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= slicing criterion statements are provided by the user

= backwards slicing automatically finds all statements that...

= ...the criterion statements depend on
= ...might influence the behavior of the slicing criterion
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Static Forwards Slicing
Slicing
" Criterion
behavior of criterion
. :-. statements /influences
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Source program

= slicing criterion statements are provided by the user

s forwards slicing automatically finds all statements that...
= ...the criterion statements influence
= ...might depend on the behavior of the slicing criterion



hopping

Static Chopping

Source program

= source and target chopping criterion statements are provided by the
user

s chopping finds all statements that...
= ...contribute to control and data flows from the source to the target

= roughly equivalent to intersection of source forward slice and target
backward slice
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Program Understanding

rints a list of DODBC data sources and associated descriptions

If I change this
statement, what
pieces of the
program are going
to be affected?

DBCVER 0x0250 // define ODBC API version 2.5
0s2

“winZosZ.h"

h(int argc, char #argvl])

HEHY henv; ff environment handle
RETCODE rc; ff error return code

UCHAR dsName [SQL_MAX_DSN_LENGTH+11; ff name of the data soury
SUWORD dsHamelLen; // holds length of data, t
L UCHAR  dsDesc[257]; /7 description of data Wh h
SERURC AR T w e SWORD  dsDescLen; /7 holds length of dat ere are e

class PowerofTuo {

values that flow
into this

[oe23 rc = SOLALLlocEnv{&henv); // allocate the 0DP
4 field that represent a power of two. pEe2a if (rc == SQL_ERROR)
Boe25 i

Mprotected static int powerOfTwo = 1;

00026 printf{"Error allocating environmentin"};
oee27? return -1;
i hod.
pp— omozs ) statement
public static void mainiString[] args) { 00030 B
//e counter that will give ws the exponent of the powsOOO31 //  fetch all the data sources defined on this system Comlng from?
int 1 = 0; oeE32 while (
0eE33 SOLDataSources({henv, SQL_FETCH_NEXT, dsHame,
‘. ::El?i:::;iiag ?Z“;Jf!”& % e 0ee34 (SUORD) (SOL_MAX_DSH_LENGTH), &dsNameLen, dsDesc, 256, &dsDed
. 035 1= SOL_NO_DATA_FOUND
Fuom R R im:.!’/a are currently at. e OL_HO_ =
SysStem.out.println("The current power of 2 is " + n .). EEEEEEEEEEEEEEEEEEEEEEEEN
23 //compute the next power of two. ooe3y (¥ =
o o Power (powerOfTuo) ¢ 0eE38 : printf("DSH: %s Desc: %s\n",dsName, dsDesc); =
/ / /| [Eeis) }llllllllllllllllllllllllllll‘
orwarda silice witin given 00049 e,
4+ " = " 4 powerofTuol: Boea1 return 0; -

. g 0oe4z} /|
statement as criteria Backward slice

. ' . . o with given
“Studies of software maintainers have shown that staten?qent .

approximately 50% of their time is spent in the process of criteria
understanding the code that they are to maintain”. Jussi
Koskinen “Software Maintenance Costs”



Program Sub-setting

—

0o001//
BO0E2// Prints a list of ODBC data sources and associated descript
00003/ /

v
2/ 4 sinple program that prints all of the povery
* and including 32. &

Spublic class PoverofTus (
P e

,,,,,,,,,,,,,,,,

© 4 field that represent a pover of two.

00004/ 7

EOEE5 | function parse Shandle

000068 :

0O007T 4 // Get the file

no0e34 §contents = §this->FILES|$handle];

0ER094 // If there's no template wvariab £ile,

ong

t!’l\m -

00010 if strpos | jcontents, OPEN VAR
EO0113 !
000124 echo §contents:
00013 | return;
60014 t
[Tk f/ Substitut al vars. This is thi
5 e glo AFATS a0 i e
ggg:g =ach | §this-»>VARS as §var name =>
ggg:g §jcontents = str_replace| OPE
0a020 b S —
-
LR /4 T1f there's no rs, do
ggggg if strpos (§contents, '<!-- BEGIN '
08824 echo §contents:
08825 return;
RE026 '
0E027
00028 /f Now the tricky part: Substituting an HTHML k for multiy
ggggg fo §this->BLOCK_VARS as §block name => $block array
00031 // Get all the blocks matching §b . name
noO32 §oount = preg match all("#<!-- BEGIN §block name --—>(.*7)

Boe33
EEE34 OOp TO display Che POWEL O Two.
OEE35 20 while ED\?WE:O{TWU < 321 4
Be036 ) z1 //print which power of two we are currently at.
22 System.out.println("The current power of 2 is " + powerOfTwo)

poe3?  { Cownure Lhe et ouer of tug

177
00038 D JRBBGE// rinte a Lo of GORC data sources and sssociated descr iptions
Be039 sooni/
elefe5le] —— 11 dofine 0060 6L version 2.5

ooatariar "o
oea1 Ve

ooo42 }

000121 include. <sqext.h>
0013
600120t mainCint arge, char sargoll)
o0015¢

HENO  heno; 17 enviroment handle
RETCODE rc; error_return cor

UCHAR  deMane(SOL_WAX_DSH LENGTH1);  // nane of the data source

SUoRD holds length of data source nane returned b
UcHAR 77 description of data source

SUORD 77 holds length of data source description ref

re = SOLALLocEny (8henw) ; 17 allocate the ODOC enviramnent
SOL_ERROR)

if (rc ==
i
printf (“Error allocating environment\n");
Feturn -1
)

/7 fetch all the data sources defined on this systen
white (
LDataSour ces(henv, SOL_FETCH_NEXT , dane,

(SUORD) (SOL_NAX_DSH_LENGTH), &dsManelen, dsDesc, 256, &dsDesclen)
1= SOL_N0_DATA_FOUND
)

printf("DSH: %s Desc: ze\n'",dsane, deDesc);

return 0;

eroiTuo) ;

power of two,

next power of two after

currentPower</codes .

Power)

This code is bloated.
How can we limit the
functionality to only
what we need?

Backward slice on desired modules to
obtain desired subset of functionality

§concenca = scr_replace | OPEN VAR

. dditoneLen, dsbesc, 256, SdsDescLen)




My regression tests take
20 hours to run. How can
I limit the tests to only
those that exercise the
changed code?

