INTERPRO
HIGHER-
Wi

ot

URL

;

JURAL SPE

L DYNAMIC LANG

HO

i

SIA

C ANALYS

ECOOP
June 22, 2017

Baptiste Saleil

baptiste.saleil@umontreal.ca

Marc Feeley
feeley@iro.umontreal.ca

GIALIZATION OF

UAGES

S

Universite l'"’\

de Montreéal


mailto:baptiste.saleil@umontreal.ca
mailto:feeley@iro.umontreal.ca

INTRODUGTION

B Research on JIT compilation
= Dynamic languages

= Dynamic techniques

B LC: Research oriented Scheme compiler

= Scheme and Functional Programming Workshop 2014 & 2015

= https://github.com/bsalell/lc




INTRODUGTION

B Dynamic languages
= Work done at compilation |

= \Work done at execution T

B Dynamic type checking

= Ensures safety of the primitives )

= [mpact on performance :(




DYNAMIC TYPE CHECKING

B Example

(define (sum-to-10 x)
(if > x 10)
0
(+ x (sum-to-10 (+ x 1)))))
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DYNAMIC TYPE CHECKING

B Example

(define (sum-to-10 x)
(if > x 10)
0
(+ x (sum-to-10 (+ x 1)))))

4 type checks in this code

B How can we remove them ?




INTERPROCEDURAL SPECIALIZATION

(define (sum-to-10 x)
(if (> x 10)
0
(+ x (sum-to-10 (+ x 1)))))

(print (sum-to-10 ©))
(print (sum-to-10 7.5))




INTERPROCEDURAL SPECIALIZATION

(define (sum-to-10 x)

(if (> x 10) sum-to-10:
0] (x:int)

(+ x (sum-to-10 (+ x 1)))))

I
' int

(print (sum-to-10 )
(print (sum-to-10 7.5))




INTERPROCEDURAL SPECIALIZATION

(define (sum-to-10 x)
(if (> x 10)
0
(+ x (sum-to-10 (+ x 1)))))

(print (sum-to-10 ©)
(print (sum-to-10 / °)

sum-to—-10:
(x:int)

I
' int

sum-to—-10:
(x:float)

o
v'Tloat




RUNNING EXAMPLE: HIGHER ORDER FUNCTION

(define (make-sumer n)

(letrec ((f (lambda (x) «—— Closure that captures n
(if (> x n)
0
(+x (£ (+x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5
(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




RUNNING EXAMPLE: HIGHER ORDER FUNCTION

(define (make-sumer n)
(letrec ((£ (lambda (x) «—— Closure that captures n
(if (> x n)
0
(+x (f (+x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6 +7 + 8+ 9 + 10
(print (sum-to-10 ©))

; (.5 + 8.5+ 9.5
(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




RUNNING EXAMPLE: HIGHER ORDER FUNCTION

(define (make-sumer n) _ Gtatic analysis (e.g. 0-CFA)
(letrec ((f (lambda (x)

(if (> x n)
0
+x (£ (+x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6 +7 + 8+ 9 + 10
(print (sum-to-10 ©))

; (.5 + 8.5+ 9.5

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




RUNNING EXAMPLE: HIGHER ORDER FUNCTION

(define (make-sumer n) = _, Gtatic analysis (e.g. 0-CFA)
(tetrec ((£ (lambda (), 3T jncompatible

(if (> x n) .
: = Lacks precision

(+x (£ (+x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6 +7 + 8+ 9 + 10
(print (sum-to-10 ©))

; (.5 + 8.5+ 9.5
(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




RUNNING EXAMPLE: HIGHER ORDER FUNCTION

(define (mak:—sumer n) naIySiS (e. - FA)
(letrec ((£f (lambda (x) « JIT inCo e

(if (> x n) o
0 S precision

(+x (£ (+x 1)))))))

—

£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6 +7 + 8+ 9 + 10
(print (sum-to-10 ©))

; (.5 + 8.5+ 9.5

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))
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tRPROCEDURAL SPECIALIZATION OF
GHER-ORDER DYNAMIC LANGUAGES
WITHOUT STATIC ANALY SIS




INTERPROCEDURAL SPECIALIZATION OF
HIGHER-ORDER DYNAMIC LANGUAGES
WITHOUT STATIC ANALY SIS

— Basic Block Versioning (BBV)

m Simple and Effective Type Check Removal through Lazy Basic
Block Versioning
Maxime Chevalier-Boisvert and Marc Feeley, ECOOP 2015
m Lazy intraprocedural code specialization (JIT)

m No static analysis

m Dynamic languages (JavaScript, Scheme, ...)




