE S INT-NE
RIS %, 72 L CIRBRICIRED 7 7 B3 2 1EHi % Stack L TH <L, Class D
HEINANBEZFEST2 22T, 77 ANDERHR XY v K23 envStack 12380
TN b, envStack IX 70 7T ARRDERE TR, A7 27 N OREZIRE:
TERDDARY 7 THBZEIZHERT 5, ¥/ create(Class) &, 7 7 ADHE
AILD 7 7 AT L THIRINIZFITESN S, ZHAUTX D, Class AR L TW5 2
7 23X TD objectClosure 23 envStack 1B 115,

storeODbj IF crntObj % store {ZIBIIT 2 F ZHZFAITH %5, storeObj DFHF Z#i
ZHANILIFD XS ITERE SN S,

rule <k> storeObj => .K ...</k>
<crntObj>
<crntClass> CC </crntClass>
<envStack> ES </envStack>
(<location> L:Int </location> => .Bag)
</crnt0bj>
<store>... .Map => L |-> objectClosure(CC, ES) ...</store>

new Class:Id(Vs:Vals) DR TEE L TW7z Location {ZXf L T objectClosure
% store IZIBNT %, objectClosure 1327 7 AH EREA X v 7 ZHiD, DR
AR ZIFSEIRD create(Class) TEMENLZDSDTH 2, 7 7 ANDELR X
Vo REREETEDDERBEAX Y 7 TH 5,

this 1 crntObj % objectClosure IZ #2325 FH X2 FRAIT D %, this DF =
ZHANILITD XS ITER SN S,

rule <k> this => objectClosure(CC, ES) ...</k>
<crntObj> <crntClass> CC </crntClass> <envStack> ES </envStack> </crntObj>

this I¥ crntObj % objectClosure ICZH#8 3 5, Z 2 FTOMMIZ XD,

new Class:Id(Vs:Vals) 23 RHficfL s &, MR IN/zF 7 X ZNZHD object-
Closure 23 store IZIBME L, 71T 4 Tl objectClosure 2SR X5 Z & 23D
D5

5.2.3 XYYREXYVNDOEZCHUHL
CLASSIZBWTAY Y REXUNILLTFD LS ICEREINS,

class A {
var x;
method A() {
x = "A Var'";
}

method addil(n) {
return n + 1;
}
}

method <XV v FZ>HEIE) <ES> LWVWIOIERTXY Y REEET S, XV
FAESTlE return X2 WTHEZIRT I N TE %, HCHAI F =2 HANX
UTRD XS ITEREINS,
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syntax Stmt ::= "method" Id "(" Ids ")" Block

rule <k> method F:Id(Xs:Ids) S => .K ...</k>
<crntClass> Class:Id </crntClass>
<location> OL:Int </location>
<env> Env => Env[F <- L] </env>
<store>... .Map => L |-> methodClosure(Class,0L,Xs,S) ...</store>
<nextLoc> L => L +Int 1 </nextLoc>

method F:Id(Xs:Ids) SiE. XYV v RFIF5IE Xs 2Ffor iz, XV v AR
KSZEROZEEZRLTWVWS, ZIDNEFEXIZ 515 L, store IZ methodClosure
DB X5, methodClosure (XEREI NV T A%, 7T =2 b D Location,
518 XYy RARKREFRD, $7270 77 L2IKDRD store D Location 231 >
JUYXMEND,

XUNDEBRZRSHANILI T XS5 I1CEES NS,

syntax Stmt ::= "var" Id
rule <k> var X:Id; => .K ...</k>
<env> Env => Env[X <- L] </env>
<store>... .Map => L |-> undefined ...</store>

<nextLoc> L => L +Int 1 </nextLoc>

X Y NDEE store IZfE% undefined & U TRIFEN 5, F72ERBEIC store AD
B2 RS %0 A7 =7 P RAENT BRI, store IZ objectClosure Z /773
LM, Z D objectClosure NDERIFITIE X > ND4H] & store ND GBI T E
TW3,