Impact Analysis

G
2/ 7 4 siuple program that prints all of the pove:

£ vo from 0 up to
3 v and including 52. After thts is done, it princs 32 &3 & pover of two

a v
Spublic class PoverosTuo ¢
o sen

| B YRR —————
s
S brotected static int poverofTuo = 1;
1o —
G i S e
13 + F
13 pubiic statio vod main(scrinat) sros ¢ [ inpy—
o S —————
e //a counter that will give us the exponent of the power of tro. T
i ine 1 -0 g —
| ! R R —
M /78 1009 to assplay the pover of cuo :
> wmite ouerortuo < 321 ¢ : e o o o
o1 J/painm vhich povet of tuo ve are curremsly ar 1
2 Syatem.out. pr inein ('The Gucrent pover of 2 is * + pousrOZTuo) 2 [ o
> /Jcompuse the nexe pover of wo : § .
e booo1 | s e,
B B0662// Prints a list of ODBC data sources and associated descriptions [ e T
i 66663/ / ] S S———
=
s ) A
- 60686 cefine ODBCUER 0x0250 71 define ODBC APT versf
- - |eeee7s: _ -l
s 000 in2os2.h" :5
s - "
- H Giness
2 00011 #include <sql.h> H
- sqlext.h> i
= 813
o nt arge, char +argull)
B (C— mm  mm mm mm mm omm omm o=
&, nnf HENU  henu; 77 environment handle I
i oodl7  RETCODE re; 77 error return cor
60018 UCHAR  cisMame[SQL_MAX_DSN_LENGTH:11; 77 name of the data source
" foys  Suoe  cevameLens 77 holds Length of data source name returned b
oofke  UCHAR  deDescl2571; 77 description of data source 1
bodki  SUORD  dDesclen; 77 holds Length ¢~
60022
0 re - SOLALLocEnu(§heny) ; it the,
oot el R R ™
boo2s |
00026 priatELeE, Llacats | 2
00027 L T ——
oomon 3 [0 s e v e o e v ot v
6629 Hp
00030 Spublic class FowerofTuo (
il

ooz white {7 0r e e remmesens @ poser ot oo
EEL 9 protected static int poverofTve

6034 10

00035 i1 /e

0036 o] 2 he mmin wecon

o037 { —
00038 P
(e e //a counter that will give us the expe
(e} 7 int 1=0;

BeBal  return
o /72 100p to ais

che poser of tvo.
HERE o wnite (poverosTvo < 32) ¢

7/peine wnich o currenciy av

2 Syecen.cuc.princin("The current pover of 2 1o " + poverosTol;

s /) compute. the next pover of tuo

o POVEEOETUO = getNextPover (poNerOETvo) ;

- PR —

o e

- )

o Systen.ous. prinELn (7247 + 1+ 7 = 7 4+ poverosTuo) ;

=

o

B:

TS

B '+ Given chat coodescurzencpover</coes iz a pover of tus,

s+ <coucsgerNexchouer (inc) </codes recurns the next pover of two arcer

ps  + <couccurcentrover</c

6 ¢ oparam curcenciover & pover oz two

57+ ercturn che nexe pover or two arver <codsscurrentPover</cods -

e </

5 protectea static int gesnexcrover (ane currentpover) (

<0 return curcentover +

)

with changed
statements as
criteria




ends

Slicing in @ multi-threaded context?

= Significant increase in use of
multi-threading due to languages
with built-in threading primitives
such as Java and C# Elfel

= Dramatic increase in use of
concurrency in near future due to
proliferation of multi-core
Processors




Multi- T hreaded Programs

Questions...

= What are the basic notions of
dependence required for multi-
threaded Java programs?

= What sort of tool infrastructure
is needed to calculate slices
and present the results to
developers?

= What optimizations and
englneerln? decisions are
necessary for scaling slicing?

= What are some non- HEIES (1o It_’keXO”d
conventional applications of “whatq:tigfsst;tz'ments
slicing that arise in a multi-

does my current
?
threaded SEttlng statement depend on?”




ditional Slicing Questions

Mining the results of wide-ranging static analysis for concurrency

What Other SynCh roniZGd ist of IIIDB[: \l\:lata sources and associated descriptions What IOCkS ™
statements may acquil’e """"" ioeie o . seite o1 o6 v swce ox o frmo e pgm====s=smmmomoo- e
the lock used in the _
current monitor? statement is

executed?

R 0x0250 |:

What other statements
may generate
concurrent conflicting
writes with the current
statement?

essin

Which notify

statements may “wake
up” this particular wait

statement?

Does method m write to
any data cell reachable
from argument a?

...we are interested in going well beyond than the usual slicing guestions



Indus provides a rich collection of
program analyses and transformations
for Java programs (full Java)

I. Platform for static analyses such as points-to analysis, escape analysis,
and dependence analyses,

... Object-flow Analysis (OFA) ... Side-Effect Analysis ... Safe Lock Analysis
... Escape Analysis ... Monitor Analysis ... Dependence Analyses

II. Transformations such as program slicing and program specialization via
partial evaluation

... Backwards and Forwards Static Slicing ... Slice restriction using scope
specifications and call paths

... Property-aware slicing

... Generation of executable slices



Kaveri provides a featureful Eclipse-based Ul
front-end for Indus integrated with the Eclipse
Java development environment

I. Configuring, invoking and visualizing results
of Indus slicing

I1. Scripting framework for flexible querying of
underlying analysis APIs

“According to Hindu tradition, the
Kaveri river cleanses all sins.”




I. Program Dependences
for Java

ITI. Application to Verifying
Concurrent Java Programs

Model checking for
deadlock detection

aBEFaNEET

IV. Analysis optimization
and mining analysis results




ce

Various notions of Dependences [Hatcliff et. al.:SAS99]
= Intra-thread data dependence,

Control dependence
Interference dependence

I_ —
l

Synchronization dependence |

Divergence dependence
Ready dependence

|
|
~~.
|

The usual stuff...

Dependences related to
threading & locking...

Dependences for
preserving liveness
properties...

...dealing with all of these in the presence of, e.g., pointers, exceptions, etc.




uffer Example

class BoundedBuffer {

I” protected int numSlots = O: /* size of buffer */
' protected gbj.e_cti]_@ﬁce_r:_miﬂ_;j /* buffer array */

I” protected int putin = 0; ~ — — 1 /* next empty slot */
I protected int takeout = 0; I /% next item */

|_ Ergtgc;eg in_t count = 0; __: /* number items */

T

|r “public synchronized void deposit(object value),

I _ _{_} ______________________ I

|r ‘public synchronized object fetch O E
{.} I



endence

public class BoundedBuffer {

protected int numSlots = O0; I
protected Object[] buffer = null; Data Dependence

protected int putlIn = O;

rotected int takeOut = 0; T .
e e o = B Definition of variable V
public BoundedBuffer (int numSlots) { at Statement Sl

if (numSlots <= 0) { reaches a use of V at

throw new IllegalArgumentException();

) _ statement S,

this.numSlots = numSlots;
buffer = new Object [numSlots]; R

} %
*

y * _.these statements
depend on the data value
assigned to parameter
numSlots



endence

public class BoundedBuffer ({

rotected int numSlots = O0;
§r§£§t§d Object[] buffer - null; Data Dependence I
protected int putlIn = 0O,
rotected int takeOut = 0; . mgm .
o] e et o G !Deﬂnltlon of variable V
in statement S,
reaches a use of V at

statement S,

public BoundedBuffer (int numSlots)
if (numSlots <= 0) {
throw new IllegalArgumentException();

}

this.numSlots = numSlots;
buffer = new Object [numSlots]; I *

. -
} *
-

yo * _.these statements
depend on the data value
assigned to parameter
numSlots



ndence

public synchronized void deposit (Object wvalue) ({
while (count == numSlots) {
try {
wait () ;
} catch (InterruptedException e) {}

}

buffer[putIn] = wvalue;