NAIVE COMPILATION

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)
0
(+x (£ (+ x 1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




NAIVE COMPILATION

(define (make-sumer n)
(letrec ((f (lambda (x)
(if C xn)
0
+x (E (+x1)))))))

2 5 checks needed

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




BASIC BLOCK VERSIONING
(avey poiat)

(define (make-sumer n) x:unk |
(letrec ((f (lambda (x) S !
(if (> x n)
0

(+x (f (+ x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




BASIC BLOCK VERSIONING

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)

£))

(define sum-to-10
(define sum-to-pi

.6+ 7 +8+ 9+
(print (sum-to-10
; (.5 + 8.5 + 9.5
(print (sum-to-10
; 1.10 + 2.10 + 3.
(print (sum-to-pi

0

(+x (f (+ x1)))))))

(make-sumer 10))

(make-sumer 3.14))

10
6))

7.5))
10
1.10))

<:?ntry point:>

x:unk
n:unk Y x :unk
n:unk
>
false
x:int triue
n:unk




BASIC BLOCK VERSIONING

<:?ntry p01nt

(define (make-sumer n) -
(letrec ((f (lambda (x) n:unk zunk
(if (> x n) fﬂ%
O x:int t
(+ x (f (+ x 1))))))) ™™ zlﬂt
f)) false
x:int

(define sum-to-10
(define sum-to-pi

.6+ 7 +8+ 9+
(print (sum-to-10
; (.5 + 8.5 + 9.5
(print (sum-to-10

; 1.10 + 2.10 + 3.

(print (sum-to-pi

(make-sumer 10)) n:mt

(make-sumer 3.14))

10
6))

7.5))
10
1.10))




BASIC BLOCK VERSIONING
(avey poiat)

(define (make-sumer n) %:unk |
(letrec ((£f (lambda (x) e ! iiﬁ
0 x:int trhe
(+x (f (+ x 1))))))) == ' e
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5
(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




BASIC BLOCK VERSIONING

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)

£))

(define sum-to-10
(define sum-to-pi

.6+ 7 +8+ 9+
(print (sum-to-10
; (.5 + 8.5 + 9.5
(print (sum-to-10

; 1.10 + 2.10 + 3.

(print (sum-to-pi

0

(+x (£ (+x 1)))))))

(make-sumer 10))
(make-sumer 3.14))

10
6))

7.5))
10
1.10))

<:?ntry p01nt

x:unk

n:unk X:unk
n
false

X:int t

n:unk x:int
n
false

X:int

n:int x:int

n ln
X: 1nt
n:int

t]. = X +int 1
= f(t1)

x:int \

n:int \/
t2:unk




BASIC BLOCK VERSIONING

<:?ntry p01nt

(define (make-sumer n) x :unk
(letrec ((f (lambda (x) e zmm
(if (> x n)
0 x:mt 4
(+ x (f (+ x 1))))))) ™ zlnt
£)) fﬂ%
x:int
(define sum-to-10 (make-sumer 10)) meint zziz
(define sum-to-pi (make-sumer 3.14)) > return 0 :>
x1nt
;6 + 7+ 8+ 9+ 10 e
(print (sum-to-10 6)) t2 = £(t1)

. 7.5+ 8.5 + 9.5 e |

n:int Y
(print (sum-to-10 7.5)) tzzunk

; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




BASIC BLOCK VERSIONING

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)

£))

(define sum-to-10
(define sum-to-pi

; 6+ 7 +8 + 9 +

0

(+x (£ (+ x 1)))))))

(make-sumer 10))
(make-sumer 3.14))

10

(print (sum-to-10 6))

; (.5 + 8.5 + 9.5

(print (sum-to-10 7.5))

; 1.10 + 2.10 + 3.

(print (sum-to-pi

10
1.10))

<:?ntry p01nt

x:unk

n:unk x:unk
n
false

X:int t

n:unk x:int
n
false

X:int

n:int

x:int

n int

\\ return O :>
X: 1llt
n:int Y
tl = x +int 1
= £(t1)




BASIC BLOCK VERSIONING

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)

£))

(define sum-to-10
(define sum-to-pi

; 6+ 7 +8 + 9 +

0

(+x (£ (+ x 1)))))))

(make-sumer 10))
(make-sumer 3.14))

10

(print (sum-to-10 6))

; (.5 + 8.5 + 9.5

(print (sum-to-10 7.5))

; 1.10 + 2.10 + 3.