XYy ROMEFH L 2R S FHANIA T XS ITERE SN S,

syntax Exp ::= Exp "." Id

rule (objectClosure(_, EStack) . X
=> lookupMember (EStack, X:Id)) (_:Exps)

rule lookupMember (ListItem(envStackFrame(_, X[|->L _)) _, X)
=> lookup (L)

rule <k> lookup(L) => V ...</k> <store>... L |-> V:Val ...</store>
rule <k> (lookup(L) => V) (_:Exps) ...</k> <store>... L |-> V:Val ...</store>

objectClosure D X ¥ NEIENHFERIZIE, objectClosure NDIREER X » 7 7» 5 X
UNDGERIG S 5, X UNDEEIXMEDNZ D F F store ITHRFINT WS T
O, store POEZHIGTE I TAUANDEEZEIGTZ2ZEMNTE S, XD
FECH LIC () 23D WTE D, store I methodClosure EFE I N TV B HE, ZD
methodClosure 233 X 415,

XYy FIZ5BZE L THEOCHTHANIULTO XS ITERS NS,

rule <k> methodClosure(Class,0L,Xs,S)(Vs:Vals) ~> K
=> mkDecls(Xs,Vs) S return; </k>
<env> Env => .Map </env>
<store>... OL |-> objectClosure(_, EnvStack)...</store>
<control>
<fstack> .List => ListItem(fstackFrame(Env, K, <crntObj> 0bj’ </crntObj>)
)
...</fstack>
<crntObj> 0bj’ => <crntClass> Class </crntClass> <envStack> EnvStack </
envStack> </crntObj>
</control>
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methodClosure 23fHiliZ 15 &, 5IEZEHE LTES L. XYV v FARKZ b
T2, XAV FAREPFME XS & return XHOFHIE XL, XY v FOETHKT
T5, ZOBEBEBDRA R Y 712X Y v REITHIOREDIMRFEI NS, XV v %
HITT 2L ERDRaA—THWO DD eilihb, ZORBEDA TV =2 b
% methodClosure MR FE L TWiA 7P =7 MR,

5.2.4 ZEITHlHEIL
CLASS OBy — L ZHWT, A7V 22 MK, XYy FIEOH L% TR

ERAE
class A {
var x;
method A() {
x = "A Var";
}

method addil(n) {
return n + 1;
}
}

class Main {
method Main() {
var a;
a = new AQ);
print(a.x);
print (a.add1(2));
}
}

FBETHEZHZIRANILITOEBDTH S,

rule [new]: <k> new Class:Id(Vs:Vals) ~> K
=> create(Class) ~> storeObj ~> Class(Vs); return this; </k>
<env> Env => .Map </env>
<nextLoc> L:Int => L +Int 1 </nextLoc>
<control>
<crntObj> 0bj
=> <crntClass> 0Object </crntClass>
<envStack> ListItem(envStackFrame (Object, .Map)) </envStack>
<location> L </location>
</crnt0bj>
<fstack> .List =>
ListItem(fstackFrame (Env, K, <crntObj> 0bj </crnt0bj>))
...</fstack>
</control>

DTS LFEITTEHE. Main 7 FADAV AT 7 ZPFETIN, ZON
HMCTAZIRADATY =7 bREKRL, XYy FERUHT, SRy —1L2H
W3 ¥, new A() DFHli X 41 crntObj 23— Object,. 2% h L — Y RIRED 7
FRAREEINTVWS Z e DR TE %, CLASS IZDW T configuration D %37
D%, MEEHOHFATIIETERT LD TERVED, —HDOAZRLM
B3 %,

F3. new AQ WX 2 FE X AT SN B HITD classes 2L DIRAEZ FH
HAL72D DHLUTORTH %,
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ZOEBRIE, 7T RDERNTDOAEZHENMLIZDDTH S, Main 7 7 X & A
JIAPERINTVWE Z DD 5, Main 7 7 AIE CLASS 2B 5 v s
LADITY MY —KA Y FTHDH, CLASSIZMain 7 7 ADaA YR+ F 7 REHET
THZeno Tl I LANETEINDG, Fs AVTA, Main 7 7 RAELEH D
baseClass 7 Object 7 7 A TH B e bhr b, ZHIZED, CLASSDZ X
IR FEED T WER D Object 7 7 A% MK T 25 Z &b b,