ENED S [PERT p d) Y EEEREy public synchronized Object fetch() ({

count++; Object value;

if (c?unt == 1) { while (count == 0) ({
notify(); try {

} wait () ;

} } catch (InterruptedException e) {}

}
Data Dependence

value = buffer[takeOut];

W/ InterprOCEdural takeOut = (takeOut + 1) % numSlots;
count—--—;

Control Flow
if (count == (numSlots - 1)) {

notify();
}

return value;



ndence

public synchronized void deposit (Object wvalue) ({
while (count == numSlots) {
try {
wait () ;
} catch (InterruptedException e) {}

}

buffer[putIn] = wvalue;

ENEND S ([PERTD P d) Y EEEEREy public synchronized Object fetch() ({

count++; Object value;

if (c?unt == 1) { while (count == 0) {
notify(); try {

} wait () ;

} } catch (InterruptedException e) {}

}
Data Dependence

value = buffer[takeOut];

W/ InterprOCEdural takeOut = (takeOut + 1) % numSlots;
cout--—;

Control Flow
if (count == (numSlots - 1)) {

notify();
}

return value;



ndence

public synchronized void deposit (Object wvalue) ({

while (count == numSlots) {
f try {
/ wait () ;
| } catch (InterruptedException e) {}

[ }

:\ buffer[putIn] = wvalue;

N RHEIS SR S ) G e public synchronized Object fetch() ({

count++; Object value;
if (c<_>unt == 1) { while (count == 0) ({
notify(); f try {
} / wait () ;
} / } catch (InterruptedException e) {}
- }
I
Data Dependence “‘u"\ value = buffer|[takeOut];
w/ Interprocedural |..="" ~ takeout = (takeout + 1) % numslots;
* couRt——;
Control Flow
if (count == (numSlots - 1)) {
notify () ;

}

return value;

}



e Dependence

public synchronized void deposit (Object wvalue) ({

while (count == numSlots) ({
try {
wait (); \
} catch (InterruptedException e) {}

} \

buffer[putIn] = wvalue;

putIn = (putIn + 1) \% numSlots;

count+;= = — _ _ public synchronized Object fetch() {

- . Object value;

L]
\ ~‘~_

if (count == 1) { . L
) . \ while”™ (count == 0) {
} notify(); \ try {
\ wait ();
} \ } catch (InterruptedException e) {}
\ }
Data Dependence S value = buffer[takeOut];
aCross threads \takeOut = (takeOut + 1) % numSlots;
count-—-—;
if (count == (numSlots - 1)) {
notify();

}

return value;

}



ependence

public class BoundedBuffer ({

rotected int numSlo = 0;
brotected Object () buffer - mull; Control Dependence |
protected int putIn = O;
rotected int takeOut = 0; o
D otocted int count = 0: A conditional statement
controls whether or not
| the current statement is
throw new IllegalArgumentException();

} executed

this.numSlots = numSlots;
buffer = new Object [numSlots];

Rounded R ar (int numSlots) {

e

y - ...this statement depends
on the conditional which
controls whether it is
reached or bypassed by
throwing an exception



ontrol Dependence

Conventional definitions of control dependence are presented in
terms of CFGs with unique start and end nodes

unique start node

unique end node



- Control Dependence

...but CFGs of Java often violate this constraint

A @
L KM]})

Multiple end nodes No end node

= reactive programs
(designed to run

= multiple return nodes in a

method indefinitely)
= exceptional exits from a Y
method = event loops in GUI

frameworks, etc.



-d Control Dependence

Indus uses an enhanced notion of control dependence that...

= handles CFGs with multiple ends and no
end nodes

= works with both reducible (structured
programs) and irreducible (unstructured
programs) CFGs

= has formal correctness properties
established using a notion of weak bi-
simulation for both finite and infinite
program traces

Ranganath et. al., ESOP 2005



e Dependence

public synchronized void deposit (Object wvalue) ({

while (count == numSlots) { Capt[jf/hg

try {

wait () ; delaying

} catch (InterruptedException e) {}

} influences within
buffer[putIn] = wvalue; a 5//79/6’ thfea(]l
putlIn =.(putIn + 1) % numSlots; public synchronized Object fetch() {
count++; Object value;
if (c?unt f= 1) { while (count == 0) ({

notify(); try {
} } wait () ;

} catch (InterruptedException e) {}

Divergence Dependencel }

value = buffer[takeOut];

Statement S, influences S, \ |oieout = (feneous =) numStors
if S; may |nf|n|t_ely delay S, it (ount - (mSiote - 1))
(e.g., by going into an notify () ;

- e }
infinite loop) return value;



pendence

public synchronized void deposit (Object value) { i
while (count == numSlots) { Capt[jf/ng
try { . .
wait () ; delaying influences
} tch (InterruptedEx tion e) {}
A across threads

buffer[putIn] = wvalue;
putIn = (putIn + 1) % numSlots;

count++; public synchronized Object fetch() ({

Object wvalue;

s (c9unt = f while (count == 0) {
notif - K

try {
wait ();

}““‘ Ready Dependencel } } catch (InterruptedException e) {}

" Thefailure of a lock release to . . _ puscertakeout]:
complete may cause a lock takeOut = (takeOut + 1) % numSlots;
acquire to be delayed St

(blocked) indefinitely if (count == (numSlots - 1)) {
notify();

}

return value;




pendence

public synchronized void deposit (Object wvalue) ({
while (count == numSlots) {
try {
wait () ;

buffer[putIn

putIn = (putIn\t+ 1) % numSlots;

count++; public synchronized Object fetch() ({

Object value;

if (c?unt == 1) { while (count == 0) ({
nptify(); try {

=P wait () ;

} catch (InterruptedException e) {}
}

}
} o

L4

value = buffer[takeOut];

takeOut = (takeOut + 1) % numSlots;
count—-;

Ready Dependence |

The failure of a not1 fy to (count == (numSlots - 1)) {

complete may cause await \ notify();

to be delayed indefinitely return value;



ﬁ Program Dependences
for Java

ITI. Application to Verifying
Concurrent Java Programs

Model checking for
deadlock detection

aBEFaNEET

IV. Analysis optimization
and mining analysis results




— Slicer Input

‘ Expr

ri Architecture

Slice Calculation

‘ Seq_ueutial Concurrent

Kaveri

Sheing Cotena Factooy

Y

Sheing Engine

Java Representation

Annotation |

Residualization

Supporting Analysis

Points—to Analysis

loning

Destuctive Update

L Call Graph

T |

1

f ¥

Thread Graph

-=——— Escape Analysis

Output Construction




evelopment Integration

Slicer Controls : Java Outline

spe e =b SRS T S W B | &)3ava -~

i

03 H & | 35 - 0 - Q- ——

| [# Package ... 5% Naviator!Hierarmy! WU || 2] ContextTest.java 1] Main.java 0 Exam O ‘ " Qutline £ P ]
= iy 1
-~
B & e i
127 Bogor-Care 2ov [

e : : )
':IIUJ Example-Acct 30 * Show interspersed data flow through the slicer. import declarations
[+-[=% KaveriExample a1 wf Example 1

