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Core Modeling New Bogor Java implementation of new
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primitives inside model-checker




Language Extensions

Bogor allows definitions of new abstract types and
abstract operations as first-class constructs

A new type to represent ?

extension Set for SetModule

-+* polymorphic symmetric sets

typedef type<<a>;::---- .
expdef Set.type<‘a> create<‘a>(‘a ...);
expdef “a choose<‘a>(Set.type<‘a>);
actiondef add<“a>(Set.type<‘a>, “a);
actiondef remove<‘a>(Set.type<‘a>, “a);

expdef boolean forAll<“a>(“a -> boolean, Set.type<‘a>);

Language Extensions

Bogor allows definitions of new abstract types and
abstract operations as first-class constructs

extension Set for SetModule
typedef type<‘a>;

expdef Set.type<‘a> create<‘a>(‘a ...);

expdef “a choose<“a>(Set.type<<a>); pick an element of the
set to return

R T T T TR

actiondef add<“a>(Set.type<‘a>, “a);
actiondef remove<‘a>(Set.type<‘a>, “a);

expdef boolean forAll<“a>(“a -> boolean, Set.type<‘a>);

Non-deterministically E

ecific Modeling

Bogor -- Extensible Modeling Language
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Threads, | class Setvalue inplements IValue { |
A " « byte[] linearize(C.) {
'\Onzjtfggs —+ Settype<ia> | Bogor API calls...
Exceptions, etc. 3 |
create() h e e — — —
IValue chooseC) {
choose() Bogor API calls...
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forAll() 3
Core Modeling New Bogor Java implementation of new
Language types and values and new primitives

primitives inside model-checker

Language Extensions

Bogor allows definitions of new abstract types and
abstract operations as first-class constructs

extension Set for SetModule |

Variable arity function for g

typedef type<<a>; .- creating symmetric sets

expdef Set.type<‘a> create<‘a§(‘a .
expdef “a choose<“a>(Set.type<‘a>);
actiondef add<“a>(Set.type<‘a>, “a);

actiondef remove<‘a>(Set.type<‘a>, “a);

expdef boolean forAll<“a>(“a -> boolean, Set.type<<a>);

Language Extensions

Bogor allows definitions of new abstract types and
abstract operations as first-class constructs

extension Set for SetModule
typedef type<‘a>;
expdef Set.type<‘a> create<‘a>(‘a ...);

expdef “a choose<‘a>(Set.tvne<<a>y-
Predicate on t%

& Set value to
g‘typ set element &

Higher-order function interate over .

implements quantification
over set elements

et.typeg:‘a>, “a);

expdef boolean f.orAII<‘a>(‘a S boolean, Set.type<‘a>);

Implementation

Implementing the set value for the set type

= operations on the value
= e.g., add, remove, isEmpty, etc.
= Visitor pattern for the value
= used for linearization, efc.
= linearization for state storage
= fine-grained control over the value representation
= XML externalization for counter-example display




Implementation

Implementation

Implementing the set value for the set type Implementing the set value for the set type
public interface ISetValue

public class Refer alue |
extends INonPrimitiveExtvalue {

implements ISetvalue { H

B protected HashSet set = new HashSet(); A set value implementation
el eEEiele W) public void add(Ivalue v) { set.add(); \where its elements are of

public boolean contains(IValue v) { rett rafarence types
1Ivalue[] elements(); public boolean isEmpty() { return set.siZE(5 EEGEHE

boolean contains(l1Value v);

public void remove(lValue v) { set.remove(v); }
boolean isEmpty();

public Ivalue[] elements() {
_ Object[] elements = set.toArray();
void remove(lIValue v); ordervalues(elements);

1value[] result = new IValue[elemnents.length];
Create an interface for a|| System.arraycopy(elements, 0, result, 0, elements.length);
implementations of set values

X
I

return result;

