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Syntax and Operational Semantics :3 %39n

Topics:
1. Abstract and Concrete syntax.
2. Operational Semantics
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<scheme-exp> — <exp> | <define>

<exp> — <atomic> | <composite>
<composite> — <special> | <form>
<special> — <lambda> | <quote> | <cond> | <if>
<if> — ‘(“ “if” <exp><exp><exp> ‘)’
(Abstract Syntax) SVPVLANR MaAnn
SUPVOART AN . FIDWR AN NVIDIND MDA 2ITD WO DR DML QIO QPO DITMNR SURPIULART AN
0 M0 YW 070N 200 IR L own if N2IYD2 DLIAMINT TT0 [NPINNT MYAWA? DPVINTI QPRY 7OWT YW QOIMDRNT 11 2NN

.DWA N°I12IN N2°NDa DWNRwni
X277 1982 |IF 7M1>2 7973 scheme W >upauoaR:T PannT:RanT

<scheme-exp>:
Kinds: <exp> ,<define>

components:
<exp>:
Kinds: <atomic> ,<composite>
components:
<if>:
Kinds:

components: Predicate: <exp>
Consequence: <exp>
Alternative: <exp>
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<if>— (* “if” <exp><exp><exp> ‘)’|* (¢ ‘if’<exp>‘then’<exp>‘else’<exp> ¢)’
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(define (<procedure-name><formal-parameters>) <body>)
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(defineprocl (lambda (x)
(display x)
(newline)
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<define>— (° ‘define’ <variable><exp> °)’|* (* ‘define’ ¢(* <variable><par-sequence> ¢)’ <exp-sequence>‘)’
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<scheme-exp>:
Kinds: <exp> ,<define>, <define-procedure>
<define-procedure>:
components:  Variable: <variable>
Parameters: <variable>. Amount: >= 0. Ordered.
Body: <exp>. Amount: >= 1. Ordered.




(Operational semantics) 21w nww
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nanwnna 7w Declarations bn "X .2 niway'om n v Binding Instance -ni 1 n1iwa y'oin even?

.n -1 even?

1. (define even?

2.
3.

(lambda (n)
(eg? (/ n 2) 0)))

.3 von miwa n 7w Occurrenceny 7'v7 ama.binding instancen'swininwn 7w yom:Occurrence e
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(define even? (lambda (n)
(eg? (/ n 2) 0)))

(defineexpt? (lambda (n)
(cond ((=n 1) #t)

((even? n) (expt? (/ n 2)))

(else #£f)))
Binding Binding instance Scope Bound occurrences’
instance line# line #
even? 1 define, Universal Scope 5
n 1 lambda body, line 2 2
expt? 3 define, Universal Scope 5
n 3 lambda body, lines 4-6 4,5
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(define pl (lambda (x V)

(+ (* xvy)

(+ (* 2 %)

(+ (* 2 y) 22)))))
(define p3 (lambda (x)

(+ (p1 x 0)

(+ (Pl v 1) (p2 x)))))
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Binding Binding instance Scope Bound occurrences’
instance Line # Line #
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Renaming& Substitution .2
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bound ) ¥OR D Wwp Dwem nwaw 25 N (binding instance ) WIPR YOI AW DR NUWY WO M2 MW ¥om NS

X7 .(occurrences
(lambda (x) x) =2 (lambda (y) vy)
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(define y 10)

(lambda (x) (+ x y))
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((lambda (x)
(lambda (y
))

)
)

.(lambda()
Sy w)))
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(lambda (y)

( (lambda () (Vv w) ) v))
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Substitute[x,(lambda()(y w)),(lambda (y) (X y))]:
1. Renaming:

[(lambda()(y w))]=(lambda()(y w))

[(lambda(y)(x y)))]=(lambda (y2) (x y2))
2. Substitution:

[(lambda (y2) (x y2)))] = (lambda (y2) ((lambda()(y w)) y2)))
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Evaluation Order .3
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(IMw577 970 N8 @van avwaxm)Normal order »% Sub nws :(3) RBMT
((Lambda (z)
(+ ((lambda (x z)
(+ x z 2))
z 0)

1))
((lambda (z) z) 3))

sub[z, ((lambda (z) z) 3)), (+ ((lambda (x z) (+ x z 2)) z 0) 1)]
1. Renaming:

a. [ ((lambda (z) z) 3)]=((lambda (zl) zl) 3)

b.
(+((lambda (x z) = (+((lambda (x1 z2)
(+ x z 2)) z 0) (+ x1 z2 2)) z 0)
1) 1)

2. Substitution:

e N
(+((lambda (x1 z2) = (+((lambda (x1 z2)
(+ x1 z2 2)) z 0) (+ x1 z2 2))
1) ((lambda (z) z)
3)
0)
1)
- 4
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((lambda (f)

(lambda (x) (sgrt (f x))))

(lambda (y) (+ x y))
)

sub[f, (lambda (y) (+ x y)), (lambda (x) (sqrt (f x)))]

==>(lambda (x)
(sgrt ((lambda (y) (+ x y))x)))

==>(lambda (x) (sgrt (+ x x)))
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(

>((lambda (x) (sgrt (+ x x))) 4.5)
3.0
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((lambda (f)

(lambda (x) (sgrt (f x))))

(lambda (y) (+ x vy))
)
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(lambda (x1) (sgrt (+ x x1)))
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>((lambda (x1) (sgrt (+ x x1))) 4.5)
Undefined variable x..