] IU‘J Kaveri-FASE-Examples
IL—‘,% ReadersWriters

o Example 1()
@ calculate1()

92
= e - e @ calculate2()
4w public void _I’.] {

g5
26
a7

Workspace
Files

JaVa Editor

W

T = ;
Search E@Criteria View 25 \'~,__Jim|:ble View | Dependence History Vi... | Dillendence Tracking ... | — O

- T T
| Call Hierarchy | Problems | Javadoc | Dedaratio
(Call Hierarchy | Problems | Javadoc | Dedarati

Function Line number | Jimple index | Consider Execution
examplel.Examplel.calculate1) &5 0 true

feclipse

Dependente Navigation




Launch Backward Slice for single statement criteria

ode

int a = 0;
int b = 0;
int = = 0;

if { resultl <= 50} {
a=a+ 1;
B=5b+ 1;
i [ 5 Lo B

¥

int result? = r.nextInt(100});:
inkozs=r2y
inEsyi=as

intix - -=1¢

if (_result? > 350) {
S gk i

ii=ii+2.

b

H Example1.java X B8
~
- CE] int a = 0; T
| 89 int b = 0;
oo int c = 0;
01
02 if (_resultl <= 50) {
03 a=a+ 1;
04 b=b+ 1;
05 oo S R
0& H
— > a7
oe int _result? = _r.nexcInc(100):
0%
10 int z = 1;
11 ink vr—-1r
12 int x = 1
13
14 16 (resmslt2 > 50) ¢
— 15 z =2 + 2: i |
16 ¥y 2:
17 x = x + 2|
w 18 H B
):_ £ [ >;_-

single statement is

used as the criteria




£

short-cut buttons

Indus Configuration Editor

Configurations | Scope | Slice Button Configurations I Exceptions I

Configurations: | SRR g W= AL

General Dependence | Divergence | Intereference | Ready

[T Executable slice

—Preservation of asserkions in the swskem
[ Preserve assertions ¥ Preserve assertions in application classes only

—Preservation of Deadlocking property

™ Preserve Deadlock

I | Preserve sync constructs in application classes only
Deadlock Criteria Seleckion Strategy
£ 4l Synchronization construcks
gz Escaping Sychronization canstrucks
i Escaping Sychromization comstricks '.-':.Iith\their conbexts

F Property Awate Slicing

Slice Tyvpe

{* Backward slice
™ Forward slice
™ Complete slice

er Configuration

Name/Save configurations and bind to

Create

Choose wﬁich
dependences to consider

ncel

Demo |



-ode / Byte Code Issues

Understanding the corresponding between Java source
and byte code representation (Jimple)

= We would like to enable developers to
work at the Java source level...

= ...yet in many cases the semantics of Java
and dependences of Java can only be
explained precisely by working at the byte
code level



presentation of Java

Jimple is an intermediate representation of Java

¢ $r4 = r0.<temp.DiskScheduler:java.util.LinkedList

Clist>

if (! empty(CIi St)) * $20 =.virtual.inv.oke r0:<temp.DiskScheduIer: boolean
empty(java.util.LinkedList)>($r4)
¢ if $z0 != 0 goto $r7 =

r0.<temp.DiskScheduler:java.util.LinkedList NList>

Kaveri provides a special view to see the Jimple
statements that correspond to a particular Java statement




esentation of Java

int a = 0;
int b = 0;
int o = 0;

if { resultl <= 50} {
a + 1;

< JalASTIeIEN

Lo |
(0o

I

+
+

Call Hierarchy | Problems Ja‘uaduci Dedaration | Search |.|E|Jim|:de Wiew EEH‘*.,_Friteria View

Statement: I c =c + 1; (Example 1.java)

Jimple Statement | Part of Slice
diz=i3 +1 ir

® Some Java statements correspond to a single Jimple statement



resentation of Java

Example

System.out.println ("Random value wa=s "™ + 4);

o
L

A

85 vatem.out.println{"The result is "™ + result);
86 H

JaUalStalemell

5.

| Call Hierarchy | Problems | Javadoc | Dedaration | Search @Jimple View EE-H . Criteria View | Dependence History Vi...

Statement: ] System.out.printnThe resultis * + _result); (Example1.java)

Jimple Statement | Partofslice—
L= 5r& = <java.lang.System: java.io.PrintStream out= false
&rd = new java.lang.StringBuffer true

spedalinvoke 59, <java.lang.StringBuffer: woid <init>{ava.lang.String) =("The resultis )  true
g&r10 = virtualinvoke %r9. <java.lang.5tringBuffer: java.lang.StringBuffer append(int) ={i1) true
&r11 = virtualinvoke Sr10. <java.lang.StringBuffer: java.lang. String toString =) true
virtualinvoke Sr8. <java.io.PrintStream: void printn{java.lang. String) =(5r11) false

e Some Java statements correspond to a several Java statements

e The example shows the underlying use of StringBufferto perform
String concatenation



public void _H {

int paraml = 10;
m > processl (val, paraml + 2);
27 }

} else {

~
~
~
~

Search ﬂEJimple View &2

2
Call Hierarchy | Problems | Javadoc | Dedaration

- Yellow = some corresponding
private void SEgeess (2 Jimple in the slice

" Green = al corresponding
Jimple in the slice

Criteria View | Depend

Statement: Ipmcessl{val, _paraml + 2); (Test.java)

Jimple Statement | Part of Slice
&1l =r0, <Test: int val= true
false

Si2=i0+2
spedalinvoke rl., <Test: void process 1{int,int) =(%i1, 52} true




Call Hierarchy

Problems

Javadoc

Dedaration

Search [@Jimple View EE-W“MH Criteria View

Depend]

Statement: I process1(val, paraml + 2); (Test.java)

Jimple Staterment

Si1 =r0, <Test: int val> Indicates
:i;zil?n:uie 0. <Test: void process 1(int,int) > (&1, & which J|mp|e
—= statements are
e The call to method processi has two in the slice

parameters: val, _paraml + 2

e Only val is used in the method process?

e Hence, only the parameter val has the slice

tag

Demo |



Eiow Lets sice

Setting the Slice Criterion

= A Slicing Criterion indicates a point of
interest for slicing
=« Represented by a Jimple statement in Kaveri

= The slicing criteria for a slice can be:
= ...0Nne Jimple statement
= ...multiple Jimple statements



Slicing Criteria can be either a s/ing/e Jimple statement or mu/tiple

Jimple statements

98 int a = 0;

99 int b = 0;

100 int ¢ = 0;

101

102 if (_resultl <= 50} {
103 a=a + 1;

104 1 a Jr e oy B b

105 -t o S B

106 H

107

102 int _resultz = _r.nexcInt(100):
109

110 int =z = 1;

111 int v = 1;

113

115 F =g e e

116 ¥ = v + 2;

117 [ E— |

[¥] context... &2 | [ Main.java m@ Readers... | e

98 int a = 0;

99 int b = 0;

0o int e = 0;

01

02 if (_zesulel <= 50)
03 [ - R o E

04 b=b+ 1;

o5 c=c+i |

0& H

o7

o2 int _result2 = _r.mextlnt(100);
09

10 int =z = 1;

11 int y =17

12 int x = 1;

13

11 if (_zesult2 > 50) (
15 R R

16

17

< il |

Dependence History View ﬂECriteria View &3 Dependence Tracking View | Jimple

Dependence History View ﬂE‘ Criteria View &3 Dependence Tracking View | J

Function | Line number | Jimple index | Consider Execy

example 1.Examplel.calculate2() 117 a true

Single statement I

Function | Line number | Jimple index | Consider Execution
example 1.Examplel.calculate2] 117 0 true
example 1.Example L.caloulate2) 116 0 true
example 1.Example 1.calculate2() 105 0 true

Multiple statements I




pendence Navigation

We have a bunch of “green stuff” — how did it get there?

switch (nRandVal) {
case 01
£ The result i= 1
—— while( ctr <= nRandVal) {
., _result = result + 1;

L » CTr++;

brea; T AIEleniense

/4 The result is
——> while( ctr <= nRandvVal) {

t::_result = _result + 2:
_Cctr++; <

¥
break:;

GO HBTIENIENE!