Implementation Implementation

Implementing the set value for the set type

public class ReferenceElementSetValue

Implementing the set value for the set type

= . E
" % public class ReferenceElementSetvalue &
s Rerets & Reuse Java collection class § Tnplenonts. 1Setvale { Most set operatlllons ;
protected HashSet set = new HashSEt();eesesessss g protected HashSet set = new HashSet(); are wrapper calls to §
. - HashSet methods &
public void add(IValue v) { set.add(v); } public void add(IValue v) { set.add(v); } i
public boolean contains(IValue v) { return set.contains(v): } public boolean contains(IValue v) { return set.contains(v): }
public boolean isEmpty() { return set.size() == 0; } public boolean isEmpty() { return set.sizeQ) == 0; }
public void remove(1Value v) { set.remove(v): } public void remove(1Value v) { set.remove(v): }
public Ivalue[] elements() { public IValue[] elements() { g
Object[] elements = set.toArray(); Object[] elements = set.toArray(); order elements %
ordervalues(elenents); OFErValleS(EIEMENtS); +eeessssesssesssnsassssssasesss  for consistency
Ivalue[] result = new IValue[elements. length]; 1alue[] result = new IValue[elements.length]; W”“M”mm‘mm”;
System.arraycopy(elements, 0, result, 0, elements.length); Systen.arraycopy(elements, 0, result, 0, elements. length);
return result;

return result;

Implementation Implementation

Implementing the set value for the set type Implementing the visitor pattern for set values

public class Refer

= operations on the value
= e.g., add, remove, isEmpty, etc. [EHE LA G UE®) e
= visitor pattern for the value Pt
= used for garbage collection, etc.
= linearization for state storage

alue i 1setvalue {

oid visit(., boolean depthFirst, Set seen,
inkedList workList,

1Value[] elements = elenentsQ);

it (depthFirst) {

for (int i = 0; i < elements. length; i++) {
= fine-grained control over the value representation gy I A T G D
- . ¥ else £
= XML externalization for counter-example display G (e £ =

0; i < elements.length; i++) {
workList.add(elements[i]);

Visitor pattern for traversing
element values in the set
(used for GC, symmetry, efc.) i




Implementation

Implementing the set value for the set type

= operations on the value
= e.g., add, remove, isEmpty, efc.
= Vvisitor pattern for the value
= used for garbage collection, etc.
= linearization for state storage
= fine-grained control over the value representation
= XML externalization for counter-example display

Implementation

Implementing the linearization function

public class Refer alue i 1Setvalue {
public byte[][] linearize(int bitsPerNonPrimitivevalue,
ObjectintTable nonPrimitivevalueldvap, .) {
Ivalue[] elements = elenentsQ:
BitBuffer bb = new BitBuffer():

[elenents. length] ;
.length; i++) {
vevaluelduap.get(elenents[il);

Arrays.sort(elementids);

for (int i = 0; i < elements.length; i++) {
bb.append(elementids[i], bitsPerNonPrimitivevalue);

3

return new byte[][] { bb.toByteArray() }:

Convert the set
value to a bit vector
for state storage

§
]
{

put Language —
n Example (Semantics)

Suppose the references to

resources are represented as

The state of the set consists
of encodings of the references

to resources integers R, G, B |
A——— <R,G,B>
...convert to canonical order! § l
RS- <B,G,R>

Implementation

Implementing the set value for the set type

= operations on the value
= e.g., add, remove, isEmpty, efc.
= visitor pattern for the value
= used for garbage collection, etc.
= linearization for state storage
= fine-grained control over the value representation
= XML externalization for counter-example display

Implementation

Implementing the XML externalization

public class Refer alue i ISetvalue {

public void externalize(Printiriter pw,
INonPrimitivevalueldTracker npvidTracker) {
ue[] elements = elenents(Q);
pw.printin( <fields>");
‘type.getTypeArg(0);
ements. length; i++) {

(INonPr vevalue) elements[il;
pw._print(“<value type=\""
pw_print(Util .encodeXiL(elementType. toString())):

i val=\"");
racker_getNonPrimitiveValueld(value)):

pw_printin( 5
pw.printin('</field>");

Convert the set value to
AT, an XML representation for
pw.Flush(); i
3 counter-example display

Implementation

Implementing the XML externalization

<ellement id-"Set.type&lIt;Resource&gt;#1" “true™>
<fields>
<Ffield>
<id>element</id>
<value “'Resource" “Disk#1"/>
</field>
<field>
<id>element</id>
<value "'Resource"” "Disk#2"/>
</field>
<field>
<id>element</id>
<value "'Resource"
</field>
</fields>
</element>

“Display#1"/>

An example XML representation

Disk#1, Disk#2, Display#1

of a set value with three elements: .




