NX9V!’ T yp e Systems and Programming Languages IMCf ?.9T 2001 G/ 5 7n 7 F| 3 Un t yp ed Arithmetic Expressions 3.5 Ev aluation $^ $: $O !" 4J C1 $N $? $a b o olean expression $N op erational seman tics $K$D $$ $F $N $_ $_ $F $$ $/ !# ?^ 3-1 ;2>H!#:8B&$, syn tax $G!" term $H value $,$=$l$>$lDj5A$5$l$F$$$k!# v alue $H$O!"$=$l0J>eI>2A$5 $l$J$$ term $G$"$k!#1&B&$OI>2A5, B’$G!" evaluation r elation $r term >e$KDj5A$9$k!# !V t "* t’ !W$, $=$l$G!" !V term t $r 1 %9%F%C%WI>2A$9$k$H t’ $K$J$k!W$HFI$‘!# L@<(E*$K=q$+$l$F$O$$$J$$$,=EMW$J$3$H$K!" � true, false $O$3$l0J>eI>2A$5$l$J$$!J$=$N$h$&$JI>2A5,B’$O$J$$!K !# � If J,$OI,$:H=DjItJ,$,@h$KI>2A$5$l$k!J E-If $K$h$k!K !# $H$$$&$3$H$,$"$k!# @h$N 3 $D$N5,B’$K$D $$$F!" E-IfT rue $H E-IfF alse $O<B<AE*$J I>2A$r 9T$$!" E-If $OI>2A$9$Y$- >l=j !J$I $N subterm $r@h $K I> 2A $9 $k $+ !K $r 5, Dj $7 $F $$ $k !" $H $_ $J $9 $3 $H $, $G $- $k !# $3 $N FC D’ $r 6/ D4 $7 $F !" A0<T!&8e<T$=$l$>$l$r c omputation rule !" c ongruenc e rule $H8F$s$@$j$9$k!# ev aluation relation $r$b$&>/$7 formal $KDj5A$9$k$H<!$N$h$&$K$J$k!# Dj5A 3.5.1 I>2A5,B’$N instanc e $O!"3F%a%?JQ ?t$r0l4S@-$r ;}$C$F term $GCV$-49$($k$3$H $K$h$C $FF@$i$l $k$b$N$G$"$k!#$3$N $H$- 1 %9%F%C%W$N ev aluation relation " "* " $O!"?^ 3-1 $N 3 $D$NI>2A 5,B’$N$9$Y$F$N%$%s%9%?%s%9$r4^$‘ term >e$N "smallest binary relation" $H$J$k!#%Z%" (t, t’) $,$3 $N ev aluation relation $K4^ $^ $l $k >l9g !" !V judgemen t !J statemen t !K t "* t’ $O deriv able $G $" $k!W$H $$$& !# $3$3 $G !" smallest $H$$ $& 8@ MU $K $h $j !V t "* t’ $, deriv able i� ?dO@ 5, B’ $K $h $C $F justify $5$l $k !W $H $$$& $3 $H $, J] >Z $5 $l $k !# $3 $N justify $O derivation tr e e !J F3 =P LZ !K $r <( $9 $3 $H $K $h $C $F $J $5 $l $k !# F3 =PLZ$NNc$O?^ 3-3 !# !V statemen t t "* t’ $, deriv able i� F3 =P LZ $, B8 :_ !W$H $$ $& ;v <B $O M- MQ $G !"Nc $( $P induction on deriv ation $H8F$P$l$k tec hnique $KD>7k$7$?$j$9$k!#Nc$($P<!$NDjM}!J$N>ZL@!K$J$I$G$"$k!# DjM} 3.5.2 If t "* t’ and t "* t" then t’ = t" !# !J>ZL@!K induction on deriv ation $K$h$k !# 3F F3 =P$K $*$$ $F!" :G 8e$N F3=P D>A0 $^ $GK> $‘7k 2L !J$3 $N >l9g DjM} 3.5.2 !K$, @.$jN)$C$F$$ $k$b$N$H 2>Dj$7!":G8e $NF3=P$G $b$d$O$j @.$jN)$D $3$H$r<( $9 !#:# 1