Even simple code can have a lot of dependencies |

Kaveri provides
support for filtering
and navigating
dependence graphs




Tracking View

switch (nRandVal) {
case 0:

e

The result i=s 1
- while{ ctr <= nRandVal) {

: _Iesult = _Iesult + 1:

h
preak laialienendence
case 1:
£ Th sult i= 4
L » while r <= nRandvVal) {
L » _result + 2;
> _
ki = T r : —
Call Hierarchy : Problems | Criteria View Jimple View | Dependence History View ! 8
break: : =i
0~
"llrol @@[ﬂ Statement Dependence
B _dr+4; (Example1.java) = Dependees
2 =i2 +1 . [l-Control
¢ #-while{_ctr <=nRandval) {
=I-Data
- _ctr++
; H-int _cir =0;
= Dependents
i Control
=I-Data
- while{_ctr <= nRandVal) {
- _ctr++;

Demo |



switch (nRandVal) {

case 0 @
@ /{ The result is 1

while( ctr <= nRandVal) { «—

@ ‘ _result = result + 1;
L p ctr++;
}

break;

History View

@Dependence History Yiew 23 \\Dependence Tracking View | Slice View Tm
i
Statement i Filename | Line number l Relation with previous i

gwitch({nRandval) { Examplel.java 32 Starting Program Point

| =

<

e Maintains a history of program points
visited through dependence tracking

» Navigate to earlier points in the path

Demo |




Scaped sicin

= Scoped slicing allows the user to restrict
entities that are considered for the slice

= Entities that can be added to the scope
include Classes and Methods




Slice the program

Configuration Ibad::ward-exemmble—asserﬁnn-sequenﬁal ;I
[~ additive slice display

Criteria  5coPe | Contexts | Root Methods |

Pick the elements to be induded in the scope

I | Type acope Mame Element Mame
[ Class Class_Example1 example 1,Example 1

[[] Method Method _calculatel calculatel \

Class Scope Method Scope

Run I Cancel

Demo |



ontext-bounded slice

Imagine that your program has just crashed and you have a
stack dump show the call chain that lead to the error

= You could slice at the error point to help you identify the
coding flaw

= ...but that will show dependence throughout the program
(including other call paths that arrived at the error point).

= Indus/Kaveri provides context-bounded slicing

method a()

|

method b()

I




ed slice

Call leaf —— 'E---i
Call String cont xtE

Call root

Slice the program

Configuration Ibadmard-exemiﬁble—assErﬁnn-sequenﬁal
[ additive slice display
Criteria | Scope  Contexts | Root Methods |

13
m
=

—Select the call string contexts for the slice
! i | Call String End
testChoice decider




I. Program Dependences
for Java

if (count == (numSlots - 1)) {
notify();

}

re

}

rII. Indus & Kaveri

ITI. Application to Verifying
Concurrent Java Programs

Model checking for
deadlock detection

aBEFaNEET

IV. Analysis optimization
and mining analysis results




~_ ox

Finite-state model
or

/ Model Checker  Error trace
0@ - Q) —

Line 5: ..

Line 12: ..
Line 15:..
Specification ine 250

Line 27:..

Line 41:..
Line 47:..




Use
cking for Software?

= Automatically check, e.g.,
= invariants, simple safety & liveness properties
=« absence of dead-lock and live-lock,
= complex event sequencing properties,

“Between the window open and the window
close, button X can be pushed at most twice.”

= In contrast to testing, gives complete coverage —
even in presence of concurrency -- by exhaustively
exploring all paths in system,

= It's been used for years with good success in
hardware and protocol design

This suggests that model-checking can complement
existing software quality assurance techniques.




lock Example

Process 1

Process 2

Lock 1

Lock 2
acquire/ acquire/
release release




public class Deadlock {

I'static Lock Tockl;!
I static Lock lock2:!

I static 1nt

public static
v?id_mm' n(string[l args) {

lockl = new Lock();

"Tock2 = new Lock(Q: |
IProcessl pl I
I = new Processl();l
IProcess2 p2 I
I = new Process2();|
ipl.start(); i
jp2.startQ); I

Y

dlock Example

class Processl extends Thread {

blic vaidrunQ 4 — — — — — — — g
Deadlock.state++;

Isynchr'om'zed (Deadlock.lockl) {

synchronized (Deadlock.lock2) {
Deadlock.state++;

IDeadlock.state++;

synchronized (Deadlock.lock2) {
synchronized (Deadlock.lockl) {
Deadlock.state++;




dlock Example ...

Model checking explores all schedules/interleavings Process 2

Schedule 1

;

state++

acquire lockl

acquire lock2
state++

release lock?Z2
»

o3

"

~qelease lockl
L 4

S

sté%é%i

.

acquire }Ba@?

.

acquire lockl
state++

release lockl

release lock?Z2

L4

Schedule 2 Schedule 3
i state++ i state++
acquire lockZ2 state++
acquire lockl acquire lockl
state++ acquire lockZ
release lockl state++
release lock2 release lock2
state++ acquire lockZ
| acaulire Jlock] I release Jlockl
Each state holds values of
) re lockl
program counters, variables,
heap-allocated data, stack ++
frames, and model_ checker se lockl
caches each state in memory.
se lock2

state++
state++

acquire

Schedule n

lockl

acquire lockZ2

acquire

lock?2




kKing Realistic Systems

Goal

model check implementations of realistic Java systems
against a particular property or collection of properties

Complexities leading to state explosion

= concurrency, heap intensive data,
extensive use of layering, design
patterns, etc.

s ...there’s just a lot of code!
= libraries, infrastructure code, etc.




Model Reduction

Folklore: program slicing is useful for model-reduction

Basic Thesis:

“...often, significant amounts of
the program are irrelevant wrt
(independent of) the property
being checked...”

Observation:

Program slicing is a static

analysis technique for...

= reasoning about program
(in)dependences

= eliminating program statements
that are irrelevant to computations
at particular program points.

