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Flat object graphs do not prowde
architectural abstraction

» Low-level objects mixed with
architecturally significant ones
»  Show plethora of objects
* No scale-up to large programs

* Require graph summarization to
get readability [mitchell, ECOOP08]

Output of WOMBLE (MIT) & .
[Jackson and Waingold, TSE’01] - e
on 8,000-line system.
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Use hierarchy to convey architectural
abstraction

wskem

=1 Damains

* Pick top-level entry poit e

- Use ownership to impose iz e
conceptual hierarchy

« Convey abstraction by

Own e rS h i p h ie ra rc h y : L 7 C; jiﬁiputs : Weckor < Terminal=
» Architecturally significant N
objects near top of hierarchy S e

. =1 owned
+ Low-level objects demoted =~ "
OW eve O eC S e m O e +- Fanlter : EnumerateFanout
Mets 1 Hashtable =String, Net =
fu rt h e r d OW n : dees : dHa:::taEIej:;:;iug,ih:;e -
+- part : Partitioner
1 placemen k: Placer
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Collapse objects based on ownership
(and types) to achieve abstraction

Non-hierarchical Hierarchical graph
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\ \Dé / 1
1 \ A 4 1
1| GlobalRouter(+) > Circuit '
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Central difficulty

Architectural hierarchy not readily
observable in program written in general
purpose programming language
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Core result

Leverage ownership type annotations to
extract hierarchical object graph using
static analysis
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Annotations specify design intent

«  Strict encapsulation
(ownedby) 0 @ =—=—-—- -

|
h : !
L ead:
* list: Cons |
List

* Logical containment
(conceptually part of) R

1 1
I 1
T it: :
list: Iterator :

. [
1

———————————————
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Example: Listener system
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Listeners are hard to understand

interface Listener { }

class BaseChart
implements Listener {

Listener

Class diagram

List< Listener> listeners; - - 1
} . .
class BarChart extends Basechart { }| BaseChart —flﬁta—nt'a—tez—] Model
T
class PieChart extends BaseChart { } Z& | | ﬁ<mSmhﬁme»>
\|/ | \4
class Model implements Listener { AlrrayList
List<Listener> listeners;
} |
| | Legend
class Main { PieChart | g
Model model; 1 RO | Type
BarChart barcChart; T |
PieChart pieChart; <<instantiate>> | <<instantiate>> | A Extends
} | | |
Main (— — — — — — — — —°
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Class diagram leaves unanswered...

s this a Document- Listener | Class diagram
View architecture? 4&
Do PieChart, b |
BaI‘Chal‘t, BaseChart | __ <<instantiate>> : Model
MOdeI Share One A | /l\ <1|<instantiate>>
Listener ? I'
Are different |
ArrayList | |
instances PieChart - N i
N arChart | —
conceptually T
dlﬂ:erentr) <<instantiate>> | :<<|nstant|ate>> | A Extends
' |

Main
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Object graph complements information in
class diagram

- Domain = conceptual group of objects
« E.g., Document-View architecture

Legend

object: .
Type Object

Field Refetence | 0 e e e - —_- - = J

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work 13



Object graph complements information in
class diagram

» Show top-level objects
* (+) Indicates hidden sub-structure
« Data structures part of other objects

S

|

barChart(+): ||

=== -= BarChart |

| |

| |

Legend | model(+): [ 1 I
o_ll?jec(.;t: Object : Model : L pieChart(+): :
e ! ¥ PieChart 1
LA _: Domain :_ _DP_CLJME_N_T_: : :
Field Reference ____VIEW___ JI
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Hierarchy enables expanding level of detail
and varying level of abstraction

e |isteners of barChart , T :

!
distinct from pieChart , | | i
and from model ' barChart: | List<Listener> i
: ' i
|

e listeners encapsulated

1, pieChart: |, listeners:

listeners:

PieChart List<Listener>

List<Listener>

Legend

object: .
Type Object

N\

Field Reference
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Analysis
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Approach combines: (1) type annotations
and (2) static analysis