cific Modeling

Bogor -- Extensible Modeling Language

Threads. class Setvalue implements IValue {
~ " " byte[d Ilnearlze(.) {
’?Azjti‘;tjs —+ Settype<ia> Bogor API calls...
Exceptio;ws, etc. 3}
create() — — — —
[-]vhluc choose(.) { |
choose() Bogor API calls...
+ add( | |
H | Value forAll(C.) { |
Bogor API calls...
forAll() I. 3 _I
Core Modeling New Bogor Java implementation of new
Language types and values and new primitives
primitives inside model-checker

Implementation

Implementing the set operations for the set type

public class

IModulle { |
protected SymbolTable symbolTable;
protected TypeFactory tf;

protected IExpEvaluator ee;
protected IValueFactory vf;
protected ISchedulingStrategist ss;

The set module must }
implement IModule

public String getCopyrighthotice() { return null; }

public void setOptions(String key, Properties options) {}

id connect(lBogorConfiguration bc) {
ITable = bc.getSymbolTable();
symbolTable.getTypeFactory():

be. getExpEvaluator();
be.getSchedulingStrategist();

spose() {
tf = ee = ss = vf = null;

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule { |

protected SymbolTable symbolTable;
protected TypeFactory tf;
protected IExpEvaluator ee;
protected IValueFactory Vvf;
protected ISchedulingStrategist ss;

Used for displaying }
copyright notices

SRS ST A
public String getCopyrightNotice() { return null; Jeeesss?

public void setOptions(String key, Properties options) {}

id connect(1BogorConfiguration bc) {
ITable = bc.getSymbolTable():
symbolTable.getTypeFactory();
be.getExpEvaluator():
be_getSchedulingStrategist();
be.getvalueFactory():

public voi

spose() {
symboll tf

=ee =ss = vf = null;

= set module extension

= set creation

= non-deterministically choose a
= adding an element

Implementation

Implementing the set operations for the set type

set element

Implementation

Implementing the set operations for the set type

protected SymbolTable symbolTable;
protected TypeFactory tf;
protected IExpEvaluator ee;
protected IValueFacto 8
protected ISchedulingStrategist ss;

ceeseogeses

Table = bc.getSymbolTable();
ymbolTable.getTypeFactory();
c.getExpEvaluator();

= bc.getSchedulingStrategist():
= be.getvalueFactory();

public void dispose() {
symbolTable = tf = ee = ss = vf = null;

public class Sethodule implements IModule {

public String getCopyrightotice() { return null; }
public void setOptions(String key, Properties options) {}

public void connect(lBogorConfiguration bc) {

Store references to other
Bogor modules as needed

H
H
H
i

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

protected SymbolTable symbolTable;
protected TypeFactory tf;
protected IExpEvaluator ee;
protected IValueFactory vf;
protected ISchedulingStrategist ss;

symbolTable = bc.getSymbolTable():
ymbolTable.getTypeFactory();

VF = bc.getValueFactory();
X

public void dispose() {
symbolTable = tf = ee = ss = vf = null;

Used for setting options ;
of Bogor modules ‘

public String getCopyrightNotice() { return null; }
public void setOptions(String key, Properties options) {.

public void connect(lBogorConfiguration bc) {

3




Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

protected SymbolTable symbolTable;
protected TypeFactory tf;
protected IExpEvaluator ee;
protected IValueFactory vf;
protected ISchedulingStrategist ss;

public String getCopyrightNotice() { return null; }

public void setOptions(String key, Properties options) {}

S0 el RS AT ) { B

be.getvalueFactory()

public voi
symbo

spose() {
=tf = ee = ss = vf = null;

le = b bolTable E
sy:bu?Tablg Siﬁﬂepaﬁmg Froced) Connect to other %
Rt Bogor modules

E e a1

Implementation

Implementing the set operations for the set type

= set module extension

= set creation

= non-deterministically choose a set element
= adding an element

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

/7 expdef Set.type<“a> create<*a>(‘a ..
public IValue create(IExtArgunents arg) (

if (arg.getTypeVariableArgument(0)
instanceof NonPrimitiveType) {

I1setvalue result = new ReferenceElementSetValue(
vf.newReferenceld()):

int size = arg.getArgunentCount();

for (int
X

return result;

i i< size; i+
result.add(arg.getArgunent(i));

else if

(NonPrimitiveExtType) arg.getExpType(),

. Add arguments ¢
to the set value ¢

rnT—

A A

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

protected SymbolTable symbolTable;
protected TypeFactory tf;
protected IExpEvaluator ee;
protected IValueFactory vf;
protected ISchedulingStrategist ss;

public String getCopyrightNotice() { return null; }

public void setOptions(String key, Properties options) {}

public void connect(lBogorConfiguration bc) {
ITable = bc.getSymbolTable():