Idea:

Use program slicing to prune
away parts of the system that
are irrelevant wrt property being
checked.



and Program Features

Property:

class Processl extends Thread {
= absence of deadlock public void runQ) {
Deadlock.state++;
synchronized (Deadlock.lockl) {
synchronized (Deadlock.lock2) {
Deadlock.state++; ™

Program features 111} "
: L licing
to drive S||C|ng class Process2 extends Threa f -
- - . . ] public void run(Q) { riteria
(SIlCIﬂg Crlterlon). Deadlock.state++; o
synchronized (Deadlock.lock2) {
- Synchronized statements synchronized (Deadlock.lockl) {
] Deadlock.state++;
(lock acquires/releases) 111
Slicing action:

= finds all program statements that influence the computation
of the synchronized statements (removes the rest)



Variable

public class Deadlock {| sf/iced
static Lock lockl; 1 away
static Lock Tock2; ,
static int state;/

/

public static
void main(String[] args) {

lockl = new Lock();
lock2 = new Lock();
Processl pl

= new Processl();
Process2 p2

= new Process2();
pl.start();
p2.start();

adlock Example

statements
(transitions)
sliced away

class Processl extends
public void runQ) {,' | !
Deadlock.state++; |

Deadlock.state++; !

ik

class Lock {}

class Process2 extends Thread {
public void run() {
Deadlock.state++;

Deadlock.state++;

111}
Green stuff = "in the slice I




Effects of slicing on

Schedule 1

;

state++
acquire
acquire
state++
release
release
state++
acquire
acquire
state++
release

release

lockl

lock?2

lock?2

lockl

lock?2

lockl

lockl

lock?2

Schedule 1 (sliced)

removed
(reduction in

‘e
-
-
-
-
.
.
-
-
‘e
-
>
03
-
S
S
-
-
>
(S
>
>
(S
%
LS LS (3
RSN SRS .
-l - “
. .
ous? vus?

dlock Example

model checking costs

Transitions

removed
(reduction in
time)

“
“"
.

*
release lock2¢f »

*

’0

release lgd%l jj
"'state” variable
doesn’t need to be
acquire lockZ held in the state
acquire 18ckI vector, so all stored
" states are smaller
(reduction in memory)

release lockl

release lockZ2



Statements Removed

= fewer transitions
= fewer interleavings
= fewer states

Variables Removed

= Ssmaller state vector

Benefits of Slicing

Unreachable
Methods/Classes Removed

= static initializers removed

= reduces preprocessing /
translation overhead



slice on
synchronization
I. Code Bases statements fo
deadlock ché

Java Source version
application ~ of Java
code libraries

I1. Slicing — Static Metrics

reduction in
statements,
fields,
hods,
es,

“concurrency
skeleton”

wGayE

model checking, .
° [1:0) )
w0 fa) ) ® g oo \ag -z

® ® .@] [ ] [ ] [ ] °

[ )
W waw e @ @ w @ n @ w o @@
) ) ) )
o O O & o ¢ o & ° o o & o 9 O o o o

reduction in
states,
transitions,
memory,
time, etc.




f Examples

= Algorithm Sketches (used elsewhere in the literature)
=« Bounded Buffer
= Pipeline
= Sleeping Barbers
= Readers/Writers
= RAX (distillation of NASA Remote Agent Bug)

= Small Applications (significantly more heap intensive)
= Disk Scheduler
= Alarm Clock
= Larger Applications
= Replicated Workers (client/server data distribution framework)

=« Ray Tracer (Java Grande)
= Siena (internet-scale publish/subscribe middleware)



tecodes

@ Application W Total

P00 19229 vs 50,000 bytecodes
‘ 168 vs 34,000 bytecodes I ",‘/49314
40000 - =

34728 34577 35181 34475 34564 34479 34699 34885 35544

30000 -
20000 1
10000 -

0 -

Pipe RW RepW




- -- Assessment

= Significant portion of program bytecodes come
from libraries

= Some library code may be unreachable during
execution but still contribute to state vector

= Some library code may be reachable but
irrelevant to property

= Much unreachable code can be pruned away
using a precise call-graph analysis (based on
precise “points-to” analysis)
=« To avoid “straw man” arguments, we will take

CallGraph-reachability-pruned code-bases as the
baseline of slicing/model-checking experiments

Comparing slicing to an already “smart” framework!
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Metri

IC

— Stat

Icing

I1. S

ion in

statements,

reduct
fields,

hods,

es,

%
P
k|

oo ¢ gL

synchronization

slice on

Code Bases
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rics for Slicing

What is the effect of Call-Graph-reachability
and slicing on the static program model
structure?

Measurements (see paper)

bytecodes

classes

methods

fields

new (allocations)

threads

exceptions

synchronization statements
wait

notify

Reachable
App + Lib
: Sliced
| App + Lib




trics - Byte-codes

Removes ~

@ App B Total O Total (R) O Total

60000

50000

40000 -

30000

20000 -

10000 -

35181

Reduces

codes

49314

/00 byte

Size by
two-thirds

34699

793

1314 643

290 945 28

DS

RW

42133491




rics - Fields

@ App B Total O Total (R) O Total (S)

1800

Similar reductions for fields 1688
1600 1 (4x) ...

1400 1297 1287

1200
1000

800 -

600 -

424

400 -

296 306

200 -

15 13




rics - New

O App B Total O Total (R) O Total (S)
2500
2119
2000
1510
1500 1455
1000
574 565
500 -
o2 7 39 14
0 _|
RW S




rics - Sync

@ App B Total O Total (R) O Total (S)

450

400 384

350

300

250 239 247

200 -

150 139

105 110

100




ICS

Metri

IC

— Stat

icing

I1. S

slice on

ion in

statements,
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rics - BBuffer w/POR

States Transitions

Between factor
of 4-5 reduction

8 630

Byte-codes Time Memory




£ lava - BoundedBuffer.ja¥a - Eclipse SDK
File Edit

ICi-5e |

Source  Refactor

Mavigate Search  Projeck

|3 -0~ -

Indus Run indow Help

JE@ # @ '_IE? 4 th;E; JQ;"ﬁé e

4 a3 [cvs.projects.cis.ksu.edu] =
a4 [cvs.projects,cis, ksu.edu)
a5 [cws.projects.cis, ksu,edu]
acd [cws.projects.cis.ksu.edu]
acS [cws.projects.cis.ksu.edu]
acS-si [cvs projects.cis.ksu.edu)
acS-sp [cws.projects,cis, ksu,edu]
b10 [cws.projects.cis.ksu.edu]
Ty b8 [cvs.projects.cis ksu.edu]
T"’? bid-si [cvs.projects,cis.ksu,edu]

= b3-sp [cws.projects.cis,ksu,edu)
El _"ﬂ {deFauIt package) [cws.project
i Je, BoundedBuffer.java 1.1
U.J_E, Consumer java 1.1 (ASCI
] Producer java 1.1 (ASCII
: - Tje, ProducerConsumer.java 1.
------ [,g, info.eml 1.1 (ASCIT -kky)
dl [cvs.projects,cis, ksu.edu)
dz [cws.projects.cis, ksu,edu]
d3 [cws.projects.cis. ksu.edu]
d4 [cws.projects.cis, ksu,edu]
dS [cws.projects.cis,ksu,edu]
u:Ipl [cws.projects. cis, ksu.edu]
= dp2  [cvs.projects. cis.ksu.edu]
= dp3 [cws.projects.cis,ksu.edu]

