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Introduction

e System RAJA (Hofmann and Jost, ESOP 2006)

o Type system for Java-like programs.
o Compile-time analysis of heap-space requirements.
e Amortised complexity analysis.
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e System RAJA (Hofmann and Jost, ESOP 2006)
o Type system for Java-like programs.
o Compile-time analysis of heap-space requirements.
e Amortised complexity analysis.

e Polymorphic types

o RAJA method types are polymorphic.
e this enables a local analysis.

o Type inference

e Restricted to monomorphic recursion.

System for generating subtyping and linear arithmetic constraints.
Algorithm for solving subtyping constraints.

Linear arithmetic constraints solved by an LP Solver.
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Outline

@ Introduction to RAJA
© Monomorphic RAJA (RAJA™)

© RAJA™ Type Inference
e Constraints-generation system
o Constraints solver

@ Conclusions
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Introduction to RAJA

Amortised Analysis of Heap-Usage

o Free-list based model

o Deallocation in C/C++ style with primitive dispose.
e Object creation: takes memory units from free-list.
e Object destruction: returns memory units to free-list.
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Introduction to RAJA

Amortised Analysis of Heap-Usage

o Free-list based model

o Deallocation in C/C++ style with primitive dispose.
e Object creation: takes memory units from free-list.
e Object destruction: returns memory units to free-list.

o Goal:

e Upper bound on the size of the free-list.
e As function of the input.

e Amortised analysis
o Types assign each heap configuration statically a potential.
e Object creation: must pay using potential from input.
e Potential of consumed input: upper bound on heap space
consumption.
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o X>a6

Introduction to RAJA

Object-Oriented Language: FJEU

class C [extends D] {Aq;...; A My---M; }
Ca

Co m(Gi x1,...,G xj) {return e; }

X (Variable)

null (Constant)
new C (Construction)
free (x) (Destruction)
(C)x (Cast)

X.a; (Access)

X.3; < X (Update)
x.m(xy,...,X) (Invocation)
if x instanceof C thenej elsee;  (Conditional)
let Dx = ejine (Let)

o =~ Featherweight Java (Igarashi, Pierce, Wadler, OOPSLA’99) +
imperative field update.
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Introduction to RAJA

Lists in FJEU with copy method

class List { class Cons extends List {
List copy() { int elem;
return null; List next;
}
} List copy() {
let Cons res = new Cons in
class Nil extends List { let Cons _ = res.elem < this.elem in
List copy() { let List rmext = this.next.copy() in
return new Nil; let List _ = res.next <— rnext in
1} return res;

I

List Nil
2 copy(): List a copy(): List

Cons' Main The main method calls list.copy().
& next: List — - — - - | The space consumption of list.copy()
@ copy(): List @ main(list : List): List is the length of the list
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Introduction to RAJA

Sketch of RAJA System

RAJA program P = annotated FJEU program.

@ Set of views V.
@ For each class C and view r we have an annotated version C".
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Introduction to RAJA

Sketch of RAJA System

RAJA program P = annotated FJEU program.
Q@ Set of views V.

@ For each class C and view r we have an annotated version C".

@ Potential:
o O(C"): Class x View — Q%

Q (Get- and set-) views for attributes:
o AE((C' a): Class x View x Field — View
o A((C' a): Class x View x Field — View
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Introduction to RAJA

Sketch of RAJA System

RAJA program P = annotated FJEU program.

Q@ Set of views V.
@ For each class C and view r we have an annotated version C".
@ Potential:
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- o v v Vi1 -
¢ = vvself: v,q. CVseva Ella ey EJJM)EJJE]_ & (gm(vsdfa v, CI)

Dulma Rodriguez, Martin Hofmann Type Inference f. RAJA 7/ 23



Introduction to RAJA

Sketch of RAJA System

RAJA program P = annotated FJEU program.

