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(fix f A(n:int).if0(n,1,n x f(n —1)):int) 6
Aadfa = adraf (fz)

e Based on System F of Girard and Reynolds.




CPS Coversion|

e Purpose:

— Eliminate the need for a control stack.
— Names all intermediate computations.
e How: Pass continuation (remained work) to a callee.
(fix f AM(n: int, k: int — unit).
ifO(n, k1,
letr=n—1in

flz, Ay:int.let z = nxyink z)))
(6, An: int.halt[int|n)

e Based on Harper and Lillibridge’s.




Closure Conversion|

e Purpose: Remove free variables.

e Hovw: Pass free vanables’ values.

let y =1 let y=1
f=dz(y-) = f=Azy)leye)
in f2 in f(2,y)

e Hoisting: Lift up all functions to top-level.

letrec f — Mz, y).(---y---)
in lety =11in f (2, y)

e Based on Minamide et al.




letrec [, +— (* main factorial code block *)
code||{env: (), n:int, k7).
ifO(r. (# true branch: continue with 1 *)
let [3. kynpack] = unpack k in
let kcode = Trl{k-uujruci.:} in
let Keny = Tri{kunpnﬂk) in
kt:ue‘iir{kt-‘n"% J-}s-
(* false branch: recurse with n — 1 *)
letie =n — 1 in
fcudc(eni’: x, pack [{iﬂta Tk:"'.- {mntﬂadm {“1- k}}] as Tk }:I
conit .ode = (* code block for continuation after factorial computation =)
code||(env:{int. 7). yiint ).
(* open the environment #*)
let n = wi(env) in
let k& = TTg(HﬂJ:‘J:I in
(# compute n! into z *)
letz =n = yin
(* continue with z *)
let [3, kunpack] = unpack k in
let kr’.‘r?rﬁﬂ = m1 l::'ii':tr.ﬂ'pr]'.r'.‘k) in
let kenw = TTE(kunpur:k) in
ktmic{kcnu P 3}
hetlt nid- + (* code block for top-level continuation *)
code[|(env:{}.n:int). halt[int]n

feode({). 6, pack [{}, (halt .qq0. ()}] as T5)
where 7 is e {(ex, int) — void, o)

Fig. 8. Factorial in A™.



Allocation]

e Purpose: Explicitly allocate memory to non-primitive values.

e How: Use explicit memory allocator.

letxr = {1*'1:1}2} im-=--

|

let r; =malloc|int, int]
Lo = Tll].] —
T = Io|2] ¢ va




letrec f.que — (* main factorial code block *)

code|](env:{}, nuint, k).
if0(n, (* true branch: continue with 1 *)
let [3, kunpack] = unpack & in
let koge = ™1 (kimpar:k) in
let k:r'n.':: - W2(kuupuck} in
kr:mﬂc{kmun 1)
(# false branch: recurse with n — 1 #)
letz =n—1in
let 1 = malloc[int, 1] in
letyz = y[1] — nin
let yz = yg[?] — kin (* (TI, k) *)
let yy = malloc[({int, 3.}, int) — wveoid, (int,7))] in
let ys = y4[1] — cont gqe in
let yg = y5[2] —yzin (x (cont coqe, (n, k) *)
feode(env, x, pack [(int, 7i), ys] as Ti))
cont ppde +— (* code block for continuation after factorial computation *)
code|]({ env:{int, 7y}, y:int).
(* open the environment *)
let n = 71 (env) in
let k = ma(env) in
(* continue with n x y *)
let z =n x yin
let [3. kynpack] = unpack k in
let kepge = ™1 {kunpack} in
let keny = W2(kunpack) in
kcode(Kenu, 2)
halt .4 +— (* code block for top-level continuation *)
code| | env:{}, n:int). halt[int]n

let y7 = malloc[] in (% () #)

let ys = malloc[] in (% () #)

let yg = malloc[({), int) — void. (}] in

let y10 = yo[1] — halt .4, in

let y11 = y10[2] — ys in (* (halt code, () *)
feode(yr, 6, pack [{},y11] as 7¢)

where 1y, is Je. {(av, int) — void, o)

Fig. 12. Factorial in A%,



TAL

e High-level abstract assembly language that has type information.




(H.{} 1)
H

where

1l fact:
code||[{r1:{},r2:int,x3:7}.

bnz r2,l nonzero
unpack [a,r3],r3
1d r4,r3[0]

1d r1,r3[1]

mov re,1

jmp r4

)
]
%

=2

1 nonzero:
code| |{r1:{),r2uint, r3:m.}.

sub r4,r2,1
malloc r5[inf, x|
at r5[0],r2
st r5[1],r3

zero branch: call k (in r3) with 1
project k code
project & environment

jump with {ri = env,r2 =1}

n—1

create environment for cont in 5
store n into environment

store k into environment

malloc r3[¥[].{r1:(int", i}, r2:int}, (int', 7)) % create cont closure in r3

mov r2,l_cont

st r3[0],r2

st r3[1],r5

mov rd,rd

mov 13, pack [{int', 7}),r3] as T
jmp 1 fact

%
]
%

1 _cont:

c

ode[|{z1:{int', 74 ),x2:int}.

%
1d r3,r1[0] %
1d rd,r1[1] %
mul r2,r3,r2 %
unpack [ov,r4]|,rd %
14 r3,r4[0] A

1d r1,r4[1] %
jmp 3 %
1l halt:
code||{rl:{),r2:int}.

mov rl,r2

halt[ind] &
and [ =

malloc rif] b

malloc r2|] %

malloc r3[v[].{rl:{},r2:int}, {)] %

mov rd,l halt

st r3[0],rd %

st r3[1],r2 %

mov r2,6 %

mov r3,pack|[{}.r3] as %

jmp l.fact %
and 7 = da{v[].{ri:or2nt}’, o)

Fig. 21.

store cont code

store environment {n, k)

arg '=n — 1

abstract the type of the environment
call fact{env,n — 1,1 _cont)

r2 contains (n — 1)!

retrieve n

retrieve &

nx(n—1)

unpack k

project & code

project k environment

jump to k& with {ri =env,r2 = 'u!}

halt with result in r1

create an empty environment ({})
create another empty environment
create halt closure in r3

store halt code

store halt environment {}

load argument (6)

abstract the type of the environment
call fact({),6, 1 halt)

Typed assembly code for factorial.



1l main:

code[|{}. % entry point
mov rl,6
jmp 1l fact
1l fact:
code| |[{ril:int}. % compute factorial of r1
mov r2,ril % set up for loop
mov rl,1
jmp 1 _loop
1 loop:
code| |{rl:int r2:int}. % ri: the product so far,
% r2: the next number to be multiplied
bnz r2,l nonzero % branch if not zero
halt|ini] % halt with result in r1
1l nonzero:
code| |{ril:int r2:int}.
mul ri,rl,r2 % multiply next number
sub r2,r2,1 % decrement the counter
jmp 1l_loop

Fig. 1. A TAL program that computes 6 factorial.



Type Preservation|
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