(print (sum-to-pi

10
1.10))

<:?ntry p01nt

x:unk

n:unk x :unk
n
false

X:int t

n:unk x int

t]. = X +int 1
= f(t1)




BASIC BLOCK VERSIONING

<:?ntry point:>

(define (make-sumer n) x:unk
(letrec ((f (lambda (x) S
(if C xn)
0
+x ( (+x1)))))))
£)) 3 checks needed

(2 removed)

(define sum-to-10 (make-sumer 10))

(define sum-to-pi (make-sumer 3.14))

. 6+ 7+8+ 9+ 10 R
(print (sum-to-10 6)) t2 = £(t1)
; (.5 + 8.5 + 9.5

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))




OUR WORK: INTERPROGEDURAL EXTENSIONS

(define (make-sumer n)

(letrec ((f (lambda (x) ’ Prop_agate the types through
(i function calls
if > x n)
0 — Nno check on X

(+x (f (+ x 1)3)))))
£)) 2 checks needed
(3 removed)

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5
(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))



OUR WORK: INTERPROGEDURAL EXTENSIONS

(define (make-sumer n)
(letrec ((f (lambda (x)
(if > x n)

* Propagate the types through
function calls

: - no check on x
(+ x (f (+ x 1))))))). o te the t th h
£)) 1 check needed e T

function returns
(4 removed)
(define sum-to-10 (make-sumer 10)) - Nno check on the returned

(define sum-to-pi (make-sumer 3.14)) value

; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5
(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))



OUR WORK: INTERPROGEDURAL EXTENSIONS

(define (make-sumer n)

(letrec ((f (lambda (x) ’ Prop?‘gate the types through
(i function calls
if (> x n)
0 — Nno check on X

£)) no checks needed | 'OPAIAE HE YPES TIOUY

function returns
(5 removed)
(define sum-to-10 (make-sumer 10)) — Nno check on the returned

(define sum-to-pi (make-sumer 3.14)) value

64T+ 849+ 10 : Spemalljg tfhe code using
(print (sum-to-10 6)) captured Information
, 7.5 + 8.5 + 9.5 —~ no check onn

)

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))
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— Several entry points, each specialized for a type combination
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 Allow storing multiple entry points instead of 1
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2. Dynamic dispatch to jump to the entry point

 Each function call

e Each function return (each continuation call)



OUR WORK: INTERPROGEDURAL EXTENSIONS

— Several entry points, each specialized for a type combination
1. Extend the closure representation

 Allow storing multiple entry points instead of 1

2. Dynamic dispatch to jump to the entry point

 Each function call

e Each function return (each continuation call)

3. Specialize using captured information -
11



IMPLEMENTATION

Closure representation
extension



FLAT CLOSURE REPRESENTATION




FLAT CLOSURE REPRESENTATION

code alloe
Generated (define (make-sumer n)
code (letrec ((£f (lambda (x)
(if (> x n)
0
+x (£ (+x1)))))))
£))
(define sum-to-10 (make-sumer 10))
am 115 (define sum-to-pi (make-sumer 3.14))
Closure J sum-to-10 ; 6+ 7 + 8+ 9+ 10
IBEEE ﬁ\ (print (sum-to-10 6))
| ' [3.14 ; 7.5 + 8.5 + 9.5
\sum—tﬂ—pi (print (sum-to-10 7.5))
, ; 1.10 + 2.10 + 3.10
Stub memory (print (sum-to-pi 1.10))
space ...| stubl
l stub alloc

compiler



FLAT GLOSURE REPRESENTATION

code alloc

a

Generated
code

11
([T T1o

r

Closure ) sum-to-10

instances< n
{314

\1

sum-to-pi

Stub memory
space

.| stubl

l

8

stub alloc

compiler

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)
0
+x (£ (+x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

(print (sum-to-10 6))
(print (sum-to-10 7.5))

(print (sum-to-pi 1.10))



FLAT GLOSURE REPRESENTATION

code alloc

a

Generated
code

11
([T T1o

r

Closure ) sum-to-10

instances< n
{314

\1

sum-to-pi

Stub memory
space

.| stubl

l

8

stub alloc

compiler

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)
0
+x (£ (+x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