:Applicative-eval ansbxn
;; 1. Signature:  applicative-eval(e)

;; 2. Purpose: toevaluatetheexpression e byApplicativeorderevaluation

5 3. Type: <Scheme-EXP> --> Scheme-TYPE

;4. Example:  (applicative-eval (if (and (> 2 3) (not #t)) 1 2)) should produce 2
5 7. Tests: (if (and (> 2 3) (not #t)) 1 2) ==>2

applicative-eval[e] =
l. if e isanatomic expression:
1. ife isanumberor a boolean: e evaluates to itself.
2. ifeisasymbol:
a. ifehas a binding in theglobal environment, its value isthe binding value.
b.otherwise, e must be a variable denoting a primitive procedure or a special operator.
It evaluates to its built-in code.
11. Otherwise, e is a composite expression: e = (e0 el ... en ) where (n >=0):
1. Ife0 is aspecial operator:
applicative-eval[e] is defined by the special evaluation rules of e0 (see below).
2. otherwise:
a.evaluate: compute applicative-eval[ei] = ei’ for all ei.
b.ifeQ" is aprimitive procedure:
eval[e] = system application e0'(el’, ..., en’).
c. otherwise, e0" is aclosure (user procedure) constructed by (lambda (x1 ... xn) b1 ... bm)
i. substitute:compute sub[xi, ei', bj] =bj' for 1 =<i<=n,1<=j=<m
;; The substitution is by no specific order and preceded by renaming.
ii. reduce: applicative-eval[b17, ..., eval[bm1.
iii. return:applicative-eval[e] = eval[bm.

SPECIAL OPERATORS EVALUATION RULES:
1. e=(define x el)
applicative-eval[el] = el’, add to the global environment the binding <x, e1">
2. e=(lambda (x1 X2 ... xn) bl ... bm) at least one bi is required.
Construct a closure with parameter sequence: X1, ...,xn (can be empty) and body: b1, ..., bm.
3. e=(quote el)
applicative-eval[e] ==> el
4. e=(cond (plell..).. (elseenl..)):
ifapplicative-eval[p1]!= #f:
applicative-eval[ell], ... , applicative-eval[eln].
applicative-eval[e] = eval[eln].
otherwise, continue with p2 in the same way.
if for all pi-s applicative-eval[pi] = #f:
applicative-eval[enl], ... applicative-eval[enm].
applicative-eval[e] = applicative-eval[enm].
5. e=(ifpconalt):
ifapplicative-eval[p] = #f
theneval[e] = eval[con]
elseeval[e] = eval[alt]



:Applicativeorderevaluation:(5) x»x7

applicative-eval[ ( (lambda (x y) (* (+ x y) yv)) 1 (+ 1 2))]
applicative-eval [ (1ambda (x y) (* (+ x y) vy))]==>#<closure (xy) (* (+ xy)y)>
applicative-eval [1] ==
applicative-eval [(+ 1 2)]
applicative-eval [+]==> #<primitive-procedure +>
applicative-eval [1] ==

applicative-eval [2] ==> 2 renaming 7125w Y 137 men

==>3
sub(x, 1, (* +xy)y)) ==> (*(+1y)y) TV MW°22 2AINWNT 2OW PID
sub(y, 3, (* (+1y)y)) ==> (*(+13)3) DPDINIINRD TINWN PRI DR

reduce:
applicative-eval [(* (+ 1 3) 3)]
applicative-eval [*]==> #<primitive-procedure *>
applicative-eval [(+ 1 3)]
applicative-eval [+] ==> #<primitive-procedure +>
applicative-eval [1] ==
applicative-eval [3] ==
=>4
applicative-eval [3]==
==>12

SOWD AMRORAT? 1°1 20037 90 DX XY ((6) RBMT
((lambda (x) (x x)) (lambda (x
sub[x, (lambda (x) (x x)),
1. Renaming [ (lambda (x)
2. substitution[(x x)] = ((1am

(x x)))

)

x) ]

x))] = (lambda (x1) (x1 x1))

bda (x1) (x1 x1)) (lambda (x1) (x1 x1)))