9M$($F$$$kNc$G$O!"?^ 3-1 $N 3 $D$NI>2A5,B’$K$D$$$F<($;$P$h$$!# $A$J$_$K!"DjM} 3.5.2 $N@-<A$rM-$9$k8@8l$r deterministic $H8@$& !# <!$K m ulti step $N ev aluation relation $r$_$F$$$/ !#;O$a$O=‘Hw$+$i!# Dj 5A 3.5.3 term t $X $N I> 2A 5, B’ $, $J $$!J $9 $J $o $A t "* t’ $H $J $k t’ $, B8 :_ $7 $J $$ !K$H $- !" t $O normal form $G$"$k!# $3$l$^ $G$NNc$G $O!" true !" false $, normal form $H$J$k !#$3$NDj5A $K$D$$$FJL $N8@$$J} $r$9$k$H <!$N$h$&$K$J$k!# DjM} 3.5.4 $9$Y$F$N v alue $O normal form $G$"$k!# 8@8l$r3HD% $9$k$? $S$K!" DjM} 3.5.4 $,@.$jN) $D$h$&$K $7$J$1 $l$P$J $i$J$$ !# $=$& $G$J$$ 8@8l$O GK C>$9$k!# 8=:_9M$($F $$$k%7 %9%F%‘$G $ODjM} 3.4.5 $N5U$b@.$jN) $D!# $7 $+$7$J $,$i!" $3$l$O 0lHLE* $K$O@. $j N)$D$b$N$G$O$J$$!# DjM} 3.5.5 term t $, normal form $J$i$P!" t $O v alue $G$"$k!# Dj5A 3.5.6 m ulti-step ev aluation relation "* � $O !" one-step ev aluation relation $N re exiv e, tran- sitiv e closure $G$"$k!#$9$J$o$A<!$rK~$?$9 smallest relation $G$"$k!# � if t "* t’ then t "* � t’ � t "* � t for all t � if t "* � t’ and t’ "* � t" then t "* � t" DjM} 3.5.8 If t "* � u and t "* � u’, where u and u’ are b oth normal forms, then u = u’. MW $9 $k $K !" $I $N $h $& $K I> 2A $7 $h $& $H $= $N 7k 2L $O 0l MM $G $" $k $3 $H $r <( $7 $F $$ $k !J 7k 2L !J normal form !K $,$"$k$J$i$P!K !#>ZL@$O induction on deriv ation $rMxMQ$7$F9T$J$&!J cf. DjM} 3.5.2 !K !# <!$N@-<A$b!"I,$:$7$b$9$Y$F$N8@8l$G@.$jN)$DI,MW$N$J$$$b$N$G$"$k!# DjM} 3.5.9 F or ev ery term t there is some v alue v suc h that t "* � v. !J>Z L@ !K Dj M} 3.5.8 $h$j !" term $O normal form $^$G I> 2A $G $- $k $J $i $P $= $N 7k 2L $O 0l MM $G $" $k !# $^ $?!"DjM} 3.5.5 $h$j normal from $O v alue $G$"$k!#<!$K!"$9$Y$F$N term $, normal form $^$GI>2A $G$-$k$+$G$"$k$,!"3F ev aluation step $O term $N size $r>.$5$/$7$F$$$k$3$H$h$jJ]>Z$5$l$k!# <! $K !"$3$l $^ $G $N$b $N $r 3HD% $7 $F arithmetic expression $N I> 2A$r 2C $( $k!#?^ 3-2 $N $h $&$K $J $k !J3HD%J,!K !# ?^ 3-1 $HHf$Y$F!" numeric value $H8F$P$l$k 6hJ,$,$" $k$3$H$G $"$j !" I>2A5, B’$K$b@) 8B $r2C$($F$$$k!J?^ 3-4 !K !# 8@8l$N op erational seman tics $r7A <02= $7$h $&$H $9 $k>l 9g!" "succ false" $H$$ $C $? @5$7 $/ $J$$ >l9g $N5sF0$bL@3N$K$9$kI,MW$,$"$k!# 2

Dj5A 3.5.12 term $O normal form $G$"$k$, v alue $G$J$$>l9g!" stuck $7$F$$$k$H$$$& !# "stuc kness" $O !" run time error $N35G0$rM? $($F$/ $l$k!# D>4Q E*$K$O!" %W%m %0%i%‘ $,0UL# $N$J$$ >u BV$KF~ $C $F$7 $^$$!" op erational seman tics $,2?$r$9 $Y$- $+5, Dj$7$F $$$J $$>u BV!" $H $^$H$a $i$l $k!# 0UL#$N$J$$>uBV$r7A<0E*$K07$&JL$NJ}K!$H$7$F!" wr ong $H$$$& term $rMQ0U$7!" stuc k $9$k$h$& $J>l9g$O$9$Y$F wrong $KI>2A$5$l$k$h$&$JI>2A5,B’$r2C$($k!"$H $$$&$h$&$J$b$N$b$"$k!J?^ 3-6 !" exercise3.5.13 !K !# :G 8e $K !" op erational seman tics $K $O !" smal l step $H big step $H $$ $& 2 $D$N %9 %? %$ %k $, $" $k !