KIZ, new AQ IZMI 2F I MAIOEHZHET 2, ZOREILL K
WZHOWTH, MEEEHD =D, FEFHEIAFMANC L > TET 21 DAZRLT
Wb ZEICHET %,
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ZDOXNZ. new AQ) OEEMZIHAINEH XN IFMZRDOIREEZ RLTWVWS, Z
DENE—DD—DDXNFDONEBEEMER L L TD,

o fstack L ILIZH LW fstackFrame 25 B L TWA Z &

o env AW INTWVWBE Z &

e crntObj AR Y A b T 7 X2 L TWz Main 27 7 X756 Object 7
FAREEINTWDS I

BOhNBEITH>TWVWb, ZDXSIZ. HREIbLY — L Z2HWEZ 2T, EXH
AN X > TEML A 7D = 7 VOEBGEREHREINICERT 2N T 5,

53 F®

ZDFETIE. K framework ZH\WT CLASS ¥ W5 SiE2 EF L7z, CLASS &,
IMP DA —>%—ty b TH D, IMP DFEFEICINA T R A 7Y =7 MERODH
REZ Do I CLASS DIRFEIZOWTEIAH L 72, CLASS I& IMP @ configration
WINZ T, 75 ADERZRIFT 2 classes BILLPEBIERH LD R & v 7 234
T 5 fstack £, FETHDOA T =7 b DIFERZIREFT % crntObj L2 KD,
CLASS DR & HEZ AN OWTHAL/zo 7 7 RADEFR, A7V D
B, XYy REXUNDEREMECHLIZOWTHHAL, ETHERLE, %
72, CLASS DfHELY —VEZHWT, #7927 bOEREIERT 5 Z BT
522Nz, FICELVOZELEHEAT 2 22T, FEEWIHHANCEI->TY
DEIBENDPEL 200 EH[MENCHBE T B TEB I ERLE,
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FT6E= THREAD

ZDETIZ K framework Z W T THREAD ¥ \W9S SEXZEFHE T 5, THREAD
1% CLASS @ SuperSet TH H. CLASS OREHEICIZ T~ F AL v K DREHE
o,

6.1 THREAD DX EF# X RA|

6.1.1 THREAD QO#JHBIREE
THREAD @ configration &L FD X S ITEE SN S,

configuration <T>
<threads>
<thread multiplicity="*" type="Set" initial="">
<k> $PGM:Stmt </k>
<env> .Map </env>
<holds> .Map </holds>
<id> 0 </id>
</thread>
</threads>

<store> .Map </store>
<busy> .Set </busy>
<terminated> .Set </terminated>
<nextLoc> 0 </nextLoc>

</T>

THREAD (2 IMP 24T 70 277 I ¥ ZHAREICIZR 2 K S ITHRR L BRETH %,
IMP @ configration IZfllZ T, <threads>, <thread>, <holds>, <id>, <busy>,
<terminated>DEIDEIMEINT WS, T/ T LDPHIRETIIRL v Rid—
DRI, Tu I ANTAL Y RRERTLIENTES, k. HEZF—
LTy 7 2BE T 2EE DD, K framework TI3E X AIRERIENHE
BH256. COEZEZMZ2PPIFRENTH S, 207D, EXIRZAHE
BALy FORERBD 255G, EDRAVLy FEeHESMI21BIFRENTH S,
UTED, ALy FOBSIREZHEHT 2B TE 2,

<threads>ZAL v FOEEFZERTEILTH D, <thread>lFAL v KT L
TdH 5, <holds>IF AL v RMREFT 2 store NOBERZRITLILTH S, <id>l&
2Ly FOID 2RTEILTH 5B, <busy>lZFETHDAL v FERTEALTHD,
<terminated>IM T L7zAL v REXTEILTH 5,
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6.1.2 XLvFODERK

THREAD TIEHBHNIC—DOD AL v K ECiHilidesE 5, ALy REAENT 31
1Z spawn &= FHW 5,

spawn {

var obj;

obj = new AQ);
}

spavn S CWHEA TRV v FRART %,
ALy FAERM R OEFZHEZHAELITO X5 ICERS N,

syntax Exp ::= "spawn" Block

rule <thread>...