{ gettaptnmtor s " Unlink references to
e petiatucrastam s’ other Bogor modules §
¥

public void dispose() {
symbolTable = tf = ee = ss = vf = null; =+

Implementation

Implementing the set operations for the set type

public class Sethodule implements IModule {

/7 expdef Set.type<*a> create<"a>("a ...);
public IValue create(IExtArguments arg) {

it (arg.getTypeVariableArgument(0)
instanceof NonPrimitiveType) {

ISetvalue result = new ReferenceElementSetvalue(
(NonPrimitiveExtType) arg.getExpType().
vf.newReferenceld());

int size = arg.getArgumentCount();

If the type argument
o i adaarg getarammentciny; 1S reference type then
use the previously
implemented set value

3
return result;

else if

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

/7 expdef Set.type<*a> create<’a>("a -
public IValue create(IExtArgunents arg) {

if (arg.getTypeVariableArgument(0)
instanceof NonPrimitiveType) {

ISetvalue result = new ReferenceElementSetvalue(
(NonPrimitiveExtType) arg.getExpType().,
VF_newReferenceld()):

int size = arg.getArgumentCount();

for (int i = 0; i < size; i+

result.add(arg.getArgunent(i));

s

return result;

other element types
are handled differently
(more efficiently)

else if . eeeeereencs




Implementation

Implementing the set operations for the set type

= set module extension

= set creation

= non-deterministically choose a set element
= adding an element
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= Used to determine

= enabled transitions: isEnabled(),
getEnabledTransformations()

= which transition to take: advise()
= create strategy info

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

/7 expdef *a choose<*a>(Set.type<*a>);
public IValue choose(IExtArguments arg) {

ISetvalue set = (ISetValue) arg.getArgument(0);

Get the set
elements

TR

IValue[] elements = Set.elements(); «eeeeessssssssees
int size = elements. length;
int index = 0;

it (size > 1) {
index = ss.advise(arg.getExtDesc(),
arg.getode().,
elements,
arg.getSchedulingStrategyInfo());
X

return elements[index];

edulingStrategist & ==
edulingStrategylnfo
o,
paj =3
[2,.:1] .w. .
[2,1] Bi @ /a0 01 o\ e

E CEV 10 2yes Yy ey 23
L ] L ] . e & 0 .HJ. L ] .‘_“:.

[number of enabled transitions, last index chosen] §

Implementation

Implementing the set operations for the set type

public class Sethodule implements IModule {

/7 expdef *a choose<’a>(Set.type<*a>);
public IValue choose(IExtArguments arg) {

I1SetValue set = (ISetValue) arg.getArgument(0); =+=++ Get the set value

S ——
Ivalue[] elements = set.elenentsQ:

int size = elenents. length;
int index = 0;

it (size > 1)
index = ss.advise(arg.getExtDesc().
arg.gethode(),
elenents,
arg.getSchedul ingStrategyInfo())
I

return elenents[index];

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

/7 expdef *a choose<"a>(Set.type<*a>);
public IValue choose(IExtArgunents arg) {

ISetvalue set = (ISetValue) arg.getArgument(0);

Ask the scheduler §
which one to pick %
g
g

1Value[] elements = set.elements();
int size = elements. length;

int index = 03

.. if there are two or &
more elements

LT R R T

if (size > 1) { .
index = ss.advise(arg.getExtbesc(), "
arg.getNode() ,
eleents,
arg.getSchedulingStrategyInfo()):
bs

return elements[index];




Implementation

Implementing the set operations for the set type

= set module extension

= set creation

= non-deterministically choose a set element
= adding an element

Implementation

Implementing the set operations for the set type

public class Sethodule implements IModule {
/7 actiondef add<"a>(Set.type<*a>, "a):
public IBacktrackinginfo[] add(l1ExtArguments arg) {
ISetvalue set = (1SetValue) arg.getArgument(0);
IValue element = (IValue) arg.getArgument(l);
it (1set.contains(elenent)) { Add the element
SOT.AUA(RIEMENT); +evesorssessssnsaraanssaanen -
if it is not already
ISchedul ingStrategyContext s: i
T R G PO in the set value