:7y% qwn» applicative-eval on 7193 °9% evaluation- 7°%an 1 1pnn 10°2% 571 72837 KR 22p0n7 a7

applicative-eval[ ( (lambda (x) (x x)) (lambda (x) (x x))) ]
applicative-eval [ (lambda (x) (x x)) ] ==>#<closure(x)(x x)>
applicative-eval [ (1ambda (x) (x x)) ] ==>#<closure(x)(x x)>

sub(x, #<closure(x)(x X)>, (x X)) ==> (#<closure(x)(x X)>#<closure(x)(x X)>)

:1 -1 ((lambda(x)(x x)) (lambda(x)(x x)))a 722y (lambda (X y) y) 77807 9w Aowona mani(7) RRAT

( (lambda (x V) y) ((lambda(x) (x x)) (lambda (x ) 1)— (eO el 62)
applicative-eval[ ( (lambda (x y) y) ((lambda (x) (x x)) (lambda( ) (x x))) 1) ]

applicative-eval[ ( (Lambda (x y) vy) ] =:>#<c|osure(x y)(y)>

applicative-eval[ ( (lambda (x) (x x)) (lambda (x) (x x))) ]==>endlessevaluation...
X DWW 0w 0w 1990 191 IR €2 nX) €0, el nXk n°2°0Mp 7°nn I anvnoRa ,applicative-eval e »wran nowina
D21 KDY (6 ) RANTA R 090 WY Twn» i Lel DR YA 3R 0K WwRd .e2-1 el Hw @v3apae0 amTenT Ana y-w
VDM DR MOYAN L MY, 1972 390 SR NDI07 ARXINAW ND ,el DR 2wnh 7% 1aR2 PRY 2 22wl 10030 DR VD

RO AWD AT L I N0 T WO, 2w T HY R onyy e2-1el 7 Y aMTNon Ana y -5 X Y oewoInn

.1 AR¥INT napnmy Joniel Sw v 2WOR AT 'A9K 999 MR N L joRInormal-eval '\oxn nR nwawni



TR WK 7Y 202 TvAS vIm e 7725 v applicative-eval Sw o anabxa nws:Normal-eval anssbas
TP W .L2.a 37w NI0AA X7 2N RORT 12 R 27207 azy evaluation o3 119 20002 YW 357950 W AWt .32
:normal-eval an 7R NP7 7P PRIV QNINAZR W DR P MR NIRAT
I1. Otherwise, e is a composite expression: e = (e0 el ... en ) where (n >=0):
1. ife0 is a special operator:

normal-eval[e] is defined by the special evaluation rules of e0.

2. evaluate: compute normal-eval[e0] = €0'.< P 7NN TIYR DN 2577 M1
_ _ o SONR K7 ,e0  PWRIT 0PI0T DR
b.if e0" is aprimitive procedure: .applicative-eval an o825 o™ wnon

evaluate: compute normal-eval[ei]=ei’ for all ei.
normal-eval[e] = system application e0'(el, ..., en’).
c. otherwise, e0" is a closure (user procedure) constructed by (lambda (x1 ... xn) bl ... bm)
i. substitute (expansion):compute sub[xi, ei, bj] =bj' for1 =<i<=n,1<=j=<m
;; The substitution is by no specific order arWed by renaming.
ii. reduce: applicative-eval[b17, ..., eval[bm’].

ay X2 Dn¥Y 2°M1°27 oY NY¥ann a9onan

iii. return:applicative-eval[e] = eval[bm. R —

:Normal order evaluation :(8) x»xm7

(define test (lambda (x y) (if (= x 0) 0 y)))
(define zero-div (lambda (n) (/ n 0))) ; division by zero!

normal-eval[ (test 0 (zero-div 5))]
normal-eval [test]==><closure of (lambda(x y) (if (= x 0) 0 y))>

sub[x, 0, (if (= x 0) 0 y)) 1==> (if (= 0 0) 0 y))
sub[y, (zero-div 5), (if (= 0 0) 0 y)) 1 ==> (if (= 0 0) 0 (zero-div 5) ))
reduce:
normal-eval[ (if (= 0 0) 0 (zero-div 5)))]
normal-eval[ (= 0 0)]
normal-eval[ = ]==>#<primitive-procedure =>
normal-eval[ 0 ] ==>0
normal-eval[ 0 ] ==>0
==> #t

normal-eval[0] ==

o

==>(

applicative-  *9% "2 7Y DR 0°2WAN 1170 OR 2Wn2) 71 M0°2 11975 17 178007 790n32 790 XY (zero-div 5) w02 00 2% ovws
MO ,IMT IR L0 — M W 192%R 1RO ,NRT NwY Linterpreter -n "division by zero "axvaws nx o°9apn i (eval
.1 mmna 7w DR 221 PP X191 vl ,normal-eval °9% 757w yxan (7) xeaTo
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Side Effects & Summary

TINWR P T mIwna PN ,5wn? (W S0 TP W K92) 2% mawn  anova wk 'pno xon Side Effect naxvna oxpn
.AYTIY,T0NY 70071 P10 LW DOVIMAINT TR DW IR IR0

7792 wrnwiaR 9o, 0 wnnwn 1R ainterpreter -7 Sywnormal-eval ik applicative-eval 070 19K 12 AR 97 NYT2 071D
.Side Effect nqx»n 4195 ,701% 70977 nvEan Xo0 IR, 7w PR display noavwonnoa a1 (Side Effect nxonn

(definef (lambda (x) 1))
>(f (display 2))
?