(print (sum-to-10 6))
(print (sum-to-10 7.5))

(print (sum-to-pi 1.10))



FLAT GLOSURE REPRESENTATION

code alloc
Generated (define (make—sumer Il)
code (letrec ((f (lambda (x)
£ (if (> x n)
0
+x (f (+ x1)))))))
£))
(define sum-to-10 (make-sumer 10))
am 111] (define sum-to-pi (make-sumer 3.14))
Closure< sum-to-10
R EE n (print (sum-to-10 6))
‘3.4
\sum_tn_pi (print (sum-to-10 7.5))
Stub memory (print (sum-to-pi 1.10))
space ...| stubl
l stub alloe .
13

compiler



IMPLEMENTATION: FLAT CLOSURE EXTENSION

code alloc

Generated
code

Entry point
tables

Closure<
instances

Stub memory
space

h

n

N 10
sum-to-10
n

N (314
sum-to-pi

Argument types

.| stubl

l

~

stub alloc

compiler

(define (make-sumer n)
(letrec ((£f (lambda (x)
(if (> x n)
0
+x (f (+ x1))))))
£))

(define sum-to-10 (make-sumer 10))

(define sum-to-pi (make-sumer 3.14))

(print (sum-to-10 6))
(print (sum-to-10 7.5))

(print (sum-to-pi 1.10))



IMPLEMENTATION: FLAT CLOSURE EXTENSION

code alloc

A

Generated
code
Argument types
«— (int)
Entry point N
tables
N
2\
. n
N 10
Closure< sum-to-10
instances n
> (3.4
\ 1 _
sum-to-pi
Stub memory
space .| stubl
l stub alloc

compiler

(define (make-sumer n)
(letrec ((£f (lambda (x)
(if (> x n)
0
+x (f (+ x1))))))
£))

(define sum-to-10 (make-sumer 10))

(define sum-to-pi (make-sumer 3.14))

(print (sum-to-10 6))
(print (sum-to-10 7.5))

(print (sum-to-pi 1.10))



IMPLEMENTATION: FLAT CLOSURE EXTENSION

code alloe

y

Generated
code
Entry point -
tables
\
2\
. n
N 110
Closure< sum-to-10
instances n
N (314
\ -
sum-to-pi

Stub memory
space

Argument types
«<— (int)
«— (float)

.| stubl

l

A

stub alloc

compiler

(define (make-sumer n)
(letrec ((£f (lambda (x)
(if (> x n)
0
+x (f (+ x1))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

(print (sum-to-10 6))
(print (sum-to-10 7.5))

(print (sum-to-pi 1.10))



IMPLEMENTATION: FLAT CLOSURE EXTENSION

code alloe

y

Generated
code
Entry point -
tables
\
2\
. n
N 110
Closure< sum-to-10
instances n
N (314
\ -
sum-to-pi

Stub memory
space

Argument types
«<— (int)
«— (float)

.| stubl

l

A

stub alloc

compiler

(define (make-sumer n)
(letrec ((£f (lambda (x)
(if (> x n)
0
+x (f (+ x1))))))
£))

(define sum-to-10 (make-sumer 10))

(define sum-to-pi (make-sumer 3.14))

(print (sum-to-10 6))
(print (sum-to-10 7.5))

(print (sum-to-pi 1.10))



IMPLEMENTATION

Dynamic dispatch



IMPLEMENTATION: DYNAMIC DISPATCH

code alloc
Generated (define (make-sumer n)
code . (letrec ((f (lambda (x)
(if (> x n)
0
Eloloal Lo (+x (£ (+ x 1)))))))
Entry point £))
tables
(define sum-to-10 (make-sumer 10))
e (define sum-to-pi (make-sumer 3.14))
Closure< ; 6+ 7 +8+ 9+ 10
instances (print (sum-to-10 6))
, 7.5 + 8.5 + 9.5
~ (print (sum-to-10 7.5))
Stub memory ; 1.10 + 2.10 + 3.10
space (print (sum-to-pi 1.10))
stub alloc




IMPLEMENTATION: DYNAMIC DISPATCH

code alloc
Generated (define (make-sumer n)
code (letrec ((f (lambda (x)
(if (> x n)
0
Cootolllre (+ x (f (+ x1)))))))
Entry point :t\ £))
tables AN
W\ (define sum-to-10 (make-sumer 10))
oy (define sum-to-pi (make-sumer 3.14))
Clogi )| TSR ; 6+ 7 +8+ 9+ 10
instances (print (sum-to-10 6))
. 7.5+ 8.5+ 9.5
\ (print (sum-to-10 7.5))
Stub memory | . 1.10 + 2.10 + 3.10
space .| stubl (print (sum-to-pi 1.10))
l stub alloc
compiler




