
Programming Languages IT-C, F2002

Written examination
19 June 2002 *

Therearethreequestionsall of whosesubquestionsshouldbesatisfactorily answeredto getfull marks.

Question 1 (30 %)

Question 1.1

Note: When a subquestionsays‘Define a function f(...) so that . . . ’ anda later questionsays‘Use function
f(...) from above. . . ’, you canalwaystake thefunctionf for grantedwhenansweringthelatersubquestion,even
if youwereunableto answertheformerone,andyoucanstill getfull marksfor thelaterone.Thisholdsfor questions
2 and3 also.

HerearefiveStandardML functionson lists:

fun sum [] = 0
| sum (x::xr) = x + sum xr

fun sumlist [] = []
| sumlist (xs::xsr) = sum xs :: sumlist xsr

fun sumsumlist [] = 0
| sumsumlist (xs::xsr) = sum xs + sumsumlist xsr

fun map f [] = []
| map f (x::xr) = f x :: map f xr

fun maplist g [] = []
| maplist g (xs::xsr) = (map g xs) :: maplist g xsr

For eachfunction, show the most general(most polymorphic) type of the function, and briefly explain what the
functiondoes.

Question 1.2

Write an SML function doublelist : int list list -> int list list that takes a list of integer
lists andmultiplies eachelementof the inner lists by 2. For instance,doublelist [[4, 7], [11]] should
give[[8, 14], [22]].

Question 1.3

An integer list [ ��� , ��� , ..., ��� ] is sorted if the list has0 or 1 elements,or if �����������
	�	�	
����� . Definea
functionsorted : int list -> bool sothatsorted xs returnstrueif xs is sorted,andfalseotherwise.

Definea functionsortedlists : int list list -> bool so thatsortedlists xss returnstrue
if all lists in xss aresorted.

Question 1.4

Definea functionmerge : int list -> int list -> int list sothatmerge(xs, ys) mergesthe
listsxs andys. Theresultinglist mustcontainall theelementsof xs andys, andif bothxs andys aresorted,then
merge(xs, ys) mustbesortedalso.

Question 1.5

Defineafunctionmergelists : int list list -> int list sothatmergelists xssmergesall the
innerlists in xss, in someorder.

One possibility is to definemergelists xss so that if xss is [ ��� � , ��� � , ..., ��� ����� , ��� � ], then
mergelists xss is equivalentto merge( ��� � , merge( ��� � , ..., merge( ��� ���
� , ��� � )...)).
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Question 1.6

First, definea function singletons : ’a list -> ’a list list that splits a list of valuesinto a list
of one-elementlists eachcontainingoneof thosevalues. For instance,singletons [7, 13, 9] shouldgive
[[7], [13], [9]].

Secondly, usesingletons andmergelists to definea sorting function sort : int list -> int
list in a singleline of StandardML code.
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Question 2 (30 %)

In an electroniccalendarsystem,or in an accountingsystem,oneoften needsto specify recurringappointmentor
eventdatessuchasthese:

every day
every Friday
first day of the month
tenth day of the month
first Tuesday of the month
second Tuesday of the month
last day of the month
last Friday of the month
second last day of the month

andsoon. Suchappointmentdatescanbedescribedusingthis abstractsyntax:

datatype day =
Day | Mon | Tue | Wed | Thu | Fri | Sat | Sun;

datatype apptdate =
Every of day

| First of int * day
| Last of int * day

In typeday, theintentionis thatDay meansany day, whereaseachof Mon, Tue, . . . , Sun indicatesa particularday
of theweek.

In type apptdate, the intention is thatFirst( � , Day) meansthe � ’ th day of the month,and for instance
First( � , Mon) meansthe � ’ th Monday of the month, andsimilarly for the other weekdays. Correspondingly,
Last( � , Day) is the � ’ th lastdayof themonth,and, Last( � , Mon) is the � ’ th lastMondayof themonth.