[ TR R

return new IBacktrackinginfo[] {
createAddBacktrackingInfo(set, element, arg.getNode()
ssc.getStateld(), ssc.getThreadld().
arg.getSchedul ingStrategyInfo())
e
3 else {
return new IBacktrackinginfo[0];

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

7/ actiondef add<"a>(Set.type<*a>, *a);
public IBacktrackingInfo[] add(IExtArguments arg) {
ISetvalue set = (ISetValue) arg.getArgument(0):

IValue element = (IValue) arg.getArgument(1):

if (tset.contains(elenent)) {
set.add(element);

ISchedulingStrategyContext ssc =
arg.getschedul ingStrategyContext();

return new IBacktrackinginfo[]
createAddBacktrackingInfo(set, element, arg.getNode()
ssc.getStateld(), ssc.getThreadld(),

arg.getSchedul ingStrategyInfo())

¥ .
¥ else ¢ If the element is
return new IBacktrackingInfo[0]; «esesee N
)7 already in the set
then do nothing

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

ndef add<*a>(Set.type<*a>,
1Backtrackinginfol] add(lExtArguments arg) {

/7 a
publ
ISetvalue set = (ISetValue) arg.getArgument(0);

.. Get the set and
the element

if (Iset. contalns(element)) { R NS
set.add(elenent)

IValue elenent = (Ivalue) arg.getArgument(1):

ISchedulingStrategyContext ssc =
arg.getSchedul ingStrategyContext();

return new IBacktrackinginfo[] {
createAddBacktrackinginfo(set, element, arg.gethodeQ)
ssc.getStateld(), ssc.getThreadld(),
arg.getschedul ingStrategyInfo())

3
3 else {
return new IBacktrackinginfo[0];
3
X

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {
// actiondef add<"a>(Set.type<"a>, "a);
public IBacktrackingInfo[] add(IExtArguments arg) {
1Setvalue set = (ISetvValue) arg.getArgument(0);
1value element = (IValue) arg.getArgument(1);
i (1set.contains(elenent)) { Create the 1}
set.add(elenent); .
backtracking §
1SchedulingStrategyContext ssc = 4

arg.getschedul ingStrategyContext(); information

return new IBacktrackinginfo[] { :
createAddBacktrackinginfo(set, element, arg.getNode()
ssc.getStateld(), ssc.getThreadld(),

arg.getSchedul ingStrategyinfo())

b
3 else {
return new IBacktrackinginfo[0]:

Implementation

Implementing the set operations for the set type

public class SetModule implements IModule {

protected I1Backtracki o(
Final ISetvalue set, final Ialue elenent, - ) {

return new IBacktrackinginfo() {
public void backtrack(istate state) { Backtrack by removing
set.remove(element); ssesessesssensesens
the element from the set

public IBacktrackinginfo clone(iap cloneMap) {
return createAddBacktrackingin
(ISetvalue) clonellap.get(set),
(Ivalue) ((ellement instanceof ivevalue) ?
cloneap.get(element) ment).,
node, stateld, threadld, ssi.clone(cloneMap));




ple —
Implementation ontention

Implementing the set operations for the set type Demo
public class SetModule implements IModule { - MOde| W|th the Set eXteI’lSIOH
protected IBackn_— i cr Backtr: i . . )
final I1Setvalue set, final Ivalue element, .. ) { = Incorporatlng the eXtenS'On in the BOgOI’

return new IBacktrackinginfoQ) {

Eclipse plugin
= Run the example
public IBacktrackingInfo clone(Map cloneMap) { i )
return createAddBacktrackinginfo( - |nvaI|d end state

(1Setvalue) clonelap.get(set),
(Ivalue) ((ellement instanceof INonPrimitivevalue) ?

Cloneliap.get(element) : element), = invariant Checking

node, stateld, threadld, ssi.clone(cloneMap));

public void backtrack(IState state) {
set_remove(element) ;

¥ (Deep) clone the §
i fE— backtracking
information

nt

= Bogor provides a clean and well-designed
framework for extending its modeling language

= Allows introduction of new abstract types and
abstract operations as first-class construct
= Complete control over value representation (linearization)
= No double interpretation (the operations are executed as
atomic actions in the model checker instead of being
interpreted by the model checker)
= Analogous to adding new instructions to a Virtual
Machine
= essentially, we are building abstract machines for particular
domains