<k> spawn S => !T:Int ...</k>
<env> Env </env>
...</thread>

(.Bag => <thread>...
<k> S </k>
<env> Env </env>
<id> !T </id>
...</thread>)

spawn S lZ, FTILWAL» FZAERL, ALy NKNTS%2iiT 22 %2R T
Wb, ALy FEAERT A, FTLVWAL Yy FOID A 27 ) X &,
RIED 5| =2 5, store ld thread B THH XN 3,

6.1.3 ALY FDRY
ALy FOKTIIUTDESICERSI NS,

rule (<thread>... <k>.K</k> <holds>H</holds> <id>T</id> ...</thread> => .Bag)
<busy> Busy => Busy -Set keys(H) </busy>
<terminated>... .Set => SetItem(T) ...</terminated>

thread ND 70 75 JMZIED 72 725 . ALy ROBRFF L TOEDHEIRR X 41,
terminated I T L72A Ly FOid BN 3B,

6.1.4 joinX

K framework CTIXE XX AJRERIEER D 255, YOHEEZEXIZ 20T
FFREWTH S, 20D, UFD X5k 7077 2ENEOEXE D ICEE

LZWAREEDS D 5
var x;
x = 1;
spawn {
x =x + 1
}

if (x > 1) {
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DT L BT S . B store D x DEIZ 2 D LT 4127k 5,
CHEx=x+ 1; PIHMBX N BRI if (x > 2) DFHBX N2 [ HEMED D 2 7=
ThHbd, ZOMELART 272912, jomnRZHW5,

var x, id;

x =1

id = spawn {
x =x + 1

}

join id;

if (x > 2) {
X = x + 2;

}

join MIFFIEUCA Ly RID ZHD, ZORAL vy RBRTITZ2ETRHET 2, &
D7 T T LT 5L, x D store NOEIZNT 412725, join RDHL KN
FEXHZRANILT DO LS ITEFR S N5,

syntax Stmt ::= "join" Exp ; [strict]
rule <k> join T:Int; => .K ...</k>
<terminated>... SetItem(T) ...</terminated>

join T:Int; 1. AL v K T 2% terminated L VIZBIM XN 2 L TRHET 5 Z 2 Z20R
LTW3, ZHUZ &b, join i terminated L LIZA L v R ID 2SGENME 5 £ T
HEZoNT NROAL Y PR T THETIHET LI e TE S,

6.1.5 FRERELIRETIRITOREL

JEFHAMLEECIX, ALy REITOTFT— X0 ERMEL 25, LTk >5k 7S
nro ATHHAT 5, ZHUIxDED 1 DLETHIZR, -1 ZIT58E%. spawn
AL o TEREINTZAL Y FEXA VAL Yy RIS 7054 TH5, OF
D, 22DALy FHRELEBx 2R, EEHTL7 07746 ThH 5,

var Xx;
x = 23

var tl;
tl = spawn {
if (x > 1) {
x =x - 1;
}
};

if (x > 1) {
x = x - 1;
}
join t1;
ZODOFE, xDstore NOMEIZ 0D LT 11T 5, x > 1 DEE7IE DT X 41
7. BIORA Ly RIx DEEZZEET 08D D 272D TH 5,
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ZOFa I LK L. LRD X 51 THREAD NTif XOE =¥z HEI 245
ELTHEY =L Z2HWTHEZET %,

rule [ifTruel]: if (true) S else _ => S

CORETHENY —NZELTTRT I LZ2FETT 2L, if XOFRMFAD true
DHEDHEZRZD2[MUTHONS Z DR TE S, DFED. HDIAL Y Fdix -
1 ZIT2ENS, BIDRAL Y FAix > 1 OFHfiZ T> TV,

x|-=0

xp0 ()~ if

x=1;}else{}join
= K

]