Thus,theabovenineappointmentdatescanbedescribedasfollows in abstractsyntax:

Every Day
Every Fri
First (1, Day)
First (10, Day)
First (1, Tue)
First (2, Tue)
Last (1, Day)
Last (1, Fri)
Last (2, Day)

Question 2.1

Write aninformalgrammarfor appointmentdates.It mustrecognizeall of theabovenineexampleappointmentdates.
You may assumethat thereareterminalsymbols(tokens)FIRST (representing‘first’), LAST (representing

‘last’), NTH (representing‘second’, ‘third’, and so on), DAY (representing‘day’), MONDAY (representing
‘Monday’), . . . , SUNDAY, EVERY, OF, THE, andMONTH.

Meaninglessphrasessuchasfirst last day of the month shouldnot bederivablefrom thegrammar.
Hint: Thequestioncanbeansweredusingonly four nonterminalsymbols.
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Question 2.2

Write thegrammarpartof amosmlyac parserspecificationfor recurringappointmentdatesabove. Youmayassume
thatthefollowing tokendeclarationsareavailablein theparserspecificationalready:

%token FIRST LAST
%token DAY MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
%token EVERY OF THE MONTH
%token <int> NTH
%token EOF

That is, thereareindividual tokensfor thekeywords‘first’ and‘last’, andfor ‘day’, ‘Monday’, ‘Tuesday’,
. . . , ‘Sunday’, aswell as‘every’, ‘of’, ‘the’, and‘month’.

Moreover, all the ordinal numbersarerepresentedby the token classNTH, so that ‘second’ is representedby
NTH(2), and‘third’ is representedby NTH(3), andsoon.

It sufficesto write therule partof the.grm file, whichbeginslike this:

Main:
Date EOF { ... }

;

Date:
... { ... }

| ... { ... }
...

...

Question 2.3

Extendtheabove parserspecificationwith semanticactions,so thateachrule generatesa StandardML valuecorre-
spondingto theabstractsyntaxshown above.

Question 2.4

Theordinalnumbersfirst, second, third, fourth, fifth andsoon areoftenwritten1st, 2nd, 3rd, 4th,
5th andsoon. (However, thereis nosuchshorthandfor last, asfarasI know). In animplementationof appointment
datesit wouldbegoodto acceptalsotheseabbreviations,but thisquestionconcernsonly theform of theabbreviations.

We needto consideronly theordinalnumbersbetween1 and99.
Ordinalnumbersendingin 1 musthavesuffix st, with theexceptionof 11th.
Ordinalnumbersendingin 2 musthavesuffix nd, with theexceptionof 12th.
Ordinalnumbersendingin 3 musthavesuffix rd, with theexceptionof 13th.
Ordinalnumbersendingin 0, 4, 5, 6, 7, 8 or 9 havesuffix th.

Write aregularexpressionthatrepresentsthewell-formedordinalnumbersbetween1 and99. Thatis, it shouldaccept
3rd and13th and23rd, but not13rd or 23th.

Youmayuseabbreviatedregularexpressionssuchas � ������� insteadof themoreverbose�����  !� "�� #$� %�� �'& .
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Question 3 (40 %)

Thisquestionconcernsa simplestackmachinefor manipulatinglists,suchaslistsof integers.Thestackmachinehas
a program( , a programcounter(�) , astack � holdingintegersandlists,andastacktop pointer � ( . Theinstructionsof
theabstractmachine,andtheir effecton thestack,aredescribedby this table:

Instruction Stack before Stack after Effect
CST * + , *.-/+ Pushintegerconstant*
ADD *102-�*435-6+ , 78*93�:;*10=<>-�+ Add integers
SUB * 0 -�* 3 -6+ , 78* 3.? * 0 <>-�+ Subtractintegers
DUP @A-6+ , @�-6@�-/+ Duplicate
SWAP @ 0 -�@ 3 -6+ , @ 3 -6@ 0 -/+ Swap
POP @A-6+ , + Pop
GOTO B + , + Jumpto B
IFNZRO B @A-6+ , + Jumpto B if @DCEGF
CALL B @A-6+ , @�-6HI-�+ Call functionat B , pushingreturnaddressH
RET @�-JHK-6+ , @�-�+ Return:jump to H
PRINT @A-6+ , @�-�+ Print @ andkeepit onstack
STOP + , _ Halt themachine
MKNIL + , L'M�NO-/+ PushNil, thatis, theemptylist
MKCONS PQ-J*R-6+ , S/TVU'W'78*9XYP4<>-�+ PushconsnodeCons 78*4XZP4<
LISTCASE B L'MJN[-6+ , + If Nil, donot jump
LISTCASE B S/TVU'W\78*9X9P4<>-6+ , PQ-J*R-6+ If Cons, unpackcomponentsandjump to B

Thestackmachinemaybeimplementedin Java asshown on thenext page.Thearrayp containstheprogramcode.
Executionstartsatp[0]. ThestackcontainsIntegerobjectsaswell asList objects,asdefinedbelow. Theinitial stack
s[0..k-1] containsthek commandline arguments(whichmustbeintegers).

Thestackmachineusesa standardJava representationof listsof integers:

abstract class List { }

class Nil extends List {
public String toString() {

return "Nil";
}

}

class Cons extends List {
public final Integer i;
public final List tail;

public Cons(Integer i, List tail) {
this.i = i; this.tail = tail;

}

public String toString() {
return "Cons(" + i + ", " + tail + ")";

}
}
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/* Abstract stack machine for manipulating lists */
/* p[] is program, pc is program counter */
/* s[] is stack, sp is stack top pointer */

static int execcode(int[] p, Object[] s, int pc, int sp) {
for (;;) {

switch (p[pc++]) {
case CST:
s[sp+1] = new Integer(p[pc++]); sp++; break;

case ADD:
s[sp-1] = new Integer(((Integer)s[sp-1]).intValue()

+ ((Integer)s[sp]).intValue());
sp--; break;

case SUB:
s[sp-1] = new Integer(((Integer)s[sp-1]).intValue()

- ((Integer)s[sp]).intValue());
sp--; break;

case DUP:
s[sp+1] = s[sp]; sp++; break;

case SWAP:
{ Object tmp = s[sp]; s[sp] = s[sp-1]; s[sp-1] = tmp; } break;

case POP:
sp--; break;

case GOTO:
pc = p[pc]; break;

case IFNZRO:
pc = (((Integer)s[sp--]).intValue() != 0 ? p[pc] : pc+1); break;

case CALL:
s[sp+1] = s[sp]; s[sp] = new Integer(pc+1); sp++;
pc = p[pc]; break;

case RET:
pc = ((Integer)s[sp-1]).intValue();
s[sp-1] = s[sp]; sp--; break;

case PRINT:
System.out.println(s[sp] + " "); break;

case MKNIL:
s[sp+1] = new Nil(); sp++; break;

case MKCONS:
s[sp-1] = new Cons((Integer)s[sp-1], (List)s[sp]);
sp--; break;

case LISTCASE:
if (s[sp] instanceof Cons) {

Cons cons = (Cons)s[sp];
s[sp] = cons.i; s[sp+1] = cons.tail;
sp++;
pc = p[pc];

} else {
sp--;
pc++;

}
break;

case STOP:
return sp;

default:
throw new RuntimeException("Illegal instruction " + p[pc-1] + " at " + (pc-1));

}
}

}
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Question 3.1

First, manuallyexecutethe codebelow on the stackmachine.Show the stackcontentsafter every instruction,and
show whatis printedon theconsole:

0: CST 100
2: CST 11
4: ADD
5: MKNIL
6: MKCONS
7: PRINT
8: STOP

Secondly, write stackmachinecodeto createandprint thelist Cons(111, Cons(222, Nil)).