Q@ Set of views V.
@ For each class C and view r we have an annotated version C".
@ Potential:
o O(C"): Class x View — Q%
Q (Get- and set-) views for attributes:
o Af((C' a): Class x View x Field — View  (get-view)
o A((C' a): Class x View x Field — View  (set-view)
@ RAJA types for methods:
o M(-,-): Class x Meth — PolyType

¢ = vvself: ‘77 EI: Cvself; E]‘_/la RN EJ‘OM)EJ‘?E]_I & (gm(vselfa ‘77 Ei)
o The linear arithmetic constraints are of the following shape:

p1>O(DY)+1 p2<pr—O(DY)—1 Pp<gp+p—aq
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Introduction to RAJA

Sketch of RAJA System

RAJA program P = annotated FJEU program.

Q@ Set of views V.
@ For each class C and view r we have an annotated version C".
@ Potential:
o O(C"): Class x View — Q%
Q (Get- and set-) views for attributes:
o Af((C' a): Class x View x Field — View  (get-view)
o A((C' a): Class x View x Field — View  (set-view)
@ RAJA types for methods:
o M(-,-): Class x Meth — PolyType

¢ = vvself: ‘77 EI: Cvself; E]‘_/la ey EJ‘OM)EJ‘?E]_I & (gm(vsdfa ‘77 Ei)
o The linear arithmetic constraints are of the following shape:
pr>0D)+1  p<p—-0D)-1 p<@t+tp-—aq
e The subtyping constraints are of the following shape:
D" <:C»  C.aAE) ope e < CaATIENd)
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Introduction to RAJA

Lists with copy method in RAJA

empty [N ‘<>(Nil<self>) >= <>(Nil<res>)+1 M

\ List |

‘
Nil |

|

|2 copy(: List<res> |

| copy(): List<res> |

Cons
2 - Li | _ _ | Aget(Cons<self>, next) <: self \
next: List { <>(Cons<self>) >= <>(Cons<res>)+1

@ copy(): List<res>

[ AesComevline nex < it
2 main(list : List): List<res> <>(Cons<vlist>) >= <>(Cons<res>)+1
view poor
Nil<poor>

List<poor>
‘Q potential = 0 j Q potential = 0‘

List<rich> Nil<rich> |
‘Q potential = 0 j Q potential = 1 ‘

e —— <poor> -

Cons STich> Main<rich> Consspoor Main<poor
2 potential = 0
2 n A potential

otential = 1
ext: List<rich, rich> ext: List<poor, poor>

=
2 p
2 n
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Introduction to RAJA
Potential

o Let = /y:List"™" h:List™® and 1 = [4 — v1, h — v and o be the
following heap:

Vi
Cons ~.| Cons ~.| Cons ~.| Cons ~.| Cons Nil
 — —  — —  — —|
1)
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Introduction to RAJA
Potential

o Let = /y:List"™" h:List™® and 1 = [4 — v1, h — v and o be the
following heap:

Vi
e
Cons ~.| Cons ~.| Cons ~.| Cons ~.| Cons Nil
 — —  — —  — —|
%)
pot,(vq : rich) =6 pot, (v : poor) =0

pot,(n : ') = pot, (v : rich) + pot,(v2 : poor) =6

6 0
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Introduction to RAJA

Main result

e n,0 F e~ v, 7 means:

e expression e evaluates successfully to value v
e beginning with stack n and heap o

e and ending with heap 7

o (with an unbounded free-list).

e We define a typing judgment I % e: C" so that:
o if [ % e:C"and 7,0 F e~ v, 7 then

e evaluates v/ if |free — list| > n+ pot,(n: T)
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RAJA typing

e Typing judgement: I |—ZJQ‘ e: C"

1T - (ONew) (OFree)

0 0 < new C : C* x:Cr (cn free (x) : E®

1+9¢

/
rll-g761:Ds rz,X:DSI‘gTez:C'
M, I‘gT letDx = e iney: C"

(OLet)
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Introduction to RAJA

Sharing relation

@ Y(r|s1,...,si): coinductively defined relation with:

forallC, O(C")>0(C*)+...4+0(C%), ete.
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Introduction to RAJA

Sharing relation

@ Y(r|s1,...,si): coinductively defined relation with:
forallC, O(C") > O(C")+...4+0(C%), etc.

@ Y(rich |rich, poor) v Y(rich |rich, rich) X
o If this were allowed ...