IMPLEMENTATION: DYNAMIC DISPATCH

make-sumer

A code alloc

y

Generated
code
/ Global layout
7 — (i
Entry point \ G
tables A\ A\
A\ W\
W\ W\
- n
™ ~ 10
Closure make-sumer sum-to-10
instances
\
Stub memory
space .| stubl | stub2
\, ../ stub alloc

compiler

(define (make-sumer n)
(letrec ((£f (lambda (x)
(if (> x n)
0
+x (f (+ x1))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

(print (sum-to-10 6))
(print (sum-to-10 7.5))

(print (sum-to-pi 1.10))



IMPLEMENTATION: DYNAMIC DISPATCH

make-sumer

_ PN - code alloc
Generated
code
/// Global layout
Entry point ~ <« (int)
taslg{)es — — LTeeE)
l\
N
p
N N
Closure make-sumer sum-to-10
) n
1nstances N 314
sum-to-pi
\.
Stub memory
space .| stubl | stub2
\, ../ stub alloc

compiler

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)

£))
(define sum-to-10
(define sum-to-pi
(print (sum-to-10
(print (sum-to-10

(print (sum-to-pi

0
(+x (£ (+ x1)))))))

(make-sumer 10))
(make-sumer 3.14))

6))
7.5))

1.10))



IMPLEMENTATION: DYNAMIC DISPATCH

make-sumer

- A - ,_H code alloc
Generated (define (make-sumer n)
code (letrec ((f (lambda (x)
] (if (> x n)
/ .
- Global layout (+ x (f (+x DN
) «— (int)
Entry point — « (float) £))
tables .
'\\ (define sum-to-10 (make-sumer 10))
- (define sum-to-pi (make-sumer 3.14))

~ hN

e -

Closure make-sumer sum—to—lll[] ; 6+ 7 +8+ 9 + 10
instances N 314 (print (sum-to-10 6))
S‘um_t&pi : 7.5+ 8.5 + 9.5

N (print (sum-to-10 7.5))

Stub memory ; 1.10 + 2.10 + 3.10
space ...| stubl | stub2 (print (sum-to-pi 1.10))

\,../ stub alloc
compiler




IMPLEMENTATION: DYNAMIC DISPATCH

make-sumer

_ - - A . code alloc
Generated (define (make-sumer n)
code (letrec ((f (lambda (x)
] (if (> x n)
/ :
- O e (+ x (f (+x DN
A0 [t — < (£loat) £))
tables .
N (define sum-to-10 (make-sumer 10))
- (define sum-to-pi (make-sumer 3.14))

~ hN

£

sum-to-10

£

Closure | make-sumer ;6 +7 +8+ 9 + 10

instances N 314 (print (sum-to-10 6))
L ; 7.5 + 8.5 + 9.5
N (print (sum-to-10 7.5))
Stub memory ; 1.10 + 2.10 + 3.10
\,../ stub alloc
compiler




IMPLEMENTATION: DYNAMIC DISPATCH

make-sumer

~ A < - 5 - code alloc
Generated (define (make-sumer n)
code (letrec ((f (lambda (x)
] (if (> x n)
/ .
Global layout (+ x (f (+ x D))
Ent T - «— (int)
nt?l/JFe(;m — | «— (float) £))
l\
W\ (define sum-to-10 (make-sumer 10))
- (define sum-to-pi (make-sumer 3.14))
N N
Closure make-sumer sum-to-10 :6+7+8+ 9 + 10
instances N (314 (print (sum-to-10 6))
T ot , 7.5 + 8.5 + 9.5
> (print (sum-to-10 7.5))
Stub memory ; 1.10 + 2.10 + 3.10
space ...| stubl | stub2 (print (sum—to—pi 1.10))
\,/ stub alloe
compiler
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Captured information



IMPLEMENTATION: CAPTURED INFORMATION

code alloc (define (make-sumer n)

Generated ' (letrec ((f (lambda (x)
code (if > x n)
0
(+x (f (+x1)))))))
Global layout
. ) £))
Entry point
tables
(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))
Closure
instances
; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))
; 7.5 + 8.5 + 9.5
Stub memory (print (sum-to-10 7.5))
Space - : 1.10 + 2.10 + 3.10

(print (sum-to-pi 1.10))

stub alloe




IMPLEMENTATION: CAPTURED INFORMATION

code alloc (define (make-sumer n)

Generated [ (letrec ((f (lambda (x)
code (if (> x n)
0

(+x (f (+ x 1)))))))

Global layout

f
Entry point :\ )l
tables \\\
W\ (define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))
Closure

instances | make-sumer
; 6+ 7 +8+ 9 + 10

(print (sum-to-10 6))
; 7.5 + 8.5+ 9.5

Stub memory . (print (sum-to-10 7.5))
space o © 1.10 + 2.10 + 3.10
l_ Lot alloc (print (sum-to-pi 1.10))
compiler




IMPLEMENTATION: CAPTURED INFORMATION

make-sumer

e R i (define (make-sumer n)
Generated (letrec ((f (lambda (x)
code (if (> x n)
S O
: (+x (f (+ x1)))))))
— (int) Global layout £))
Entry point \\ < (nt)
tables k K
W\ W\
W\ W\ (define sum-to-10 (make-sumer 10))
B (define sum-to-pi (make-sumer 3.14))
Closure J | J AL
instances make-sumer sum-to-10
; 6+ 7 +8+ 9 + 10
(print (sum-to-10 6))
‘ , . 7.5+ 8.5+ 9.5
Stub memory (print (sum-to-10 7.5))
space ...| stubl | stub?2
; 1.10 + 2.10 + 3.10
\g/ L alloe (print (sum-to-pi 1.10))
compiler




IMPLEMENTATION: CAPTURED INFORMATION

make-sumer

AL

Ve

- code alloc

Generated
code

Entry point :__
tables T
W\
Closure

instances | make-sumer

(float)

N

W\
\

Global layout
<— (int)
«— (float)

Stub memory
space

..| stubl

stub?2

stub3

N

compiler

stub alloe

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)
0
(+x (f (+ x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

(print (sum-to-10 6))
(print (sum-to-10 7.5))

(print (sum-to-pi 1.10))



IMPLEMENTATION: CAPTURED INFORMATION

make-sumer

A

~

f

—A— code alloc

Generated
code

Entry point :__
tables T
W\
Closure

instances | make-sumer

(float)

Global layout
<— (int)
«— (float)

Stub memory
space

..| stubl

stub2

stub3

N

compiler

stub alloe

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)
0
(+x (f (+ x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +38+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))



IMPLEMENTATION: CAPTURED INFORMATION

make-sumer

- code alloc

Generated
code

Entry point _':,
tables T
W\
Closure

instances | make-sumer

(float) Global layout
1 «— (int)
1\ | «(float)

Stub memory
space

..| stubl

stub2

stub3

N

compiler

stub alloe

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)
0
(+x (f (+ x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +38+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5+ 9.5
(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))



Generated
code

Entry point
tables

Closure )

IMPLEMENTATION: CAPTURED INFORMATION

make-sumer

A

A . code alloc

~

—

W\

instances | make-sumer

Stub memory
space

(int)

'

( float ) Global layout
«— (int)
«— (float)

..| stubl

stub2

stub3

N

compiler

h

stub alloe

(define (make-sumer n)
(letrec ((f (lambda (x)
(if (> x n)
0
(+x (£ (+ x1)))))))
£))

(define sum-to-10 (make-sumer 10))
(define sum-to-pi (make-sumer 3.14))

; 6+ 7 +38+ 9 + 10
(print (sum-to-10 6))

; (.5 + 8.5 + 9.5

(print (sum-to-10 7.5))
; 1.10 + 2.10 + 3.10
(print (sum-to-pi 1.10))
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B \What about continuations ?

— Function return is a call to the continuation
— Conceptually same implementation !




IMPLEMENTATION

B \What about continuations ?
— Function return is a call to the continuation

— Conceptually same implementation !