1. Add ownership domain annotations
[Aldrich and Chambers, ECOOP’04]

« Typecheck and address warnings
» Possibly use ownership inference
[Ma and Foster, OOPSLA’'07] [Milanova, IWACO’08] [Aldrich et
al., OOPSLA'02]
2. Run static analysis
« Extract object graph
* Refine annotations as needed
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Group objects into ownership domains

Main
_______ . e e e —
: DOCUMENT | Ir VIEW | Legend
l
| model: : | |barChart:| | Type | Type
L fedel ) | _‘Rarthart "2 7 Domain
. bject: .
class Main { °T\',;‘: Object
domain DOCUMENT, VIEW;

DOCUMENT Model model;

VIEW BarcChart barcChart;
c e Declarations
} are simplified

- Each object in exactly one domain
* No ownership transfer; no multiple ownership
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Domains can be declared inside each class

BarChart
1= = _O_WT\IE_D_ T Legend
I I
| listeners: : Type | Type
I LiSt I ————
L _ ' A | Domain

object: .
class BarcChart { Type | Obiect

domain OWNED;
OWNED List listeners;

} Declarations
are simplified
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Domain parameters allow sharing objects

BarChart
: OWNED ' M :
1 listeners: | obj:
| List I Listener
L o o o o o o e sl 0000000000060006600006060000600

class BarChart < M > {
domain OWNED;
OWNED List< M Listener> listeners;

} _ Bind FormalDomain — ActualDomain
class Main {
doma-i n DOCUMENT, VIEW, BarChart :: M — Main :: DOCUMENT
VIEW BarChart<DOCUMENT> barcChart;
}
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Static analysis to extract object graph

 Build TypeGraph
 Visitor over program’s Abstract Syntax Tree
* Represents type structure of objects in code

» Convert TypeGraph to ObjectGraph
» Instantiates the types in the TypeGraph
»  Shows only objects and domains

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work 21



TypeGraph: show types, domains inside
types, and objects in domains

Main >

: DOCUMENT : :

! model: __,.** ,'

! | Model | List<Listener>

|

- T R ittt I

[~ 1 OWNED !

| VIEW : BarChart ! hoad :

| : e ettt | ea |

1 | barChart: I M : OWNED I : :

1 "Pannna : : T

1 BarChart : ’ g ! IiSteners: -l!"‘ ' .....................................................

: : i | | List<Listener> : ELTS :

I | pieChart: | 1 SPOPR S EE— s :

I PieChart e, obj:

: : . : Listener
___________ * ey B ke sEEEEEEEEEEEEE s REEEEEREREEEY
.......... * IS-A pesEsEEEmEw

object Object F i Formal Domain
Type F.:.:..:
Type Type ! _A_ ! Actual Domain
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Challenge: TypeGraph does not show
children objects of a given object

TypeGraph

ObjectGraph

Has-a
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ObjectGraph: instantiate types, starting
with root (user selected)

Main >
! DOCUMENT | i
! model: _c"
! | Model : List<Listener>
|

o O |
[m=-= === I l OWNED |
: VIEW I BarChart : head :
| : S | ea |
1 | barChart: L M l OWNED I l l
| | BarChart : BRERELL <IN P S IR B T T '
: : E : List<Listener> lli --------------------- E-L---Tlgl------------------z
I pieChart: 1 [ :
| PieChart e obj:
: : % Listener

________________ > -

Type Type
........ > |s-A . F ; Formal Domain
°.||?je°t: Object | A 1 Actual Domain
ype L
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ObjectGraph: instantiate types, starting

with root

BarChart

pieChart:
PieChart

.....

barChart: | __ I

object: Object

M

BarChart

OWNED

listeners: I
List<Listener>

*

List<Listener>

obj:

.r _A_ i Actual Domain

| M |
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ObjectGraph: instantiate types, starting
with root

main: Main >
! DOCUMENT | g
! model: o
! | Model : List<Listener>
|

L e L |
- = - =-m I l OWNED l
! VIEW I BarChart : head :
| : e S | ea |
1 | barChart: L. M l OWNED I l l
! | BarChart : [euans > P listeners- R I '
| - : : , | List<Listener> | ELTS
I | pieChart: | 1 SPOPR S EE— :
I PieChart e, obj:
: : . : Listener