I:List™ 12 let _ = I.copy() in l.copy() : List™®"

@ ... heap consumption would be 2|/|, but prediction would be
pot, (! : rich) = |/|. = unsound!
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Introduction to RAJA

Sharing relation

@ Y(r|s1,...,si): coinductively defined relation with:
forallC, O(C") > O(C")+...4+0(C%), etc.

@ Y(rich |rich, poor) v Y(rich |rich, rich) X
o If this were allowed ...

I:List™ 12 let _ = I.copy() in l.copy() : List™®"
@ ... heap consumption would be 2|/|, but prediction would be
pot, (! : rich) = |/|. = unsound!

@ The rule (OShare) enables multiple (sound) uses of a variable.

[ y1:D%t yy: D% % e: C' Y(s|s1,52)
I,x:Ds % e[x/y1,x/y2] : C*

(OShare)
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Introduction to RAJA
Method invocation

o RAJA method types are polymorphic
o M(C, m) = d)
& = Vel V, G. CHG B BV BIBETY & Cn(vears, V, G)
o (Cs; B, ..., EJS‘M)EJSH) instanceof ¢ means
T = { Veelf V> Sself, Vi + Si, Gi = N} = Cm

M(Cm)=¢  (CorE,... EM/BELT) instanceof ¢

(OPolylnv.)

S; i1
x:Cot By B R em(v, L y) B
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Introduction to RAJA

Method invocation

o RAJA method types are polymorphic
o M(C, m) = d)

_ = = lf . Vi vj Vit = =
& = Vel V, G. CHG B BV BIBETY & Cn(vears, V, G)

J
Seelf - [£S1 Sj ni/my £Si+1y -
o (Co Eyt,... B/ BE ) instanceof ¢ means

T = {Veelf > Seelf, Vi — Si, Gi > Ni} = Cm

M(Cm)=¢  (CorE,... EM/BELT) instanceof ¢

Sj S+
X Coy By B P xem(v, L) s B

@ RAJA Method Typing - m: ¢ ok
3 T’ instanceof ¢

V T instanceof ¢ T = CSself; Elsl, o EJ-Sj ni/m l:-;j++11

ia- (S . ES1 S . Sl
this: Cif, X : Y, .o, x B Ty Mbody(C,m).lz_j+1

Fm:¢ ok
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Monomorphic RAJA (RAJA™)
Monomorphic Recursion in RAJA™

e RAJA Method Typing - m: ¢ ok

3 T’ instanceof ¢

V T instanceof ¢ T = Csf; EL, .. EJ?jL/”)lfjfﬂll S(C,m)=T
this:Csse‘f,xl:Elsl,...p(j:I:_J.sj > Mbody(C, m) : l:'jsj':ll |= (0MBody)
Fm:¢ ok Y

@ = records the instance of ¢ that is used for typechecking the method.

Dulma Rodriguez, Martin Hofmann Type Inference f. RAJA 14 / 23



Monomorphic RAJA (RAJA™)
Monomorphic Recursion in RAJA™

e RAJA Method Typing - m: ¢ ok

3 T’ instanceof ¢
V T instanceof ¢ T = Csf; EL, .. Ejj”l_/"?)l:';_j*_’ll S(C,m)=T
this: CSef, X1 BN, .., X Ejsj I'% Mpody (C, m) : Eil =

j+1
Fm:¢ ok
@ = records the instance of ¢ that is used for typechecking the method.

(OMBody)

@ Typing judgement: I I'% e:C'|=
@ New rule in RAJA™

M(C, m) = qS (CSsc\f; ElSl e, EJSJMEJS:T) instanceof ¢)
S(C,m) = Cssit; ESL, . EJ m/m pritl
1 J = (O™Monlnv.)

S; S: _
x:Csse‘f,yl:Efl,...,yj:EjJ I'% x.m(yt, ..., y): Ej-j%—‘ll |=
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Monomorphic RAJA (RAJA™)

Subtyping of RAJA types

e We extend subtyping to RAJA-classes by

C"<:D® <= C<:DandrCs (2.1)

@ We define a preorder r C s on views as a largest fixpoint.