# small step seman tics $O$3$l$^$G8+$F$-$? $h$&$J!" 0l$D 0l$D$N term $N=q$-49$($r5,Dj $9$k$h$&$J $b$N$G $"$k!# BP $7$F big step seman tics $O!" !V$3 $N term $O:G=*E* $K $3$N v alue $K$J$k!W $H$$ $C $?$3 $H$r D> @\7A<0 2= $7$? $b $N $G$" $k !# big step seman tics $NI> 2A5, B’ $O ?^ 3-5 $N$h$& $K$J $k !# $b $A $m$s !" small step seman tics $O0lCW$9$k!J!y$,@.N)!" exercise3.5.14 !K !# 4 An ML implmenetation of Arithmetic Expressions $3$N>O $N 0U?^ $O $h$/ $o $+$i $J $$ $N$@ $, !" =q$$ $F $"$k $3 $H$+ $i ?d ;!$9 $k $H !V ML $G@h$[ $I Dj5A $7 $? Bo olean !" Arithmetic Exspressions $NI> 2A 7O$r 5- =R $7$h $& !W $H $G $b $J$k $N $+ !# $H $j$" $( $: !" $3 $3 $G $O<BAu$KMQ$$$k8@8l$X$NMQ7o$H$7$F!" � <+F0%a%b%j4IM}5!G=$rHw$($F$$$k � %G!<%?9=B$$K4X$9$k%^%C%A%s%0$r;H$C$?:F5"4X?t$NDj5A$,4JC1$K9T$J$($k $H $$ $& 2 E@ $r $" $2 $F $$ $k !#$= $N >e $G $3 $3 $G $N <B Au 8@ 8l $r Ob jectiv e Caml $H $7 $F $$ $k!J B> $G $O Standard ML !" Hask ell !" Sc heme $ONI$$A*Br$G!" Ja v a $d C $O$$$^$$$A$H=R$Y$i$l$F$$$k!K !# 4.1 Syn tax term $NDj5A$O?^ 4-1 $NDL$j !# datat yp e $NDj5A $K!V info !W$H$$$&$b$N$,8+$i$l$k$,!" parser $,>p JsKd$a9~$‘>pJs$G!"%G%P%C%0$J$I$K;H$&$3$H$,$G$-$k!#>JN,2DG=$G$"$k!# ?^ 4-1 $NDj5A $K BP $7 !" term $, n umeric n um b er $+$I $& $+D4 $Y $k 4X ?t !" v alue $+$I $& $+ D4$Y $k 4X ?t $O!"$=$l$>$l?^ 4-2 !" 4-3 $H$J$k!# 4.2 Ev aluation @h$G Dj 5A$7 $? term $r!" ?^ 3-1 !" ?^ 3-2 $NI> 2A 5,B’ $K $N $C $H $C $FI> 2A $9 $k 4X ?t $O ?^ 4-4 $N$h $& $K $J $k !J eval1 !K !# ?^ 3-1 !" 3-2 $K$O !" v alue $KBP $9 $kI> 2A 5, B’ $, $J$+ $C $? !J7k 2L $, $J $$ !K $, !" <B Au $K$* $$ $F$O2?$i$+$N7k2L$rMQ0U$9$kI,MW$,$"$j !"$3$3$G$O Exception $rEj$2$k$3$H$K$7$F$$$k!# Cm 0U $9 $Y $- E@ $H $7 $F !" TmPred $N I> 2A $N $H $3 $m $G when @a $, 8= $l $F $$ $k !#$3 $l $O !"Nc $( $P n v1 $,?tCM$G $J$1 $l$P $J$i$J $$$N $@$, ML $N%^ %C %A%s %0$G$O $I$N term $K$b%^ %C %A $7$F $7$^$$ !" $3$l $r KI$0$?$a$G$" $k!#$3$N@)8B$O?^ 3-1 !"?^ 3-2 $NI>2A5, B’$O$K$J$$$,!"?^ 4-5 $N$h$&$K=q$- 49$($F$b $h$$!# 3

?^ 4-4 $N eval1 $rMQ $$ $F !" term $r 1 %9%F %C %W $E $D I> 2A $9 $k 4X ?t $O ?^ 4-6 $N eval $H $J $k !# ev al1 $, term $rJV$9$? $S$K $=$l $r$^ $? ev al1 $GI>2A $7!" Exception $,Ej$2$i $l$?$H $3$m $G$= $N term $rJV$7 $F$$$k!# 4.3 The Rest of the Stro y <B:]$N%$ %s%? %W%j%? $d%3 %s%Q%$ %i$K $O!" >e$G =R$Y $?$b $N$NB> $KB? $/$N parts $,I,MW$G $"$k!# %U %! %$%k$+$i$NF~NOJ8;zNs $N2r@O!" 2r@O7k2L $N parsing !"I>2A7k2L$N =PNO$J$I$G$" $k!# 6=L#$N$"$kFI <T $O!" OCaml $N%=!<%9$r8+$F$_$k$H$h$$!"$H=R$Y$i$l$F$$$k!# 4