&freezer, THREAD-

(1)~>K)~>

x=1){x

thread
id
' 1
env
k
0 ~> #freezer_=THREAD.
0_Exp_ Expi(loc

SYNTAX_Ex|
SYNTAX_Stmi_E;

t1 =1

threads

x|->0

~= setEnv [ t1 |-> 1
x|-=0)~>.K

thread
id
| 0
env
k
if (true ){x=x-1;}else{}

t > 1

before_1
I
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ZEDT=D., B join DF =2 HALEHZ D configration ZHEL L TWH
%o BIEHIC x D store NDMEIZ 012> TW3, ZD X DIZ. FEFBILIETIZ R
Ly FETOTF—Z2DIEHREEL 725,

ZOMERFEIT 572912, THREAD Tldu v 7 2B TE 3,

var x, lock_key;
x = 1;
lock_key = true;

var tl1, t2;
tl = spawn {
acquire lock_key;
if (x > 1) {
x =x - 1;
}
release lock_key;

};

t2 = spawn {
acquire lock_key;
if (x > 1) {

Xx = x - 1;

}

release lock_key;
1
join t1;
join t2;
0y 7 DHIGEFBIEI T D XS ITER SN,
syntax Stmt ::= "acquire" Exp ";" [strict]

| "release" Exp ";" [strict]
rule <k> acquire V:Val; => .K ...</k>
<holds>... .Map => V |-> 0 ...</holds>

<busy> Busy (.Set => SetItem(V)) </busy>
requires (notBool(V in Busy))

rule <k> acquire V; => .K ...</k>

<holds>... V:Val |[-> (N => N +Int 1) ...</holds>
rule <k> release V:Val; => .K ...</k>

<holds>... V |[-> (N => N -Int 1) ...</holds>

requires N >Int O

rule <k> release V; => .K ...</k>
<holds>... V:Val |-> 0 => .Map ...</holds>
<busy>... SetItem(V) => .Set ...</busy>

acquire V:Val; &, vy 27 ZHU8 322 2RLTW5, vy 7 Z2HI5T 58
1ZiE, holds Uiz v vy 7 D F —25BAIE 41, busy B uey ZZERE LTV
ZehEmEhng, ZoEEHZIFEANT Busy NDRE CED T v 7 2372 0WGEI2D
AEXWZOoNS, L Busy NIZValB3dH 255, DF o ALy Rdim v 7
PEIGS L TCWAEA, acquire 3FEXZ 5NT, MORAL v K3 m v 7 ZBT
2FETZEDAL Y FOFHMbiXIEE %, d L. holds ICTTIKIFET 5. DFHHR
Ly 23y 7RIS L TWA5EG. holds NDfER A > 27 ) X T 5,

release V:Val; &, By 72T 22 %Z/RLTW5S, & L. holds NDH
N1 EDEE, holds NOEZE T2 U X2 b5, L. holds NOEM 0 DI
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A\ holds 2261y 7 DF—=HHIFRE A, busy EApHmy 7 2HIGLTWS I L
DHIFRE 5,

6.1.6 E17Hl

REALY — % HWT, Thread D1 v ZHEREXTER T %, UMD &S icay ¥
VY —RDOEBEMIFRNEIEEL. 0T L E2HETT 5,

rule [acquire]: <k> acquire V:Val; => .K ...</k>
<holds>... .Map => V |-> 0 ...</holds>
<busy> Busy (.Set => SetItem(V)) </busy>
requires (notBool(V in Busy))

rule [release]: <k> release V; => .K ...</k>
<holds>... V:Val |[-> 0 => .Map ...</holds>
<busy>... SetItem(V) => .Set ...</busy>

CORETHEY — L EZBE LTIl 74 2FE T35, vy ZEEEH
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