?Applicative-order % 2v19 interpreter-n 2 nmina (£ (display 2)) 729977 1 23apnnm 0997 377 an

? Normal-order % 21019 interpreter-n > nmina (£ (display 2)) 72¥977 12 2apnnn 0990 370 an

:Normal evaluation-1 Applicative evaluation 213°c%

DOPW DANIORT AT AT DN YY 199 applicative-eval - 5w 777 000 DR 9°on normal-eval bw mamaanown e
.7IY MR DT 077 OTR L9010 TAT2 AN DR 0727701 DXAN NART MW OX ,MINR 2°2°n2 [(MMTR193 XD ,N1XpND3)
.0»on normal-eval on>1a2R7 03 o1 ,0v°on applicative-eval onauoR7ToOR - @
.02P7 10°2 NI aWY D2IWONA TNPAR TN PR WK 2000y awnh 7oy applicative-eval e
7Y 52 1907 ,"137902 PRI P71 02 HW 197 IR DWAY PN 10°RYD DW 27 1907 W MR DY I 99y normal-eval e
192 71277 N2 12RA TR 93 .TP2 (2020 °9IRY) 0°5011 Napn DX (propagated) ¥oys X1 MR AwnY w0 12 25w NYaTw
.((sum-of-squares 5) N7y57 AR RHNT ART) T 2072 NN WA WHYDW DWW N2 M8y
12V ,R27 W22 ,8ANTY D0 PR AR p1ovapplicative-eval & , 77w 1 normal-eval omay ovwa anp e
D010 PR RY172 vpni applicative-eval 112w 5 apinormal-eval
(define f (lambda (x) (f x)))
(define g (lambda (x) 5)))

>(g (f0))
.side-effects 2 win w »"v evaluator-7 ¥19 12 N ™ MAPRT A0 DR M2 31
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High Order Procedures revisited

i N2 DR LR '[’57(11 TN nawnn exp-iter aAMTEN0T
(defineexp-iter

(lambda (b e acc)
(cond ((= e 0) acc)
(else (exp-iter b (- e 1) (* b acc))))))

(define exp
(lambda (b e)
(exp-iterb e 1)))

-7 V9P 20NID DR P NIRRT EXP AMNTXION DR UOONT ,eXp-iter May wna9d (9537 2770017 2°KRT) 1WA DR 1Y wOw N
WY NV KD N I8 X7 VAT LeXp-iter  TRINeY NRTP R WK 1 q0nI0a DR OOR N9IRm (TRINM 0°027) " 0Nk

20552193 172°202 TV NITRINDN D1 PR .N%H20 NI exp-iter IMTE02

Dmpn 7Inwnd exp-iter NR 79 7o JIWNRT 1900
(define exp
(lambda (b e)
(let ((exp-iter (lambda (b e acc)
(cond ((= e 0) acc)

(else (exp-iter b (- e 1) (* b acc)))))))
(exp-iterb e 1))))

(AM7E17D SWw 75¥93% syntactic sugar X1 let %3 75m1) let Hw 2w n 19X *5H MMIPNAT AINWAR SW SCOpe 7371 27van an

(define exp
(lambda (b e)
((lambda (exp-iter)
(exp-iterb e 1))
(lambda (b eacc)
(cond ((= e 0) acc)
(else (exp-iter b (- e 1) (* b acc))))))))

TTYINDY 12X AP L0702 IR NYAPRT TTXIND K17 Qter 7INwnT 192057 .IunI0D TREyY exp-iter  AMTNDT X 2y (Pang

JARY DR 777 2°7°2971 ANTEIN0T DR 2°7°YON AR LY DR 2°IM0 1R 7D [79°00n X7 AN WK Noon

(define exp
(lambda (b e)
(let ((iter (lambda (b eacciter)
(cond ((= e 0) acc)

(else (iter b (- e 1) (* b acc) iter))))))
(iterb e 1 iter))))

01977 ITRINON YW 3777 QN2 REAI RITW 2w ,b 9unaon Nk 03 1A Wwok 3 2% oo

(define exp
(lambda (b e)
(let ((iter (lambda (e acciter)
(cond ((= e 0) acc)
(else (iter (- e 1) (* b acc) iter))))))
(iter e 1 iter))))
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