Exercise: Java programs

class C { int i;
int seti (int j) { i=j; return i; }
int geti () { returmn i; } }

class D { int £f() { x = new C();

x.3eti(10);
return x.geti(); f{iES KC)

class E { int £f() { x = new C();
¥ =X

x.seti(10);
return y.geti(); fﬁi;L l()
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SOS rules for objects in MiniJava

(v. 1)

@ Objects are just maps from variabl
the name of the class:

to values, together with

type value = IntV of int | String¥ of string | BoolV of bool | NullV
| ObjectV object
and varname = string and bipding = (varname * value)

and object = id * (binding”list) and state = binding list

® SOS rules for néw expressions:

(NEW) new

(Tais) this, o, ™ |
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SOS rules for objects in MiniJava
(v. 1), cont.

(VAR) =z, 0,7 v

(FIELD) =z, o0, 7w v

(VARASGN) =z /4~ e, o, ™=

(FIELDXSGN) = = e, 0, T =
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SOS rules for objects in MiniJava
(v. 1), cont.

(METHOD-CALL)

Eﬂ'f(els***aen)- o, T —

Which Java examples work?
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SOS rules (v. 2) (cont.)

type stackvalue = IntV of int | StringV of string

| BoolV of bool | NullV | Location of location
and location = int

type environmment = (varname * stackvalue) list

type heapvalue = Object of classname * environment
type store = heapvalue list
type state = environment * store

® Write an expression of type state for a state that contains
variables x bound to 3 and y bound to an object of class C; C
contains fields a and b, and in y these have integer values 4

and 5. ([ ("x", =4V 3) " (7", Lecnton o)}}
[ oy (7, (", TV ), (b 24V )} )
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SOS rules (v. 2) (cont.)

® Give the SOS rule for new: T i 0 L
(NEW) new CQ, (p,7), ™ |

® New form of SOS rules reflected in new type of eval:

let rec eval (e:exp) ((env,sto) as sigma:state) (prog:program)
: stackvalue * store =

® and the corresponding clause in eval (you can assume any
auxiliary functions you think useful):

| NewId ¢ -> SFE’ M 6) é SQ'Q.LJ_-\TE’“
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SOS rules (v. 2) (cont.)

(Not) le, (p.m), w
See NP L

(INT-MULT) e; * es2, (p, 1), m |
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SOS rules (v. 2) (cont.)

(VAR) =z, (p, n), 7 |
$ee BE €

(F1ELD) =z, (p. m), 7 {

(METHOD-CALL)

éa- flei,.. -.en), lp, m), &« Lo
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Some SOS rules from MP 5

(Plus-Int)

e1 + ez, o, ™ IntV (21 + i2)
e, o, ™ IntV i,
eo, o, ™ ) IntV is

(Var)
x, o, i o(x) if o(x) #_L

(Method-Call)

xr.f(er,...,e,), o, Tl v
e, o, 7™ v

e, o, W Ur 53|
r
sl, og, m = o
!
e, oy 7l v

where og = [(z1,v1);- - -i(yo, NullV);. ..

and f is defined in 7 as

Method(t, f, [z1;...], [y1:. . .], sl, €)
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(Mult-Int)

e1 * es, o, ™ IntV (i1 * i2)
e, o, ™ IntV 2,
es, o, w l IntV 22

(Int-Const)
i, o, w IntV ¢

(Stmt-List)
Sly e 04387, 01, T = On+1l
S, O, T e o

Spy On, T = Tn+1

(Stmt-List-0)
[, o1, @ = o

(Assignment)
x=e, o, T = olv/x], ifo(zx)F#L
e, o, Tl v



Proofs in SOS

® Use SOS rules to obtain results of entire computations.

34+(4*%5), o, @ | IntV 23 (Prus-INT)
3, o, w ) IntV 3 (INT-CONST)
4*5, o, 7w | IntV 20 (MuLT-INT)
4, o, 7 || IntV 4 (INT-CONST)
5,0, 7 1l IntV 5 (INT-CONST)

® Exercise:

(3*4) + (5%2). o, 7 |l IntV 22 (INT-PLUS)
3+9 ¢ L 1% (i&dﬂ-ﬁ%
3 g, Y (3 -
v 2 (T - (oul)

4 ¢« 71 |J 5
Crdle Tl 1o (M)

grjd“,TY < K (_LL’ICMT)

O i " (f,:k—Ca-d')
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Proofs in SOS (cont.)