+

r o
2 Package Explarer &3 i = m UDPPacketReceiver. ., |m DatagramPacket, java
|5 & 7B i class boundsaBugzer

2 { // designed for a single producer thread
3 A4 and a =ingle conswner thread

Al

4

5 Instance wvariasbles
&

7 protected int mmSlots = 0;

=] protected Chject[] buffer = null;
9 protected int putlIn = 0;

protected int takelut = 0;

=17 %]

£ | 8 Java 2,

o |-
gt Outline &3

= lﬂz}iﬁse\d’v

EE-\

...... Gc
@a
& 7

n BoundedBuffer 1.1 (ASCII

num3lats : ink
buffer : Object[]
pukIn :ink

takeOut ; ink
counk :ink
BoundedBuffer(int)
deposit{Object)
fetchil

Ln COHSERUESTeES TSRS EEEEEEEEE
S*E invariant count <= num3lots:
[ invariant count = 0O:
[ invariant buffer.length ==

B#s

ad

A% atomic behavior

Buffer and indices are
sliced away — because
synchronization only
depends on count.

21 [ regquires numSlots > O
22 [ assignable this.num3lots, this.buffer, this.putlIn, tl
23 [ ensures ‘freshibuffer) &£& buffer.length == num3lots
24 falso pud
4| | 3 1|

= dp4  [cws.projects.cis, ksu.edu]
= dpS  [cvs.projects.cis.ksu.edu]

=
Problems | Javadoc | Declaration | Jirnple Wiew | Search ﬂE Dependence Tracking Yiew &3

dpé [cws.projects.cis.ksu.edu]

ds? [cws.projects.cis.ksu.edu]
ds?-di [cws.projects.cis. ksu,edu]
ds7-si [cws. projects, cis.ksu.edu)
ds7-sp  [cws.projects,cis. ksu,edu] —
=moldyn-a3  [ovs.projects,cis.ksu,
=moldyn-a4  [cvs.projects, cis. ksu,
=maldyn-aS  [cws.projects.cis. ksu,

replicatedWoarkers18 [cws. pm]eitill
| 3

F.Ef

Stakement Dependence

Dependence History Wigw | Zall Hierarchy |

#/start| ) Tacasas

| Micraosoft Po...

| ‘iritahle

| X ichns-nokes.t... | B Indus-0.8 “ = lava - Boun...

‘ Srnark Inserk | il |

_96% pd | @ O BRSO X2 W szam



£ lava - BoundedBuffer.ja¥a - Eclipse SDK - = |5’ |5|
File Edit Source Refactor Mavigate Search Project Indus Run Window  Help
jci- e o | $-0-&%- | BEHFEG- | @™y [[s@ |8 -5l - [ &5eva »
r e o = Ty 2 oo 'y
2 Package Explarer &3 i B m UDPPacketReceiver. ., |m DatagramPacket. java | gt Outline &3 =
o | = <~}==E> = =pel= public synchronized void _ (Object walue) ;I lﬂ ™ }SE e w ¥
a3 [cvs.projects,cis, ksu.edu) = o { = '“%D BoundedBuffer 1.1 {ASCII
a4 [cvs.projects,cis, ksu.edu) 54 assert value != null: < num3lats :ink
a5 [cws.projects.cis, ksu,edu] 55 b buffer Ol:u]ect[]
acd [cvs.projects, cis.ksu,edu] 56 while (count == num3lots) '
acs  [cws.projects,cis.ksu,edu] G { B ff d = d H
acS-si [cws,projects,cis,ksu.edu] 1] try u er a n I n |Ces a re
H- Yy acs-sp [cws.projects, cis, ksu,edu] 59 { .
| k10 [cws.projects.cis.ksu.edu] &0 wait () I d y —_— b
k% b& [cvs.projects,cis, ksu.edu) 51 3 S Ice awa eca u Se

#?- bid-si [cvs.projects,cis.ksu,edu]
b3-sp [cvs.projects.cis.ksu, edu)

El Iﬂ {default package) [cws.project

l -LE, BoundedBuffer.java 1.1 0

!E, Consumer java 1.1 (ASCI

---LE, Producer.jawva 1.1 (BSCII

] - -LE, ProducerConsumer.java 1.

L Eg, infa.xml 1.1 (ASCIT -k

dl [cvs.projects,cis, ksu.edu)

dz [cws.projects.cis, ksu,edu]

d3 [cws.projects.cis. ksu.edu]

d4 [cws.projects.cis, ksu,edu]

dS [cws.projects.cis,ksu,edu]

dpl [cws.projects.cis.ksu.edu]

dpz [cws.projects.cis.ksu.edu]

75 } _ILI
dp3 [cvs.projects.cis.ksu.edu] 4 | r 1| | LI

22 l{:atch (InterruptedException e SynChrOnlzathn Only
| depends on count.

65 B

GBE

67 buffer[putIn] = walue:

&3 putIn = (putIn + 1) % nuwIlots:

6 count++; // wake up the consumer

To

71 if (count == 1)

Ta {

73 notify(); // since it wight be waiting

T4 }

dp4  [cws.projects, cis, ksu,edu] - | | : | ” : | ( — : ; | ; | - = 8]
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replicatedWoarkers18 [cws. pm]eitill
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dersWriters w/POR

States Transitions

Significant
reductions...

Byte-codes Time Memory




ent

= Very little application code sliced away (a
counter, and system.out.printins)

= Dramatic amount of library code is sliced away

= 25 classes, 53 methods, 40 fields, and 683
statements

= java.lang.System gets completed gutted

java.util.Hashtable

java .util. Properties java.io.BufferedReader
java.io.PrintStream java.io.InputStreamReader,
. . java.io.Reader

Java.lo. In pUtStream java.lang.StringBuffer
java.io.OutputStream java.io.PrintWriter

java.util.Iterator
...and much more



-ena Middleware

UDPPacketReceiver.java [E———— ‘ Not in the slice. Why? I

packet = new DatagramPacket(new byte[l], 1);

DatagramPacket.java

Bub11c DatagramPacket¢final byte[] b,=
--F_.I .r‘.a.T | | a.r].'t. :1 .e.n.g.-Eh) {

) Se'CDatEEE?E Q,'Ieng_th),’ Passed to constructor,
and then to setData.

public void setDataé%ina] byte[] data,=
FIAAT " 1hT 'gfTset; ™"

pransnsacanananafilal int 1€NGY passed to setData, and

E.'?‘.’.‘;.‘E‘?f..z.h.‘éf’l‘:cf‘.;.ic;;'_' """""""" then assigned to buffer
) >etLeng ength)s which is not read by any

statement in the slice!




-iena Middleware

UDPPacketReceiver.java [E———— ‘ Not in the slice. Why? I

packet = new DatagramPacket(new byte[l], 1);

DatagramPacket.java

public DatagramPacket(fin#l bytel[| Via several intermediate
fiflal int 1| steps, new byte[1l] is
ngth) ; flowing across multiple
methods and classes only
into a variable that is
public void setbafa(final byte[] | never used in the slice.
final int off
................ﬁga1 int lern Ve,ydiﬂ"icu[tto detect
s buffer = data;: manually — especially
setiength(Tength); on large code bases!