= Propagated types — Type of the returned value

= Captured types — Type of the local variables




RESULTS



RESULTS

B 35 benchmarks: Standard Scheme benchmarks

B Configurations

* Intraprocedural BBV

= Interprocedural: function specialization

= Interprocedural: continuation specialization

= Interprocedural: function and continuation specialization

B Metrics

= Number of type checks
= Generated code size
= Execution / Compilation / Total time



NUMBER OF TYPE CHECKS

Max=>5, Return points only B8 Max=5, Entry points only [l Max=5, Entry and return points
100%
80%
60%
40%08--0--0-F-F-+-+-8-8-11-
20%0-0-01-1 1 BB BB
" % 3 > S
o YRS 4 NN © & L@ LSl < < 4 N
&S%& éof'&@@o F %@o%f‘bg‘”@&ﬁ\oo%&&iQﬁ ® Q\Q)'\,‘B‘Qézé‘i"z@é‘fé’“c;«,@Q’Q@'@b@‘\’b@"lO“l%Q@@ao"&&ioﬂioﬂfoo‘ﬁ:&x%‘Q’@@@
& & 3 $ e&é‘QQ«p&Q -@,&»@Q&ve}@\@&@ RS ENE % {@,
s

Number of executed type checks relative to pure intraprocedural specialization

= No checks for 9 benchmarks
= Significantly fewer checks for most of the

benchmarks




CODE SIZE

Max=>5, Return points only B8 Max=>5, Entry points only Il Max=5, Entry and return points

X N NS O A DA o R o D S LSS N S S ®
Q\é”' O QO\‘%{,@ @0‘& & {pc\ﬁ'%\}@\ OOQ{@’ R ?Jb@&}' @6% £y %@@@,&&} G}g&‘;' é@?@c PO o @Qp’@e &0456 $EF &\eﬁ{@
S ST I IITEITSNESFT SV FIEE

= Generated code size relative to pure intraprocedural specialization

= _Less code generated for half of the
benchmarks

= Just 9% more code generated on average =
20



EXECUTION TIME

Max=>5, Return points only B Max=>5, Entry points only [l Max=>5, Entry and return points

= EXxecution time relative to pure intraprocedural specialization

= AlImost all benchmarks are faster
= No benchmark is significantly slower
= Up to 2x faster




EXECUTION TIME (VS GAMBIT)

LC - Max=5, Interprocedural . LC - Max=5, Intraprocedural

Bl (Gambit - Safe mode

400%

350% [
BO0h [~ - == ==

250%
200%
150%
100% |

50%

<

¥ N HF P LA FELLONR LRSS S RDF
PHF T O %000& s 8 Q"eﬁ’& ©

= Execution time relative to the execution time of the code generated by the Gambit
Scheme compiler with dynamic checks turned off (capped at 400%)

= Faster than Gambit with dynamic checks

turned on

= Varies from 0.5x to 4x (6x slower with

Gambit executing all the checks)




COMPILATION TIME

Max=>5, Return points only B Max=>5, Entry points only [l Max=>5, Entry and return points
400%
300%
200% [
100%
0% N X & < D S > D N
o o @ ¢
‘b?‘?o &e‘i’d@ (‘C\,O‘Q&ﬁ &%ﬁg & qﬁi‘ﬁ 60‘% @b’ \,\’ @e&,@,d&@%&& é@ @Q'l&\ OOQ Q;}IQ,':“&Q- @4‘@ oﬁgﬁé& %&&'Q@*ro&% &%&- &Q,‘b&oﬂé,@@;&\’é@ﬁw% &
&C’é\‘,@’ & .Q'Q' & > ¥ ?9’00‘9’ ) ée,’é’\’&fb’q) W RSN Cgoo‘@’ Y QO? P ¢ Q}Q‘b&@

= Compilation time relative to pure intraprocedural BBV

= Compilation time increase for most of
the benchmarks

= Mostly small increase in compilation
time, but up to 4x




TOTAL TIME

Max=>5, Return points only B Max=>5, Entry points only [l Max=>5, Entry and return points

S A NSO O &
@Qx:, 0‘3‘2} é@ 04-52) @@be’ﬁé@ QSZJ
SN $°Q®,&‘°’ ¥ Q oo&

O D 5
& &%bgo*'z&@
S

= Total time relative to pure intraprocedural BBV

= Large speedup for floating point (avoids
boxing)

= Most of the benchmarks are faster

=From 0.14x to 1.33x




CONCLUSION



CONGLUSION

Bm Lazy interprocedural specialization

m \Works well

= Checks removed (up to 100%)
= Faster code (up to 50%)

B Simple
= Simple to implement
= Does not require complex architecture



FUTURE WORK

B Propagating other properties
= Value (e.g. x = 10)
= Variable relationship (e.g. x < y)

B Function identity and return address

propagation
= Dynamic function inlining

B Register allocation information

= Arguments
= Returned value
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