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Motivation

Context: Java like languages
Object orientation
Automatic memory management (GC)

Predicting amount of memory allocations is very hard

Problem undecidable in general

Impossible to find an exact expression of dynamic memory requested,
even knowing method parameters

Predicting actual memory requirements is harder

Memory is recycled
Unused objects are collected

= memory required <= memory requested/allocated



Example

How much memory is rec

void mO(int mc) {
ml(mc);
B[] m2Arr=m2(2 *

}

void ml(int k) {
for (int i

mc) ;

1; 1 <= k; i++){

A a = new AQ;
B[] dummyArr= m2(i);
}
}
B[] m2(int n) {
B[] arrB = new B[n];
for (Aint j =1; j <= n; j++) {
arrB[j-1] = new B();
Cc =new CQO;
c.value = arrB[j-1];
}
return arrB;
}

uired to run mo?

“Ideal” consumption mo(2)
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An expression over-approximating the peak
amount of memory consumed using an ideal

memory manager
Parametric
Easy to evaluate
E. g.:Required(m)(pz,p2) = 2p%+ p2
Evaluation cost known “a priori”

Givena methodm (p,, .., pP,)
peak (m) : an expressionintermsofp,, .., P,
for the max amount of memory consumed by m



Context

Previous work

A general technique to find

of dynamic memory allocations

totAlloc(m) computes an expression in terms of m

parameters for the amount of dynamic memory requested
by any run starting at m

Relies on programs invariants to approximate number of
visits of allocating statements

Using a scope-based region management...

An application of that technique to approximate region
sizes



Computing dymamic memory allocations

Basic idea: counting visits to memory allocating statements.

for (1=0;1<n;i++) ¢ =fo< i < n, o<j<i}: a set of constraints
] ] ] ] — I _J I : I
for —O; <1;J+A ibin I I ion

e new C{()

o Dynamic Memory allocations = number of visits to new statements

o =number of possible variable assignments at its control location

o =number of integer solutions of a predicate constraining variable
assignments at its control location (i.e. an invariant) i

For linear invariants, # of integer solutions = # of integer,
points = Ehrhart polynomial size(B) * (v2k2+v4k)



Memory requested by a method

How much memory (in terms of mo
parameters) is requested/allocated by mo

totAlloc(mo)(mc) = ZS(mO’ cs)

cseCS_mo

=(size (B[])+size (B)+size (C))(2/2 mc? +5/2 mc)
+si1ze (A) mc
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Memory is released by a garbage collector

Very difficult to predict when, where, and how
many object are collected

Ideal consumption Ideal consumption
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Our approach: Approximate GC using a
scope-based region memory manager



Region-based memory management

Memory organized using m-regions

void mO(int mc) {
ml(mc) ;
B[] m2Arr=m2(2 * mc);
}
void ml(int k) {
for (Aint 1 =1; i <= k; i++){
A a = new AQ);
BL] dummyArr= m2(i);
}
}
B[] m2(int n) {
B[] arrB = new B[n];
for (Aint j =1; j <= n; j++) {
arrB[j-1] = new B();
C c = new C(Q;
c.value = arrB[j-1];

}

return arrB;
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Region-based memory management

Memory organized using m-regions

Ll Region MO
/ m0.2.m2.6 | M0.2m2.8 |-
1: m1({meg):
Region M1
m0.1.m1.5.m2.6
m1 *
. 2:m2(2*mc) m0.1.m1.4
8 02T m0.1.m1.5.m2.8
5: m2(i) (i times): 4
P
\ Region M/
m2
m0.m1.5.m2.9 m0.2.m2.9
6: naw B[] - -
8:new B
9:new C
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Region-based memory management

Escape Analysis

void mO(int mc) {
ml(mc) ;
B[] m2Arr=m2(2 * mc):
}
void ml(int k) {
for (int 1 = 1; 1 <= k;
A a = new AQ);
B[] dummyArr= m2(i);
}
}
B[] m2(int n) {
B[] arrB = new B[n];
for (int j =1; j <=
arrB[j-1] = new B()}
C c = new C(O);
c.value = arrB[j-1];

}

return arrB;

Escape(m): objects that live
beyond m

Escape(mo) = {}
Escape(mzi) = {}
Escape(m2) ={m2.6, m2.8}

Capture(m): objects that do
not live more that m

Capture(mo) = {mo.2.m2.6,
mo.2.m2.8},

Capture(ma) = {m1.4,
Mo0.1.M1.5.m2.6,
mMo.1.M1.5.m2.8},

Capture(m2) = {m2.9}
Region(m) = Capture(m)
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Obtaining region sizes

Region(m) = Capture(m)

memCap (m) : an expression interms of p, ..., P,

for the amount of memory required for the region
associated with m

memCap (m)is totAlloc (m) applied only to
captured allocations

e memCap (m0) = (size(B[]) + size(B)).2mc
* memCap (ml) = (size(B[]) + size(B)).(1/2 k? +1/2k) +size(A).k

e memCap (m2)= size(C).n



Approximating peak consumption

Approach:

Over approximate an ideal memory manager using
an scoped-based memory regions

m-regions: one region per method

When & Where:

created at the beginning of method
destroyed at the end

How much memory is allocated/deallocated in
each region:

memCap (m) >= actual region size of m for any call context

How much memory is allocated in outer regions :

memEsc (m) >= actual memory thatis allocated in callers
regions

13



Approximating peak consumption

Peak(m) = PeakT(m) + Peaki«(m)

peakT(m): peak consumption for objects
allocated in regions created when m is executed

peakd(m): consumption for objects allocated in
regions that already exist before m is executed

m callees’ regions

Our technique:

m region

mem T(m) >= Peak T(m)

Approximation of peak memory allocated in
newly created regions

memJ(m) >= Peak{(m)

Approximation of memory allocated in
preexistent regions (memEsc(m))




Approximating PeakT(m)

Region’s stack evolution

= Some region configurations can not happen at the same time

I:Z> mo -
1: m1({mc): rm2
|2_'_|$ m1
4: new A 2:m2(2*mc)
N e rmi rmi rmi rmi m2
im mes): A\,-t‘

) ™
6: new B[] - - amnm
B:new B
9:new C

\ >
|

peakT(co, mo) = max X size(r, (o)) iy



Approximating PeakT(m)

Region sizes may vary according to method calling context

mi

1: m1(mc):

mi

4: new A

5: m2(i) (i times):

AN

2:m2(2"'mc)

m2

6: new B[]
B:new B
9:new C

rsize(mz2) = n (assume size(C)=1)
MO0.1.M1.5.m2
fk=mc, 1<i<k, n=1i}
{ k= mc = n} maximizes

maxrsize(mo.1.m1.5.m2,mo) = mc

T

In terms of mo
parameters!

pea kT(mo) 16



Approximating PeakT(m)

We consider the largest region for the same calling context

peakT(mo) < MaX Zmaxrsizeﬁ[é"k](mC) = memT(mo)

7Z'€Hm0 1<k<|7|

mi —

MOo.1.Mm1l1.5.m22 /
1: m1{mc):
Mo.1.mai.5 N2
MO.2
m1
4 new A 2:m2(2*mc)
MaxXrmai MaxXrmai
Mmaxrm2 5: m2(i) (i times):
Mo
m2
6: new B[] -
8:new B
9:new C

memT(mo) -



Approximating PeakT(m)

3. Maximizing instantiated regions

m-1* We cannot solve a non-linear maximization

" problemin runtime!!
Ma * Too expensive
of I * Execution time difficult to predict

ne We need a parametric solution that can be
solved at compile time.
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Solving maxrsize

Solution: use an approach based on Bernstein
basis over polyhedral domains (Clauss et al.
2004 )

Enables bounding a polynomial over a parametric
domain given as a set of linear restraints

Obtains a parametric solution
Bernstein(pol, I):

Input: a polynomial pol and a set of linear

(parametric) constrains /

Return a set of polynomials (candidates)
Bound the maximum value of polin the domain given by /
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Solving maxrsize using bernstein

Example:
Input Polynomial

Q(n)=n?-1,
Restriction: A parametric domain (linear restraint)
D(P1,P2) ={(i, n) |1 <isP1 +P2, i < 3P2, n=i}
Bernstein(Q, D) =

D1={P1<2P2} Ci:{(P1+P2)2-1,P2+P1}
D2 ={2P2<P1} C2:{9P22-1}

Partial solution to our problem

We still need to determine symbolically maximum
between polynomials

In the worst case we can leave it for run-time evaluation
(cost known “a priori”)
A comparison when actual parameters are available
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maxrsize

max { q(P,,) € Ca} if Da(P
Maxrsize(mo,t.m,)=
max { q(P,,,,) € Ck} if Dk(P

mo)

mo)

where {Ci, Di} = Bernstein(rsize(m,), | . /P o)

e Maxrsize(mo,mo)(mc)= (size(B[]) + size(B)).2mc

* Maxrsize(mo.1.mi,mo)(mc) =
(size(B[]) + size(B)).(1/2 mc? +1/2mc) +size(A).mc

* Maxrsize(mo.1.m1.5.m2,mo)(mc)= size(C).mc

e Maxrsize(mo.22zm2,mo)(mc) = size(C).2mc



Evaluating memT

mem?T: Max > maxrsize ., (mc)

7Z'€Hm0 1<k <|7|

basically a sum maximized regions

A comparison of the results of the sum

mMo.1.M1.5.Mm2

mMo.1.m1.5

Maxrmz2

Maxrmai Maxrmi maxrm2




Evaluating mem™T

o mua
memeua T memeua
cst.m .__cst.m cst.m.l.m;
mem| =" = maxrsizen,  + max  mem[
(m,l,m;)EEmua
mi —
1: m1({mc):