Summary:

setData(b, O,




= Applying Indus slicing for Java model checking
= IS easy (completely automatic — no user intervention)
= is inexpensive (compared to model checking costs)

= IS effective and orthogonal to other reduction
strategies (typical reduction factors range from 2x —
5X)
= Key enabling technology: additional notions of
dependence related to preserving
blocking/deadlocking behavior

= Slicing techniques like Indus seem particularly
relevant for real systems that make significant
use of libraries



I. Program Dependences tIII. Application to Verifying
for Java Concurrent Java Programs

Model checking for
deadlock detection

aBEFaNEET

IV. Analysis optimization
and mining analysis results




ditional Slicing Questions

Mining the results of wide-ranging static analysis for concurrency

What Other SynCh roniZGd ist of IIIDB[: \l\:lata sources and associated descriptions What IOCkS ™
statements may acquil’e """"" ioeie o . seite o1 o6 v swce ox o frmo e pgm====s=smmmomoo- e
the lock used in the _
current monitor? statement is

executed?

R 0x0250 |:

What other statements
may generate
concurrent conflicting
writes with the current
statement?

essin

Which notify

statements may “wake
up” this particular wait

statement?

Does method m write to
any data cell reachable
from argument a?

...we are interested in going well beyond than the usual slicing guestions



erl Architecture

Sequential Concurrent e
: |
Sheing Crtena Factory——= |Shicing Criteria W
‘ ‘._l— Sheing Engine
CFG - ]
¥ i 4 b Annotation |
Fm JimplE 1? F |Dependﬁﬂcehﬂa]}rsis Residualizanon
- ! | l‘“r‘ - .
F— | Ready Cloning Destuctive Update
Points—to Analysis ___AT T | ‘!’
L —
C?” T Indus scripting framework
1 -- enable easy access to all underlying
analysis results




class Acct {
protected Integer balance;
Acct() {

balance = new Integer(100);
}
}

class Wife extends Thread {
protected Acct savings;
protected Acct checking;
Wife(Acct act) {
this.savings = act;
checking = new Acct();

public class Home {
public static void main(String([] s) {

Acct savings = new Acct();
Thread wife = null;
Thread man = null;
wife = new Wife(savings);
husband = new Man(savings);
wife.start();
husband.start();

class Husband extends Thread {

} protected Acct savings;
. . protected Acct checking;
pu&l;c{ void run() { Husband (Acct act) {
. . this.savings = act;
synchronized(savings) { L2 ’ .
savings.wait(); } checking = new Acct();
'}A‘CCt newAcCct = new Acct(); pusba:\i/?nvzi(:)a:&:l(ge{ = new Integer(savings.balance.intValue() + 20);
savings.balance = new Integer(savings.balance.intValue() - 20); s ncr?r(.)nized(sa;/in 5) 1 9 gs- ' . '
checking.balance = new Integer(checking.balance.intValue() - 10); ysavin s notify(): 9
newAcct.balance = new Integer(newAcct.balance.intValue() + 10); } 9s- Yo,
} catch (Exception e) {
} e.printStackTrace(); checking.balance = new Integer(checking.balance.intValue() + 1(
} synchronized(checking) {
} checking.notify();

}
}
}



Objects of account type are
shared between threads.

class Acct {
protected Integer balance;
Acct() {
balance = new Integer(100Q);
}

}

Access to balance may

induce inter-thread data
interferences.

J);

1(



savings account is shared
between a man and wife.

public class Home {

public static void main(String[] s) {
———— Acct savings = new Acct();
Thread wife = null;
Thread husband = null;
wife = new Wife(savings);
man = new Husband(savings);
wife.start();
husband.start();

J);



ple

class Wife extends Thread {
protected Acct savings;

Assign the shared savings account in an
instance field

protected Acct checking;

Wife(Acct act) { Wife has a personal checking account.
this.savings = act;
checking = new Acc(; Wife waits for a transaction on the savings

} account
public void run() {
try {
synchronized(savings) {
savings.wait(); Wife saves some money in a
} private local account, newAcct.

Acct newAcct = new Acctd;
savings.balance = new Integer(savings.balance.intValue() - 2D);
checking.balance = new Integer(checking.balance.intValue() | 10);
newAcct.balance = new Integer(newAcct.balance.intValue() H 10);
} catch (Exception e) {
e.printStackTrace();

}
}

}




ple

/ Mas has a personal
checking account.

class Man extends Thread {
protected Acct savings;
protected Acct checking;

Man(Acct act) { Man deposits money into the
th|s.s:_:1vmgs = act; savings account and
checking = new Acct(); notifies others about it.

}

public void run() {
savings.balance = new Integer(savings.balance.intValue() + 20);
synchronized(savings) {

} savings.notity(); Man deposits money into the
checking account and );

notifies others about it.

checking.balance = new Integer

. : But it is a personal
synchronized(checking) { . _
checking.notify(): account, so the effort is 1

} wasted!!

}

}




Husband using bank For the good of the family, wife is
account to bet on football  day-trading on the side and
collecting profits in private account



Nexample Queris

Using escape analysis

= Show all concurrent writes that conflict

= Show other synchronized statements that
may be contending for the same lock

= Show all synchronized states encountered
along call paths to this line

= At wait, show influencing notifies
= At notify, show dependent waits
= efc.



Nexample Queris

Using side-effects analysis
= Does method m write to any field
reachable from argument g~

= Does method /m read any fields reachable
from argument g~

= Does method /m depend on the any static
fields?



[ Conclusions

= Indus provides a wide-ranging collection of
capabilities for reasoning about dependences in
concurrent Java programs

= Current trends suggest many interesting
opportunities for slicing in a concurrent context

= Indus/Kaveri is available for download

= over 3000 downloads within the past two years

= working with KSU to release under open source
license by end of year




IR es for the Future

= Synergistic combination with other techniques
= dynamic analysis for mining dependences

=« symbolic execution (conditional slicing) to calculate
path constraints

= using dependence information to guide heuristics in
model checking

omain-specific layers on top of Indus that mine

ependence information according to specific

developer needs

= additional optimizations to aid scalability and
precision

C
C




-Technical Papers

= Slicing for model checking reductions
(TACAS 06)

= Foundations of Control Dependence
(ESOP '05)

= Pruning Interference Dependence using
Escape Analysis (CC '04)

= Preserving LTL with Slicing (HOSC '01)
= Notions of Dependence for Java (SAS 99)



formation...

SAnToS Laboratory,

Kansas State University
http://www.cis.ksu.edu/santos

SAnToS

Laboratory

Indus Project
http://indus.projects.cis.ksu.edu

Bogor Project
http://bogor.projects.cis.ksu.edu




Automatic Parallelization

Program CFG

>

Use slicing to find independent
sequences of computation

Y \/\f‘\



Automatic Parallelization

Thread 1 Thread 2



Automatic Parallelization

Thread 1

—1—

l

2
:

Thread 2

:



