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type key = string
type binding = int
type tree = {key: key,

binding: binding,
left: tree,
right: tree}

function look(t: tree, k: key)
: binding =

if k < t.key
then look(t.left,k)

else if k > t.key
then look(t.right,k)

else t.binding

function enter(t: tree, k: key,
b: binding) =

if k < t.key
then if t.left=nil
then t.left :=

tree{key=k,
binding=b,
left=nil,
right=nil}

else enter(t.left,k,b)
else if k > t.key
then if t.right=nil
then t.right :=

tree{key=k,
binding=b,
left=nil,
right=nil}

else enter(t.right,k,b)
else t.binding := b

(a) Imperative

type key = string
type binding = int
type tree = {key: key,

binding: binding,
left: tree,
right: tree}

function look(t: tree, k: key)
: binding =

if k < t.key
then look(t.left,k)

else if k > t.key
then look(t.right,k)

else t.binding

function enter(t: tree, k: key,
b: binding) : tree =

if k < t.key
then
tree{key=t.key,

binding=t.binding,
left=enter(t.left,k,b),
right=t.right}

else if k > t.key
then
tree{key=t.key,

binding=t.binding,
left=t.left,
right=enter(t.right,k,b)}

else tree{key=t.key,
binding=b,
left=t.left,
right=t.right}

(b) Functional

PROGRAM 15.3. Binary search trees implemented in two ways.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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type answer
type stringConsumer = string -> answer
type cont = () -> answer

function getchar(c: stringConsumer) : answer
function print(s: string, c: cont) : answer
function flush(c: cont) : answer
function exit() : answer

PROGRAM 15.4. Built-in types and functions for PureFun-Tiger.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel



��� �� � � � � �	 
 � �� 	 �� 
 �	 � ���� � ��� �� ��

let
type intConsumer = int -> answer

function isDigit(s : string) : int =
ord(s)>=ord("0") & ord(s)<=ord("9")

function getInt(done: intConsumer) =
let function nextDigit(accum: int) =

let function eatChar(dig: string) =
if isDigit(dig)
then nextDigit(accum*10+ord(dig))
else done(accum)

in getchar(eatChar)
end

in nextDigit(0)
end

function putInt(i: int, c: cont) =
if i=0 then c()
else let var rest := i/10

var dig := i - rest * 10
function doDigit() = print(chr(dig), c)

in putInt(rest, doDigit)
end

function factorial(i: int) : int =
if i=0 then 1 else i * factorial(i-1)

function loop(i) =
if i > 12 then exit()
else let function next() = getInt(loop)

in putInt(factorial(i), next)
end

in
getInt(loop)

end

PROGRAM 15.5. PureFun-Tiger program to read i , print i !.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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let
type list = {head: int, tail: list}
type observeInt = (int,cont) -> answer

function doList(f: observeInt, l: list, c: cont) =
if l=nil then c()
else let function doRest() = doList(f, l.tail, c)

in f(l.head, doRest)
end

function double(j: int) : int = j+j

function printDouble(i: int, c: cont) =
let function again() = putInt(double(i),c)
in putInt(i, again)
end

function printTable(l: list, c: cont) =
doList(printDouble, l, c)

var mylist := · · ·

in printTable(mylist, exit)
end

PROGRAM 15.6. printTable in PureFun-Tiger.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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let
type list = {head: int,

tail: list}

function double(j: int): int =
j+j

function printDouble(i: int) =
(putInt(i);
putInt(double(i)))

function printTable(l: list) =
while l <> nil

do (printDouble(l.head);
l := l.tail)

var mylist := · · ·

in printTable(mylist)
end

(a) As written

let
type list = {head: int,

tail:list}

function printTable(l: list) =
while l <> nil

do let var i := l.head
in putInt(i);

putInt(i+i);
l := l.tail

end

var mylist := · · ·

in printTable(mylist)
end

(b) Optimized

PROGRAM 15.7. Regular Tiger printTable.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel

�
�{��

�;�
��7

8
�
�w�(���

�����
��7

�®�V���

� 5a?Z#$"\W$#vM:/�#$[6"@)<+8?Z#$ V?�M:)Z#U1:)
� 3&5("@)<+O�x/@ X1436)Y+:?,5(S\)Y5(=5('71:),M.W$#$MD/�#$[&"@),+<d

� 5$M0?<5$MDMD)<?�1: 6)<+D+ZJ7/@ 6"@/@ 6/@ &%`+D365*'6"@;7
"&MD+10M:), c#$QR)�A�as4uUhc�$j�~,mH1:3&)Y=b5$M:Qx#$"

S&#vM4#$QR)�1:),M:+I5(=/@ & 6),M�On &),+91:)<;�=b'& 6?�1:/@5( &+<d

�V��T
DFEHGT

c
LNT

P
�V��e

DFEHGQ
c
LONQ

P
d
	��X
���HZ
��

�fhkmL������jiL�
�����T

N
d
	��X
���HZ
��

�fhkmL������jiL�
�����T

N
ke
ne
c

kT
ne
c

d
	��X
���HZ
�
dgfcL������jiL�

�����T
N

p
d
	��X
���HZ
�

dgfEL������jiL�
�����T

N
�fJine

c
fJne

cKin
E

����
dgfrYine

c
���I

dgfrYine
c

V��Y[
V��Y[



� � � �� � ��� � �� � � �� � � � � � ��� � 
� � �� �

(a) When the actual parameters are
simple variables i1, . . . , in .
Within the scope of:

function f (a1, . . . , an) = B

the expression

f (i1, . . . , in)

rewrites to

B[a1 7→ i1, . . . , an 7→ in]

(b) When the actual parameters are non-
trivial expressions, not just variables.
Within the scope of:

function f (a1, . . . , an) = B

the expression

f (E1, . . . , En)

rewrites to

let var i1 := E1
...

var in := En

in B[a1 7→ i1, . . . , an 7→ in]
end

where i1, . . . , in are previously unused
names.

