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Exercises5.1and5.2areintendedto illustratethedifferencebetweenStandardML andJava programmingstyle; the
latter exerciseuseshigher-orderfunctions. The exerciseslook a bit overwhelming,but that’s mostly becauseof the
amountof explanation.Do thoseexercises(skippingsubquestionsasindicated)if you feel thatyouneedto strengthen
yourStandardML skills. In thiscase,alsodooneor two of thenext exercises.

Exercises5.3,5.4,5.5illustratetypicalhigher-orderfunctionsin StandardML. Do all threeexercisesif youdonot
do 5.1or 5.2. ConsiderdoingalsoExercise5.6which is aboutapracticalapplicationof higher-orderfunctions.

Thelaterexercisesareabouttheimplementationof thehigher-orderfunctionallanguage.

Exercise 5.1 The purposeof this exerciseis to contrastthe StandardML andJava programmingstyles,especially
asconcernsthehandlingof lists of elements.Theexerciseasksyou to write functionsthatmergetwo sortedlists of
integers,creatinganew sortedlist thatcontainsall theelementsof thegivenlists.

(A) ImplementanSML function

merge : int list * int list -> int list

thattakestwo sortedlistsof intsandmergestheminto asortedlist of ints. For instance,merge ([3,5,12],
[2,3,4,7]) shouldgive[2,3,3,4,5,7,12].

(B) Implementasimilar Javamethod

static int[] merge(int[] xs, int[] ys)

thattakestwo sortedarraysof ints andmergestheminto a sortedarrayof ints. Themethodshouldbuild a new
array, andshouldnot modify thegivenarrays.Two arraysxs andys of intsmaybebuilt like this:

int[] xs = { 3, 5, 12 };
int[] ys = { 2, 3, 4, 7 };

(C) Thegoalof thisexerciseis to useLinkedListsof Integersinsteadof arraysof intsasin part(B). Thisappearsto
berathercumbersome— at leastif you try to useiteratorsto traversethelists— sodonotwastetoomuchtime
on this. But if you feel like it, thengoahead:ImplementaJavamethod

static LinkedList merge(List xs, List ys)

that takestwo sortedlists of Integerobjectsandmergestheminto a sortedList of Integerobjects.Themethod
shouldbuild anew LinkedList,andshouldnotmodify thegivenLists. TheinterfaceList andtheclassLinkedList
arefrom thejava.util package.

Two Listsxs andys of Integerobjectsmaybebuilt like this:

LinkedList xs = new LinkedList();
xs.addLast(new Integer(3));
xs.addLast(new Integer(5));
xs.addLast(new Integer(12));
LinkedList ys = new LinkedList();
ys.addLast(new Integer(2));
ys.addLast(new Integer(3));
ys.addLast(new Integer(4));
ys.addLast(new Integer(7));
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Exercise 5.2 Thisexerciseis similar to theprecedingone,but now youshouldhandlesortedlistsof arbitraryelement
type.

(A) Write anSML function

mergep : ’a list * ’a list * (’a * ’a -> int) -> ’a list

sothatmergep(xs, ys, cmp) mergesthetwo sortedlistsxs andys. Thethird argumentcpm : ’a *
’a -> int is a comparisonfunctionsothatcmp(x, y) returnsa negative numberif x is lessthany, zero
if they areequal,andapositivenumberif x is greaterthany.

For instance,with theintegercomparisonfunction

fun icmp (x, y) = if x<y then ~1 else if x>y then 1 else 0

thecall merge ([3,5,12], [2,3,4,7], icmp) shouldreturn[2,3,3,4,5,7,12].

Definea stringcomparisonfunctionscmp andwrite a call to themergep function thatmergestheselists of
strings:

ss1 = ["abc", "apricot", "ballad", "zebra"]
ss2 = ["abelian", "ape", "carbon", "yosemite"]

Usingthis functionfor comparingintegerpairs

fun pcmp ((x, y1), (y, y2)) =
if x<y then ~1 else if x=y then icmp(y1,y2) else 1

write acall to themergep functionthatmergestheselistsof integerpairs:

ps1 = [(10, 4), (10, 7), (12, 0), (12, 1)]
ps2 = [(9, 100), (10, 5), (12, 2), (13, 0)]

(B) Write asimilar Javamethod

static Object[] mergep(Comparable[] xs, Comparable[] ys)

that mergestwo sortedarraysxs andys of Comparableobjects.A Comparableobjectx hasa methodint
compareTo(Object y) so thatx.compareTo(y) returnsa negative numberif x is lessthany, zeroif
they areequal,anda positive numberif x is greaterthany. SinceclassInteger implementsthe Comparable
interface,yourmergep methodwill beableto mergesortedarraysof Integerobjects.

As in (A) above, show how to call the mergep methodto merge two arraysof Strings. ClassString also
implementsComparable.

As in (A) above, show how to call themergep methodto merge two arraysof IntPair objects,representing
pairsof ints. Youwill needto defineaclassIntPair sothatit implementsComparable.

(C) Write aJavamethod

static Object[] mergec(Object[] xs, Object[] ys, Comparator cmp)

thatmergestwo sortedarraysxs andys. TheComparatorinterface(from packagejava.util)describesamethod
int compare(Object x, Object y) sothatcmp.compare(x, y) returnsa negative numberif x
is lessthany, zeroif they areequal,anda positivenumberif x is greaterthany.