©® Suppose 7 contains class Main with method: int f (int a)
{ return a; }.

x=5;y=null.f(x), oq, m = o9 (STMTLIST)
x=5, og, ™ = o (ASSIGNMENT)
5, og, m |} IntV 5 (INT-CONST)
y=null.f(x), o1, 7 = 02 (ASSIGNMENT)
null.f(x), oy, @ || IntV 5 (METHOD-CALL)
X, o1, @ | IntV 5 (VAR)
[l. 03, @ = o3 (STMTSEQ-0)
a, oz, 7 |l IntV 5 (VAR)

where oy = [(x,IntV 0);(y,IntV 0)], o1 = [(x,IntV 5);(y,IntV 0)], 02 =
[(x.IntV 5);(y.IntV 5)], and o3 = [(a.IntV 5)].
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Proofs in SOS (cont.)

® Exercise: Same statements, but int f (int %) return
atl;

)

x=5;y=null.f(x), oq, ™ = o5 (o5 = [(x,IntV 5);(y.IntV 6)]) (ﬁ‘“':r L\Gﬂ-
x=$, 6 T = ¢ (rr:(xj:ﬂg'ﬂ) (Asqw

f  F, (ﬂz(m-)
(As

s @ U5
yend )@, 7= 0 "
ol ]frx),q',JTF\U/ G (Rt )
X, @, S (Ver )
(1o v >a (6=]a ) (kb G)
aﬁ'qu_;.} T 6 ((j\‘-‘!d\ﬂ;l‘“)
&’q—"ﬁ%f (1 Contt)



SOS rules (v. 2) (cont.)

(NoT) ‘le, (p,m), i
S0 NEL

(INT-MULT) e; * es2, (p, 1), m |
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SOS rules (v

(VAR) =z, (p, n), ™|
(F1ELD) =z, (p. m), 7 {

(METHOD-CALL)

éa- flei,.. -.en), lp, m), &« Lo
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SOS rules (v. 2) (cont.)

® Rules for statements actually don’t change — they always
passed the state along from one to the next — except for
assignment.

(VARASGN) z=e, (p, ), 7 = .glﬁ’ Hﬁ)ég

(FIELDASGN) x=e, (p, 1), ™ =
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Inheritance in Java

// EXAMPLE 1

class B { class C extends B {
string f() { return this.g(); } string g() { return "C"; } }
string g() { return "B"; } }

x = new B(); Y, 5 nev C{);
x.2C0: LS T &
v 205 2 N
// EXAMPLE 2
class B { B aB; class C extends B {
void r() { aB = this; } string g() { return "C"; } }
string s() { return aB.g(); }
string g() { return "B"; } }

x = new B(); y = pew CLY; x.xl); wyixl);
x.s8Q); // 7 3 ‘
y.s0; /7 7 ¢’
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Inheritance in Java (cont.)

// EXAMPLE 3
class B { class C extends B {
B aB:; string g() { return "C"; } }
void q(B x) { aB = x; }
string s() { return aB.g(); }
string g() { return "B"; } }

= new B(); y = new c,();r’
q(x); x.80; // 7 r&ﬂ
Al s =2.=0; 2 ¥

aly); v.80;: /T
cqlx)y wasl)s A T ”ﬁ

r

b T R
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Inheritance in Java (cont.)

// EXAMPLE 4
class B {
string £() { return this.g(); } 1} B b;

string g() { return "B"; } } string g() { return "C"; }
string £() { return b.g(); }

void h(By) {b=1y; } }

class C extends B {

x = new BO; y = new CO;,
yv.hiy); v.£Q; // ?
v.h(x); v.£Q; // 7' i

Fi
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Type-checking rules for MJ

® Will give several kinds of judgments. I is a type environ-
ment, giving the types of variables.

o 7 is a type-correct program

T kK x IS a type-correct class in program 7

m, '~ pu /i a type-correct method in a class whose
fields are given in 1.

T, 'S S is a type-correct statement, when I'

gives all variable declarations surrounding
S (fields, parameters, locals)
m, I'HFe:7 e is a type-correct expression of type 7.

® For now, ignore subclassing (i.e. inheritance)...
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Type-checking rules for programs
and classes

~ o where m = ¢l ... cl,
- A (e Dy o By hewn
T el Oicffered o )
7 Eclasg ¢ 1 fldr oo flde pix cox B
/rr' ]:_ }._/{t d‘uﬂ-’ T7 ;AFPD‘I JLDDP..-S
' 0 ]c,m hovr Xstndk

v\c.wm-; O .:.Q,Q it D5
l"/‘(,.,\ 4‘“3' h%(}?wﬁa

O [-Ocst )
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Type-checking rules for methods

w7 f (args) { S1 ... S, return e }
o 5
If ag/l—t'
i O
", Ty il
i, Mg F&
o N Fﬂ/gﬂ = TT U jmr;



Type-checking rules for statements

7w, ' if (e) S, else S5

ﬂ'lf gl S {QJB'Q
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Type-checking rules for expressions
N G g /l‘—lv{f)

7w, I' F not e fﬂd’ﬂ
T T re. ok
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Type-checking rules for expressions

7w, I' F e + eq : string _
ﬁ'lr't—e". )
(150 BE T R < (‘”“j <

w, ' el + ex: string

’inf’ e T (‘“:)t)

ﬂ'i‘l "‘"ez‘ 5"7-%3
7, T Feo.fler,...,en): €
’ﬂ;lﬂ re : C C Aefus T j((T' ﬁ;“*t}(“\§“}
ﬂ'PI-ff 3 (no ;uxc&m;7\

= A G TN
H I F et C C e H‘C
) ' {( , Xt f-tx""\f-}
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Type-checking rules, with subclasses

w, ' - r=e

m I'F7 f (args) { 51 ... S,, return e }

OReody g
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Type-checking rules, with subclasses
(cont.)

w, I'Feo.fler,...,en): T

mt class ¢ extends s { fldy ... fldyr p1 ... pm }

ﬂIJT"C '—’/" shore TT - ?7&9! j"}‘f]’vk}

L

.. g A Toaded
T\’J Pa F R i ek
o ™
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Type-checking in MP7

® Check types and add locations, constructing new AST of
type programT:

type programT = ProgramT of (class_declT list)

and class_declT = ClassT of id * id * ((var_kind * wvar_decl) list)
* (method_declT list) #* int (* number of fields =)

and method_declT = MethodT of exp_type * id * (var_decl list)

* (var_decl list) * (statementT list) #* annExpT #* int (* size of stack frame #*)

and statementT = BlockT of (statementT list)
| IfT of annExpT #* statementT * statementT
| AssignVarT of id * annExpT #* int
| AssignFieldT of id * annExpT * int

and annExpT = expT * exp_type * int
and expT = OperationT of annExpT #* binary_operation #* annExpT | IntegerT of int
| TrueT | FalseT | MethodCallT of annExpT #* id * (annExpT list) | ThisT | NewIdT of id

| VarT of id | FieldRef of int | NewIdAllec of id * int | NotT of annExpT | NullT
| StringT of string | CvtIntToeStringT of annExpT | CvtBoolToStringT of annExpT
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Example

® Frame consists of four integer variables (x, y, z, and w
(locations 1, 2, 3, 4); objects include field s, uﬁ:ypg string,
at offset 5. Write statementT for: cea TN X

z =x + 3 ﬂ5 ?N“T J:

(JM#: 5 J,.m),},?r:))

A 3) °‘1+““’i2 Iu-ﬂ”ﬁﬂjJ

F\ﬁS:j {'UMT [
O(fna."'h( hdﬂﬁﬂf; Ty ,b) Ploe_

(AM 1} -7\;4.:\‘ : )\)\
) v d i
e pmtasesr
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Abstract machine exercises

Suppose the code sequence (' has the following instructions at
locations 10—-12:

LOADIMM 6,3
ADD &,1,6
MOV 3,5

If the current frame has values: [3,7,2,4,9,21,13,15], give the state
after each instruction:

(10, C. [3.7.2,4,9.21,13,15}, h, t, r)
LOADIMM 6,3 (1 ¢ [371‘iﬁll >, ff—] L‘f )
R ({:L.C Lg,'?l'iﬁtr'vi';ra] Hr)
(I%,C;[ajj‘wiw“:’} la'f‘ )

MOV 3,56
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Compilation of methods

Method T (typ,f,args,vars,sl,ret,sz) ~~

oo MNP H
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Compilation of expressions

IntegerT i, loc ~~

StringT s, loc ~= g‘;j ‘-‘\ 69 :2

TrueT, loc ~

VarT id, loc ~~

NotT e, loc ~~
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Compilation of expressions (cont.)
OperationT (el,Plus,e2), loc ~

oo K€ 7F

CvtintToString e, loc ~~

NewldAlloc(c,sz), loc ~~
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Compilation of statements

Coo RO 7

{Sl,...,Sn },mw

if (¢) S| else S5, m ~~
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Method calls

MethodCallT(e0,f,[el,...,en])

Cor MNP A
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Compiling while statements

While (e) S, m ~~
[JUMP m/] @ ils @ ile @ [CJUMP loc,m + 1,m""],m”
S, m-+1~sils, m’
e, loc ~ ile
(where m"" = m/ + |ile| + 1)

do S while (e), m ~ “&S @ &Q_ & YCIuHP 'I':'C; " n'+)‘1l.al+ INX
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Short-circuit evaluation of boolean
expressions

® The best way to compile boolean expressions is to avoid
computing the value of the expression.

e, m, t, [ ~o1il, m’
® Some expressions are compiled very simply:

True, m, t, f ~~2 [JUMP ¢], m + 1
False, m, t, f ~~ [JUMP f], m + 1

le, m, t, f ~»o il, m’
e, m, f,t ~o il, m’
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Short-circuit evaluation of boolean
expressions (cont.)

e1&&es, m, t, f ~o

erlles, m, t, f ~s o LK
1 2 M’}‘YZ' C

If (e) S, else Sy, m ~~

€S 421 — Class 16, 3/13/12 — 7



Arrays in MJ

® Arrays stored in the heap. Contents are integers — values
or pointers to heap objects (including arrays).

® Have instruction (not used in MP7):

ARRAYREF tgt,src,indx: (p, ¢, s, h, t, 1)
=> (p+1, c, s[i/tgt]l, h, t, T)

® Array indexing:
ale], loc ~~ LP_ = H’@MTQEF- laﬁj addr(~) ; L)CL
o Lutfi W ‘-D—
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Multi-dimensional arrays in MJ

® A multi-dimensional array is an array that contains pointers

to other arrays. |']\kl Faae = it , I

37§
e W PPN |

@® Array indexing for multi-dimensional arrays:

e1les], loc ~~ [:Qj_ @ 10_1 G4 MF-HTREF {l':":j[gc lf Lacl
€+ jlofll — L/Q.,L
e. locZ —) A
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Arrays in C

® Arrays are addresses: al[i] = a + i (where i is multiplied
by the size of a’s elements)

©® Multi-dimensional arrays always rectangular, and arranged in
row-major order:

® a is declared as int[10][20]
T[] [ |

ZE%
s ] )| \ﬁm\
ail‘ﬂ[ﬂ& qYﬂ[,ﬂ * [lﬁm T] ﬂx[’f]{a} 4%1[11)

e address of ali][j] = a + i*80 + j*4.
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Arrays in C (cont.)

® a is declared as int[10][20][30]

J [0’\ Ce [l—) ﬂﬁ_)
e T I NN S
1
witlm M[:‘D o [AKIY eTIRRT) o i)

a (o))
address of ali][j][k] = a + i*2400 + j*120 + k*4

® Rule is: address of ¢ [ez] = address of ¢; + (esx * (size of
elements of ¢,))
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® Draw a table fo

V-tables (cont. )

g all the’methods belonging

to that cla including mherlted es). The order should be

from to n

class B {

e hierarc

void £() {}

void g() {}

class C1 E;:;:::\Ihﬁm_

void h() {}

class C2 extends B

void g {} & \ “
} _\\ﬂj

class D extends C1 {
void i() {}
void g() {}

T
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Exercises with anonymous functions

@ Define a list of three functions: the first adds 1 to any integer; the second doubles any
integer; and the third triples any integer. Then apply the second function to 4:

let funlis =

[‘?“"‘ %= x| ;‘gu")(-?’X*L ;]{-'- = A% 53
in ¢ |, A (,H ,fu,_lh..\ ) 4

@ Transform the following expression to the form let rec length = ... , and remove
pattern-matching:

let rec length lis = match lis with []J] -> 0 | h::t => 1 + length t
in length [1;2;3]

g e lyth = fum U«:&:ytﬁﬂ then O

| + La.D’Hn (R U")
W JL.D’TL [\f-l;%l
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Abstract syntax of MiniOCaml

type exp =

Operation of exp * binary_operation * exp
UnaryOperation of unary_operation * exp

Var of string | StrConst of string | IntConst of int
FloatConst of float | True | False

List of exp list | Tuple of exp list

If of exp * exp * exp | App of exp * exp

let of string * exp * exp

Fun of string * exp

Rec of string * exp

and binary_operation = Semicolon | Comma | Equals | LessThan
| GreaterThan | NotEquals | Assign | And | Or
| IntPlus | IntMinus | IntDiv | IntMult
| FloatPlus | FloatMinus | FloatDiv | FloatMult
| StringAppend | ListAppend

and unary_operation = Not | Head | Tail | Fst | Snd
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Exercise: define closed

(* closed e is true iff e has no free variables.

closedl e varlist is true iff any free variables in e are in varlist =*)
let closed (e:exp) : bool =

let rec closedl (e:exp) (vars:string list) : bool =

@iﬁlﬂz;, ‘w*f; ¢2) - dwd el ver BL (lasd el
[ \lor X — e . e

| L—"T(SJEUEL) - C’DZi E; Uwg c2 (c;l:: UmIL-c-)

\ Fun()(f¢> > sed e [(x Vars )

in closedl e []
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Rules for evaluation by substitution

IntConst 17 |

S@ F‘\fg oY L:-:J‘*—V'-‘ )1

€1 - Epn U‘

List [ey, ..., e€,]
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Rules for evaluation by substitution
(cont.)

If(e1; ea; es) §

(oo Hfg mﬂ-ﬂd\u‘k ]ﬂ

Fun(z, e) |
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Rules for evaluation by substitution
(cont.)

Let(x, €1, e3) |

See MO ¥ w (acha 1

e1 ez )

CS 421 — Class 18, 3/27/12 — 16



Examples of evaluation by

substitution
let x = 3 in x+1 |, 4 (ﬁd‘)
A4l 3 (c*rw"')
2+ | Y (§)
%\“/ 3 (L’ﬂ'ﬂ")

(fun x -> x+1) 3“ "l ( 3

{um*{"')‘“’ \U/ ‘5.-4?&"’*“ (‘f""‘)

3 0> ( comd )

241 44 (§)
30U 3 (ot

U\ (cot)
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Examples of evaluation by

substitution
((fun x -> fun y -> x+y) 3) 4 \U’7 (ﬂ—ﬂv} ( )
(S-w"r—:‘fij-‘:xhpa Jr 3—37:»*" -5 ,'
{-»-_;Ux?)-—a iu— j el 3 \&“‘{)ﬁ ';? \j(-(-ﬁ:*i-) ) H:"‘"
H{LL‘_[.M :j_:; ?_7'\-; sU!-S'-"—j / (f‘i{“;}

g
let £ = fun x = fony -> xy || 3 w

in lJet g =£f 1

in‘ﬁ-'i*f—? = R ~L\/ :F-o X = _— )<+] _{___F—)
A :j‘(g,ﬁjx-) ](2. > x+7> ,Lf:j 2 4 % (M)
J J ) i)
ey i P L TR
( J[u-\j..:‘)ﬂ-g J f—hg-—:f.‘-x}a)ﬂ\ 3 j-.u

(fum x>
ol (<

= Y 2z fu“ J i T j'w
CS 421 — Class 18, fz}ii—ﬁaij\*_;) 5 Jd) 2 (arf)
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Substitution model evaluation rules

(Const) Const x |} Const x (Fun) Fun(a,e) 1} Fun(a,.e)

(Rec) Rec( f,Fun(a.,e)) I} Fun(a,e[Rec(f ,Fun(a,e))/ f]

{5)&0}3&’1}1:(3}31!! () ope L OFP v
el v e | v
e I v
(If) f(e1, e2, e3) I © (If) If(e1, ez, e3) I} ©
e1 4 True e, 1) False
eo | v ez v
(List) [e1, .- ., e, 4 [v1, - .., v,] (App) e e’ Il v
e I vy e 1l Fun(a, €")
: e Il v
e, | v, e'lv'/a] |} v
(Let) Let[a,e,e’) I v
e ll v

elv/a] I v

CS 421 — Class 19, 3/29/12 — 3



Ex. evaluation by substitution

let x = 3 in x+1

Pwaﬂﬁ&

(fun x -> x+1) 3
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Ex. evaluation by substitution

let £ = fun x -> fun y -> xt+y

Do Aoy
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Ex. evaluation by substitution

Let F denote “"rec fac (fun x -> if x=0 then 1 else x * fac(x-1))".

let fac = JF in fac 2 | 2
JF |} fun x -> if x=0 then 1 else x * JF(x-1)
(fun x -> if x=0 then 1 else x * F(x-1))2 | 2
fun x -> if x=0 then 1 else x*F(x-1) I fun x -> if x=0 then 1 else x*JF(x-1)
2] 2
if 2=0 then 1 else 2 * F(2-1) I 2
2=0 1] False
212
ol 0
2% F(2-1) |} 2
24

CS 421 — Class 19, 3/29/12 — 8 1# ’3: fl - l) ‘U’ L



Environment model evaluation rules

(Const) Const ¢, p I} Const c (Var) a, p I p(a)
(Fun) Fun(a,e), p I <Fun(a,e), p > (Rec) Rec(f,e), p I < Rec(f.e), p =
(8Yeope, pllvOP () ope, pl OP v
e, pldv e, pl v
IE.I"l p ..U. U.f
(If) If(ey, €2, es), p I v (If) If(ey, ez, e3), p v
e, p A True ey, p 1} False
ea, p Al v es, pl v
(List) [e1, .. .. en], p &b [v1, ..., vy] (Let) Let(a,e,e’), p I} 2
ey, p i vy e, plv
: e, pla — v] | v
€n, p i vn
(App) e e’ pll v (App) e e, p | V"
e, p i <Fun(a, €"), p’ > e, pl v,
e, plv where v = < Rec(f, Fun(a, €")), p’ >
e’ plaw— v v e, pl v

E_.ﬂr Pr[{ll‘—" U,}fl‘—?" ?_,?] vaf
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Evaluation in environment model

® () denotes the empty environment. We may write [z + o]
as {x — v}.

let x = 3 in x+1,0 {, Y
73(7/& 3
}(+l i"ﬂ-‘*:ﬁi \ULl
ixP33 4 >
I-: '{Xr"*?)‘)\u')

fun x -> x+1) 3 ,-I
c funx;xi:i@, U e xoxel 6>
¢ U 3
XH S EX D) U
g Jxm3y U3

WIS
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Evaluation in environmentFmodeI

let £ = fun x -> fun y -> x+y, 0 m
' ! \J/ - 7—?‘)('1‘? 46>

‘LI : =
]L.Mt - (Aﬂwﬂ [ <’E" Yy;

l..;F %+ i’(r-?p’> d./ 5
jl zf ("]CMJ )'/é_fl

/ 2 j--? ‘.(J'fj; ixﬂii

- ;w-ﬂl 3
€S 421 — Class 19, 3/29/12 — 13 g J -~ JI 3
;7 (3 W °
Yy, 73 U =




Evaluation in environment model

Let F denote “rec fac (fun x -> if x=0 then 1 else x * fac(x-1))".

let fac = JF in fac 2,0 1 2
F.O0U <F, 0>
fac 2, p1 | 2 (p1 = {fac—< F,0 >1})
fac, py I < F,0D >
2, p1d2
if x=0 then 1 else x * F(x-1), p1[x—2] | 2
x=0, pi[x— 2] |} False
x, pr[x— 2] 4 2
0, pr[x— 2] 4L O
x * F(x-1), pi[x— 2] |} 2
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map

® The most famous of all higher-order functions:

let rec map £ lis = if lis=[] then []
else (f (hd 1lis)) :: map f (tl1l 1lis);;

® map (fun x->x+1) [1;2;3] [.z; ’:;‘1]
® let incrBy n lis = map (fun x -> x+n) 1lis
® let incrBy n = map (fun x -> x+n)

5{1»1»-1._

® Type of map?

(of—;‘*eg,}-ﬂa 4 u“":’@tj
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map exercises

® addpairs: (int * int) list — int list

& appendString: string — string list — string list concatenates the first
argument to the end of every string in the second argument

MWSW;&M

@ incrall; int list list — int list list increments every element of every list in

its argument

M&L“‘M P mﬂ"ﬁ; (mﬁf, (j:_.,\ >’ = )ﬁd—l)B l:n
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fold_right

® Usually called reduce, but called fold_right in OCaml:

let rec fold_right (f:?a—>?b->?’b) (lis:?a list) (z:?b) : ’b
= if 1lis=[] then z else f (hd 1lis) (fold_right f (tl1l 1lis) =z)

® fold_right (fun s s’ -> s @ s’) ["a"; "b"; "c"] "
I "
abce

® fold_right (fun x y -> x+y) [3;4;5] 0
[ <~

® fold_right (fun x y -> x::y) [3:4;5] []
Byt B
® let h f lis = fold_right (fun x y => (f x)::y) lis []

h:\mmf
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Currying (cont.)

® Can define functions curry and uncurry:

let curry (f:’a * ’b => ’¢c) : (’a -> ’b -> ’¢c) =
qfu,\ X - f““‘j ‘}(ﬂj)
let uncurry (f:’a -> ’b -> ’¢c) : (’a * ’b -> ’¢c) =

P‘M(_,(fj) ‘)—j-?( Y

usecurried (curry f_uncurried);;
useuncurried (uncurry f_curried);;
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More h-o function examples

® reverse (f: ’a -> ’b -> ’¢c) : (’b -> ’a -> ’¢)

reverse (fun x y -> x-y) 3 5 =2
BE rovtrrt Loz fam w4 > Y X

® twice (f: ’a -> ’a ) : (’a -> ’a)

twice (fun x -> x+1) 3 =

M{mu% {PMKJ{'(%X)
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Representing sets as functions

type intset = int -> bool

let emptyset : intset = ! n — ff;QLAhﬂ

let member (n:int) (s:intset) : bool = § A

let add (n:int) (s:intset) : intset =

f‘-ln n'=> n'=n & s n'
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Representing sets as functions
cont.)

let union (sl:intset) (s2:intset) : intset =

'F‘-D*'\ n= Slow {8 $h N
let intersection (sl:intset) (s2:intset) : intset =

{u,,\ W o> sin &% sxn
let remove (n:int) (s:intset) : intset =

~{;}#& wa = S g:ﬁL w <2 12
let complement (s:intset) : intset =

‘{—u\n " ot 1 “)

let intsAbove (n:int) : intset =

Eu“m—%* e
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Representing dictionaries as
functions

@ Similarly, implementing an environment (a.k.a. dictio-
nary), as in our mps, means defining a representation “type
environment = something”’, and operations:

® ]Jet emptyEnv : environment
® fetch (id:id) (env:environment) : value

® extend (id:id) (v:value) (env:environment) : environment

® These operations need to act in an “environment-like”’ way,
e.g.
® fetch "x" emptyEnv throws an exception

® fetch "x" (extend "x" (IntConst 3) emptyEnv) returns IntConst 3
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