ALGORITHM 15.8. Inline expansion of function bodies. We assume that no two
declarations declare the same name.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel

function f (a1, . . . , an) =
B

→

function f (a′1, . . . , a′n) =
let function f ′(a1, . . . , an) =

B[ f 7→ f ′]
in f ′(a′1, . . . , a′n)
end

ALGORITHM 15.9. Loop-preheader transformation.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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If every use of f ′ within B is of the form f ′(E1, . . . , Ei−1, ai , Ei+1, . . . , En) such that the
i th argument is always ai , then rewrite

function f (a′1, . . . , a′n) =
let function f ′(a1, . . . , an) = B
in f ′(a′1, . . . , a′n)
end

→
function f (a′1, . . . , a′i−1, ai , a′i+1, . . . , a′n) =
let function f ′(a1, . . . , an) = B
in f ′(a′1, . . . , a′i−1, a′i+1, . . . , a′n)
end

where every call f ′(E1, . . . , Ei−1, ai , Ei+1, . . . , En) within B is rewritten as
f ′(E1, . . . , Ei−1, Ei+1, . . . , En).

ALGORITHM 15.10. Loop-invariant hoisting.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel

1 function printTable(l: list, c: cont) =
2 let function doListX(l: list) =
3 if l=nil then c()
4 else let function doRest() =
5 doListX(l.tail)
6 var i := l.head
7 function again() =
8 putInt(i+i,doRest)
9 in putInt(i,again)

10 end
11 in doListX(l)
12 end

PROGRAM 15.11. printTable as automatically specialized.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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type mainLink = { · · · }
type printTableLink= {SL: mainLink, cFunc: cont, cSL: ?}
type cont = ? -> answer
type doListXLink1 = {SL: printTableLink, l: list}
type doListXLink2 = {SL: doListXLink1, i: int,

doRestFunc: cont, doRestSL: doListXLink1}

function printTable(SL: mainLink, l: list, cFunc: cont, cSL: ?) =
let var r1 := printTableLink{SL=SL,cFunc=cFunc,cSL=cSL}

function doListX(SL: printTableLink, l: list) =
let var r2 := doListXLink1{SL: printTableLink, l=l}
in if r2.l=nil then SL.cFunc(SL.cSL)

else let function doRest(SL: doListXLink1) =
doListX(SL.SL, SL.l.tail)

var i := r2.l.head
var r3 := doListXLink2{SL=r2, i=i,

doRestFunc=doRest, doRestSL=r2}
function again(SL: doListXLink2) =

putInt(SL.SL.SL, SL.i+SL.i,
SL.doRest.func, SL.doRestSL)

in putInt(SL.SL,i, again,r3)
end

in doListX(r1,l)
end

PROGRAM 15.12. printTable after closure conversion.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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printTable: allocate record r1 printTable: allocate stack frame
jump to doListX jump to whileL

doListX: allocate record r2 whileL:
if l=nil goto doneL if l=nil goto doneL
i := r2.l.head i := l.head

allocate record r3

jump to putInt call putInt
again: add SL.i+SL.i add i+i

jump to putInt call putInt
doRest: jump to doListX jump to whileL
doneL : jump to SL.cFunc doneL: return

(a) Functional program (b) Imperative program

FIGURE 15.13. printTable as compiled.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel

type tree = {key: ()->key,
binding: ()->binding,
left: ()->tree,
right: ()->tree}

function look(t: ()->tree, k: ()->key) : ()->binding =
if k() < t().key() then look(t().left,k)
else if k() > t().key() then look(t().right,k)
else t().binding

PROGRAM 15.14. Call-by-name transformation applied to Program 15.3a.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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type intList = {head: int, tail: intList}
type intfun = int->int
type int2fun = (int,int) -> int

function sumSq(inc: intfun, mul: int2fun, add: int2fun) : int =
let
function range(i: int, j: int) : intList =
if i>j then nil else intList{head=i, tail=range(inc(i),j)}

function squares(l: intList) : intList =
if l=nil then nil
else intList{head=mul(l.head,l.head), tail=squares(l.tail)}

function sum(accum: int, l: intList) : int =
if l=nil then accum else sum(add(accum,l.head), l.tail)

in sum(0,squares(range(1,100)))
end

PROGRAM 15.15. Summing the squares.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel

function look(t: tree, k: key) : ()->binding =
if k < t.key() then look(t.left(),k)
else if k > t.key() then look(t.right(),k)
else t.binding

PROGRAM 15.16. Partial call-by-name using the results of strictness analysis;
compare with Program 15.14.
From Modern Compiler Implementation in ML,
Cambridge University Press, c©1998 Andrew W. Appel
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