‘e, S e s

Type Type
........ > |s-A F Formal Domain
°_'|?je°t: Object I A 1 Actual Domain
ype L
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ObjectGraph: instantiate types, show
domains and objects inside domains

main: Main >
: DOCUMENT : L
! model: ,v"
! | Model : List<Listener>
|

L e L |
- = - =-m I l OWNED l
! VIEW I BarChart : head :
| : s — e mmm— e | éa |
1 | barChart: L. M l OWNED I l l
| | BarChart : [euans > P listeners- Dol e '
| - : , | List<Listener> ] ELTS
I pieChart: 1 P — :
| PieChart e, obj:
: : . Listener

________________ > PR

Type Type
........ > |s-A F Formal Domain
°.||?je°t: Object | A 1 Actual Domain
ype Lo
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ObjectGraph: instantiate types, show
domains and objects inside domains

main: Main >
! DOCUMENT |
! model: ,v"
! | Model : List<Listener>
|

L e L |
- = - =-m I l OWNED l
! VIEW I BarChart : head :
| : s — e mmm— e | éa |
1 | barChart: L. M l OWNED I l l
| | BarChart : [euans > P listeners- Dol e '
| - : , | List<Listener> ] ELTS
I | pieChart: | 1 SPOTRRN L DI :
I PieChart e, obj:
: : . : Listener

___________ ‘e e -

Type Type
........ > |s-A F Formal Domain
°.||?je°t: Object | A 1 Actual Domain
ype Lo
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ObjectGraph: instantiate types, show
domains and objects inside domains

main: Main

DOCUMENT
model: Model

eyl g g g g g g g g g g R B R
: barChart: BarChart :
|

: :

I |

I |

I |

I |

I |

: p—— 4 !

i M | OWNED |

1 ! listeners: _:.

; | List<Listener> | |
................................. 1 |

o Pt 4

1

|

[ pieChart: PieChart

|

|

: VIEW

I Sy
*
*

List<Listener>

obj:

Type | Type
-------- > I S- A

object: Object

.r _A_ i Actual Domain

| M |
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ObjectGraph: instantiate types, show
domains and objects inside domains

main: Main

DOCUMENT
model: Model

eyl g e
: barChart: BarChart :
|

: |

I |

I |

I |

I |

I |

: e —— =4

i Py ! OWNED |

I ! listeners: _:.

; | List<Listener> | |
................................. 1 !

e a

1

1

[ pieChart: PieChart

|

|

: VIEW

I Sy
*
*

List<Listener>

obj:

Type | Type
-------- > I S- A

object: Object

.r _A_ i Actual Domain

| M |
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ObjectGraph: instantiate types, show
domains and objects inside domains

main: Main

DOCUMENT
model: Model

eyl g e
: barChart: BarChart :
|

: |

I |

I |

I |

I |

I |

: e —— =4

i Py ! OWNED |

I ! listeners: _:.

; | List<Listener> | |
................................. 1 !

e a

1

1

[ pieChart: PieChart

|

|

: VIEW

I Sy
*
*

List<Listener>

obj:

Type | Type
-------- > I S- A

object: Object

.r _A_ i Actual Domain

| M |
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ObjectGraph: instantiate types, show
domains and objects inside domains

main: Main
DOCUMENT :
model: Model :
|
|

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
a4

listeners:
List<Listener>

I
N
obj: - |k
N

: H object: Object
———————————— | Type

.r _A_ i Actual Domain

_____________________________ | M |
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Challenge: unbounded number of
objects, based on different executions

* Invariant: Summarize multiple objects in a
domain with one canonical object

* Invariant: Merge two objects of the “same

type” that are in the same domain
* |.e., same declared type, or subtype thereof
« Or of compatible types (more later)
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ObjectGraph: merge equivalent objects

inside a given domain

main: Main

listeners:
List<Listener>

I
N
obj: - |k
N

class Main {
domain DOCUMENT, VIEW;