@ = Solving the constraint C¥ <: DY can be reduced to solving
vCu
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RAJA™ Type Inference

Overview of the Type Inference Algorithm for RAJA™

| Input: FJEU Method [\

RAJA Type Inference | w

1

( Constraint generation H Elimination of variables )

< Elimination of view variables )

Views creation

T
|
|

‘ Output: RAJA Method type + Views M
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RAJA™ Type Inference Constraints-generation system

Rules for collecting the constraints

o Judgement r X e: cvea e |m;=

e Syntax directed rules.

e Elimination of rules (QShare), (O Waste).

@ Subtyping and sharing are integrated in the rules.

AC=p1 > 0(D") + 1A pr < p1 — O(D¥) — 1

(F New)
0 HBE newD: Cv2 & (D <: C2 AAC) | M;

Di= (DY <AL e=(G NG AN ND)  C=elimggu(€)

AT e =Dv & M AT DU P e = CV & 6 | M
= (FLet)
AT HE Jet Dx=ein e = CY & €(0,v,p) | M; =
Dulma Rodriguez, Martin Hofmann Type Inference f. RAJA 17 / 23



RAJA™ Type Inference Constraints-generation system

Constraints of the copy method

Aget(Cons<self>, next) <: self \
<>(Cons<self>) >= <>(Cons<res>)+1 A\
<>(Nil<self>) >= <>(Nil<res>)+1
List Nil
A - - { S Nil<self>) >= <>(Nil<res>)+1 D
@ copy(): List<res> @ copy(): List<res>

C(?ns Aget(Cons<self>, next) <: self \
@ next: List F--1 <>(Cons<self>) >= <>(Cons<res>)+1
copy(): List<res> <>(Nil<self>) >= <>(Nil<res>)+1

b

Main CMain = Aget(Cons<vlist>, next) <: vlist \
F-- <>(Cons<yvlist>) >= <>(Cons<res>)+1 /A
= main(list : List): List<res> <>(Nil<vlist>) >= <>(Nil<res>)+1
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RAJA™ Type Inference Constraints-generation system

Call graph of the copy example

e Partition the call graph in SCCs.
e Sort topologically the resulting dag.

e Call the constraint generation algorithm in that order.
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RAJA™ Type Inference Constraints solver

Overview of the Type Inference Algorithm for RAJA™

| Input: FJEU Method [\

RAJA Type Inference | w

1

( Constraint generation H Elimination of variables )

< Elimination of view variables )

Views creation

T
|
|

‘ Output: RAJA Method type + Views M
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RAJA™ Type Inference Constraints solver

Algorithmic views

e We add the connectives A,V,+, — to the set of views.
= (7,C) is a partially ordered set.

Lemma

Q r /s is the greatest lower bound of r and s.
@ r /s is the least upper bound of r and s.
Qsi—HCr < ssCr+sp.

Q siVsrCr < ssCrAsCr.

Q@ rCsiAsy < rCsgArLCs.
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RAJA™ Type Inference Constraints solver

Algorithm for eliminating a view variable from a
constraint set.

@ The constraints can be brought to the following form:

uj E v o(CY) = pm

v C w n > ()
As(CYa,) C o ts >t

Wy C Aset(c‘g at)

wy Uk

@ A step eliminating v (8C —, 8€'):

uj C w O(C) > pm
A= CYa,) qn > O(C™)
Wt E ASEt(Cu; at) an Z Pm

V_VI E Dk ts 2 to

o If S€ —, 8€ then S€ «— 3Jv.8C'.
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Conclusions

Conclusions and further work

e Conclusions

e Our type-based analysis encompasses:
@ Objects
@ Inheritance
© Downcast
@ Imperative update
@ Aliasing
@ Circular data

e Type inference allow the analysis of heap-space requirements of

FJEU programs without annotations.
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Conclusions

Conclusions and further work

e Conclusions

e Our type-based analysis encompasses:
@ Objects
@ Inheritance
© Downcast
@ Imperative update
@ Aliasing
@ Circular data

e Type inference allow the analysis of heap-space requirements of

FJEU programs without annotations.

o Further work

e Implementation
e More examples: Iterators on lists, etc.
o Making the system more expressive.
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