Show how to call themergec methodto mergetwo arraysof Integers.
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Exercise 5.3 Definethefollowing polymorphicSML functionson listsusingthefoldr functionfor lists:

� filter : (’a -> bool) -> (’a list -> ’a list)

wherefilter p xs appliesp to all elementsx of xs andreturnsa list of thosefor whichp x is true.

� mapPartial : (’a -> ’b option) -> (’a list -> ’b list)

wheremapPartial f xs appliesf to all elementsx of xs andreturnsa list of thevaluesy for whichf x
hasform SOME y.

ThusmapPartial (fn i => if i>7 then SOME(i-7) else NONE) [4, 12, 3, 17, 10]
shouldgive[5, 10, 3].

Exercise 5.4 DefinethepolymorphicSML functiontmap : (’a -> ’b) -> (’a tree -> ’b tree) so
thattmap f t createsa new treeof thesameshapeast, but in which thevalueof a nodeis f v if thevalueof the
correspondingnodein theold treeis v.

Exercise 5.5 Definethefollowing polymorphicSML functionson treesusingthetfold functionfrom thelecture:

� preorder1 : ’a tree -> ’a list

� inorder1 : ’a tree -> ’a list

� postorder1 : ’a tree -> ’a list

� theabove functiontmap

� thefunctiondepth : ’a tree -> int from exercisesheet1.

Recallthatthepreorder, inorder, andpostordertraversalsweredefinedin exercisesheet2.

Exercise 5.6 This exerciseis aboutusinghigher-orderfunctionsfor productionof HTML code.This is handywhen
writing Webscriptsin StandardML (asin ML Server Pages,see
http://ellemose.dina.kvl.dk/~sestoft/msp/index.msp) or whengeneratingstaticwebpagesfrom
databaseinformation.

(A) Write anSML function

htmlrow : int * (int -> string) -> string

thatbuildsonerow of anumericHTML table.For example,

htmlrow (3, fn j => Int.toString(j * 8))

shouldproducethestring

"<TR><TD ALIGN=RIGHT>0<TD ALIGN=RIGHT>8<TD ALIGN=RIGHT>16"

Write anSML function

htmltable : int * (int -> string) -> string

thatbuildsanHTML table.For example,

htmltable (3, fn i => String.concat["<TD>", Int.toString i,
"<TD>", Int.toString(i*8)]);
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shouldproducethestring

"<TABLE>\n<TR><TD>0<TD>0\n<TR><TD>1<TD>8\n<TR><TD>2<TD>16\n</TABLE>"

The\n meansnewline asin Java. Similarly,

htmltable (10, fn i => htmlrow(10, fn j => Int.toString((i+1)*(j+1))));

shouldproducea10-by-10multiplicationtablein HTML.

(B) Implementmethodssimilar to htmlrow andhtmltable in Java. (This is cumbersome).

Exercise 5.7 Add anonymousfunctions,similar to SML’sfn x => ..., to thehigher-orderfunctionallanguage:

datatype expr =
...

| Fn of string * expr
| ...

Anonymousfunctionsgive riseto non-recursiveclosuresof theform

datatype value =
...

| Clo of string * expr * vfenv (* (x, body, bodyenv) *)
withtype vfenv = (string, value) env

For instance,theexpressionfn x => 2*x mightevaluateto thisclosure:
Clo("x", Prim("*", [CstI 2, Var "x"]),

���
) in theemptyenvironmentEnv.empty.

Similarly, theexpressionlet y = 22 in fn z => z+y end mightevaluateto thisclosure:
Clo("z", Prim("+", [Var "z", Var "y"]),

� ����	�
���
).

Extendtheevaluatorin file fun/hofun.sml to interpretsuchanonymousfunctions.

Exercise 5.8 Extendthe lexer andparserspecificationto permitanonymousfunctions.Theconcretesyntaxmaybe
asin SML: fn x => expr, wherex is avariable.

Exercise 5.9 Write anSML functioncheck : expr -> bool thatchecksthatall variablesandfunctionnames
aredefinedwhenthey areused,andreturnstrue if they are.This checker shouldacceptthehigher-orderlanguage.
That is, in theabstractsyntaxCall(e1, e2) for a functioncall, theexpressione1 canbeanarbitraryexpression
andneednot beavariablename.

Thecheck functionneedsto carryaroundan‘environment’to know whichvariablesarebound.Thisenvironment
canjustbeasimplelist of theboundvariables.

Exercise 5.10 Add mutuallyrecursive functiondeclarationsin thehigher-orderfunctionallanguage:

datatype expr =
...

| Letfun of fundef list * expr
| ...

wheretype fundef = string * string * expr

Exercise 5.11 Designa concretesyntaxfor thehigher-orderfunctionallanguageextendedwith lists,extendthelexer
andparserspecifications,andwrite someexampleprogramsin concretesyntax.(This is especiallyinterestingif you
havealreadyimplementedlists in thefunctionallanguageabstractsyntax,assuggestedin anExercisefrom sheet4).

Exercise 5.12 Implementsomehigher-orderfunctionsonlistsasexamples.Youmaygetinspirationfromthestructure
List in Moscow ML or StandardML BasisLibrary.
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