Question 3.2

Theinstructionsof thelist machinemaybeencodedin a StandardML datatypeasfollows:

datatype instr =
CST of int | ADD | SUB

| DUP | SWAP
| GOTO of int | IFNZRO of int | CALL of int | RET
| PRINT
| MKNIL | MKCONS | LISTCASE of int
| STOP

Write a StandardML functionmklist : int -> instr list that for a giveninteger ]_^a` generatesstack
machinecode(in theform of SML abstractsyntax)to build andprint a list with ] consnodes,of this form:

Cons( b�c , Cons( bVc ? b , ..., Cons( b , Nil)...))

For instance,if ];dfe thenCons(6, Cons(4, Cons(2, Nil))) shouldbeprinted.

Question 3.3

ThemachineinstructionsCALL a andRET canbeusedto implementsimplefunctionsthat take zeroor moreargu-
ments(on thestacktop) andreturnoneresult(on thestacktop).

Whatdoesthis stackmachineprogramcompute,given that the integer42 is on the stacktop whenexecutionis
startedat instructionaddress0?

0: CALL 4
2: PRINT
3: STOP
4: DUP
5: DUP
6: MKNIL
7: MKCONS
8: MKCONS
9: MKCONS
10: RET

Show thecontentsof thestackaftereachinstruction,in theorderin which theinstructionsareexecuted.

Question 3.4

Write a stackmachineprogramthat,giventhat ]f^g` is on thestacktop, builds andprintsan ] -elementlist of this
form:

Cons( c , Cons( c ?ih , ..., Cons( h , Nil)...))

Hint: you will needto usefunctions,implementedusingCALL andRET. You arewelcometo usesymboliclabels
insteadof absolutejump addressesin thoseinstructionsthattakeanaddressargument(GOTO, IFNZRO, CALL).
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Question 3.5

TheinstructionLISTCASE j canbeusedto testwhetherthelist onthestacktop isNil orCons(...). If thestack
top elementis Nil, executionsimply continueswith the next instruction. If the stacktop elementis Cons( � , k ),
thentheinteger � andlist tail k areunpackedon thestack,andexecutioncontinuesat addressj .

Thustheexpressioncase xs of Nil => e1 | Cons(i, t) => e2 canbetranslatedto theinstruction
sequenceLISTCASE lab1, <e1>, GOTO lab2, lab1: <e2>, lab2:.

Assumethatthelist Cons(111, Cons(222, Nil)) is onthestacktopwhenthefunctionataddress21below
is called(byCALL 21). Whatis onthestacktop,andis thereforeprinted,whencontrolreachesinstruction28?What
is printedif theemptylist Nil is on thestacktop whenCALL 21 is executed?

21: LISTCASE 27, CST 999, GOTO 28,
27: POP
28: PRINT

Question 3.6

Write a stackmachinefunction that,givena list on thestacktop, computesthe sumof the list elements.Hint: you
needto useLISTCASE, CALL, andRET.

Question 3.7

The stackmachineaspresentedabove is very limited andhardto use. Onereasonis that thereis no way to access
thestackelementsbelow thetopmosttwo elements:thereis noway to index into thestack.Extendthestackmachine
with anew instructionGETVAR � thatreadsthecontentsof the � ’ th stackelementbelow thestacktopandpushesthat
valueontothestack(incrementingthestacktoppointer).

Sincethestacktop is the0’th elementbelow thestacktop,GETVAR 0 shouldbeequivalentto DUP.
First show thenecessarymodificationsto theJava implementationof thestackabstractmachineon page6.
Thenusethenew GETVAR instructionto write astackmachinefunctionthatcancreatealist thatcontains] copies

of l , like this:

Cons( @ , Cons( @ , ..., Cons( @ , Nil)...))

Thefunctionshouldbecalledwith a stackof form ]im�lnm � , thatis, with ] on thestacktopand l below it, andshould
returnwith a stackof theform opm � whereo is an ] -elementlist all of whoseelementsare l , asshown above.

Question 3.8

Write a stackmachineprogramthat,giventhat ]f^g` is on thestacktop, builds andprintsan ] -elementlist of this
form:

Cons( b�c , Cons( bVc ? b , ..., Cons( b , Nil)...))

Hint: This canbedoneevenwithout thenew GETVAR � instructionfrom Question3.7.
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