/ maxrsize™
m1
4 new A 2:m2(2*mc)
| + | ‘ maxrsize™-=m

mi.1.m1.5.m2

5: m2(i) (i times):

m2

6: new B[] - -
B:new B
9:new C

mi.1.m1

maxrsize maxrsize

23



Manupilating evaluation trees

Considering size(T) =1 forall T

CIE @ 4me

[ ] 2me mch2+3mec

mch2+2mc mc

ame meh2+3me

2me




Dynamic memory required to run a method

Computing memReq
Memreq,,,,(Mc) = mc?+7mc

Init start call call ret call ret call ret call ret ret call ret ret end
Mo M1 M2 M2 M2 M2 M2 M2 M2 m2 mi m2 m2 mo
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The tool-suite

Java Application
(byviecode ar src) J'
Local
Dynamic Memory Invariants Local Invariant

Generation

utilization analysis

Escape Analysis
Method’'s dynamic

memory utilization

Region size
inference

Memory region
inference

Method’s region siz
certificates

|

Memory requirements
inference

Region-based Java
code generation

Region Based API

Y
Method Consumption

Region based Java
code
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Peak memory computation component

Call Graph
Generator

Generator

Evaluation Tree

Simplifier

Evaluation Tree

Expression

Method Consumption

evaluation code

Method Consumption

I
I
I
I
I
I
I

Region size
infereance

Local Invariant
Generation

Mon linear
Maximization Solver

Bearsntein .

Memory
requirements
Inference

Experimentation (#objects)
* Jolden: totAlloc vs Peak vs
region based code

* MST, Em3d completely
automatic

* For the rest we need to
provide some region sizes
manually

* MST, Em3d, Bisort, TSP: peak
close to totAlloc (few regions,
long lived objects)

*Power, health, BH, Perimeter:
peak << totAlloc
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Experiments (#objects)

App mem| i + mem| oo No GC #Regs | Param. #0bjs Estimation | Emf% Time (secs)
TR ™ TB
MST -v nv L0 253 269 T 5% 16.03 26.04 0.03
%u v? 4 3nv454max [nv—1, 2} %n v? +dnv + 6 3 100 22703 22904 | 5%
1000 2252003 2254004 0%
Em3d (10.,5) 344 354 3% 17.34 30.37 0.05
-n7e-dd Grn.d 4+ 2n 4+ 14 + max{6,2n} Gra.d + 4n 4 20 3 (100.7) 4604 4614 (v
(10002} 52004 520014 0%
BiSort 10 12 14 1 7% 17.55 3.21 0.03
-5 & -p-m g4+ 4 28+ 5 4 64 68 70 3%
|28 132 134 3%
TSP 10 3l 34 1 0% 14.37 4.17 0,08
- e -p-m 21 + 2{ where » = 2(Uleg2cl)+1y | 47 4 2 5 31 63 66 56
63 127 130 2%
Power-p-m 32424 1552434 3 - 32421 32424 (i 2072 5.82 0.02
Health [ 2 @.1) 1505 1538 10 3755 | - 0.10
1 gl21 + 51z + 5(z — 1)t) Z(8(x —1) + (5z —2)t) | 6 (5.3) 7510 7080 6%
( where = = 4) 3 ' ' (6.4) 34588 32791 5%
Treelddd 2 262 259 | %% 15.32 - 0.00
<11 -p-m x + 6 (where = = o! ) x4+ 8 2 10 1030 1027 0%
12 4102 4099 0%
EBH . 2 P 10 2385 3797 595 25.49 - 0.08
bnb-ss | 13nb® + 246nb + 37 258.nb” + nb(17 4 14 50 11657 | 44837 2856
7ds)+ 11s + 37 100 156637 | 23315 5630
Perimeter 13 158042 262155 6% 1878 - 0.00
A1 -p-m w4 11 (where » = 4(1—4)) x4 11 2 14 224000 1048587 367%
17 6305002 67 LORETS Q67
Voronoi o0 o 3 2776 - -
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Conclusions

A technique for computing parametric (easy to
evaluate) specifications of heap memory
requirements

Consider memory reclaiming

Use memory regions to approximate GC

A model of peak memory under a scoped-based region
memory manager

An application of Bernstein to solve a non-linear
maximization problem

A tool that integrates this technique in tool suite
Precision relies on several factors:

Invariants, region sizes, program structure, Bernstein
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Conclusions

Future work

Restrictions on the input

Better support for recursion

More complex data structures

Other memory management mechanisms
Usability / Scalability

Integration with other tools/ techniques
JML / Spec# (checking+inferring)
Type Systems (Chin et al.)
Modularity

Improve precision
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