DOCUMENT Model model;

object: Object
Type

.r _A_ i Actual Domain

| M |
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ObjectGraph: merge equivalent objects
inside a given domain

main: Main

e class Main {
- DOCUMENT : domain DOCUMENT, VIEW;
| 1
: model: model1: I
; Model Model I DOCUMENT Model model;
T T L ! DOCUMENT Model modell;
: barChart: BarChart :
[~—— === I -
: | OWNED . ! }
| |
| ! listeners: | :
; | List<Listener> ! |
: 1 OWNED !l |
T ET O : : head y :
: M e
| ) o
| | ELTS Eyl
N N : obj: il
1 Listener |: 1 P
: L e, ; : 1 object: Object
A e e I Type
:
|
|
|
1

.r _A_ i Actual Domain

_____________________________ | M |
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ObjectGraph: merge equivalent objects

inside a given domain

main: Main

DOCUMENT :

{ model: Model, model1: Model} :
|

!

listeners:
List<Listener>

I
N
obj: - |k
N

class Main {
domain DOCUMENT, VIEW;

DOCUMENT Model model;
DOCUMENT Model modell;

object: Object
Type

.r _A_ i Actual Domain

| M |
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Challenge: TypeGraph does not reflect
possible aliasing

» Invariant: the same object should not
appear multiple times in the ObjectGraph

* Ownership domain annotations give some

precision about aliasing:
« Two objects in different domains cannot alias
* Two objects in same domain may alias
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ObjectGraph: merge objects, in one
domain, that may alias, based on types

main: Main

DOCUMENT :

{model: Model, Istnr:Listener} :
|

|

listeners:
List<Listener>

I
P
obj: - |k
N

class Main {
domain DOCUMENT, VIEW;

DOCUMENT Model model;
DOCUMENT Listener Istnr;

}...

class Model implements Listener {

}...

object: Object
Type

.r _A_ i Actual Domain

| M |
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Challenge: TypeGraph does not show
all objects in each domain

Object can be declared in domain parameter
Domain parameter bound to other domain

Invariant: In the ObjectGraph, each object that
IS In a given domain must appear where that
domain is declared

Pull each object declared inside formal
domain parameter into each domain bound to
the formal domain parameter

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work 39



ObjectGraph: pull objects from formal
domains to actual domains

main: Main

DOCUMENT
model: Model

listeners:
List<Listener>

class BarcChart <vM> {
domain OWNED;

OWNED List<
}

Listener> listeners;

class List<ELTS T> {

// ELTS is for List elements
// T 1s generic type parameter
// Virtual field

ELTS T obj;

}

object:
Type

Object

.r _A_ i Actual Domain

| M |
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ObjectGraph: pull objects from formal
domains to actual domains

main: Main

DOCUMENT
model: Model

listeners:

List<Listener>

class BarChart <v> {

domain OWNED;

// Last:i:ELTS BarcChart::
OWNED List<M Listener> listeners;

}

class List<ELTS T> {

// ELTS is for List elements
// T 1s generic type parameter
// Virtual field

ELTS T obj;

}

object: Object
Type

.r _A_ i Actual Domain

| M |
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ObjectGraph: pull objects from formal
domains to actual domains

main: Main
DOCUMENT
model: Model obj:
L Listener |
barChart: BarChart
iyt b
' OWNED :
1
1 listeners: 1
: List<Listener> :
!\ OwNED !
e : head M
M Rt b
| obj: o ELTS |||
| Listener | : : obj: ol
. Listener ||
I ------------------------------ -~ I

class Main {

domain DOCUMENT, VIEW;

// BarcChart::M Main: :DOCUMENT
VIEW BarChart<DOCUMENT> barcChart;

,

class BarcChart<v> {
domain OWNED;
OWNED List<

}

Listener> listeners;

object:
Type

Object

.r _A_ i Actual Domain

| M |
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ObjectGraph: again, merge objects, in
one domain, that may alias

main: Main

DOCUMENT :

{model: Model, obj:Listener} :
|

1

}...

listeners:
List<Listener>

] F object:
———————————— | Type

_____________________________ | M |

class Model implements Listener {

Object

.r _A_ i Actual Domain
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ObjectGraph: add edges to represent
points-to relations, incl. to pulled objects

main: Main
DOCUMENT :

{model: Model, obj:Listener} :
|

1

listeners:
List<Listener>

object: Object
Type

.r _A_ i Actual Domain

| M |
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Challenge: ObjectGraph can have cycles

* Project ObjectGraph to limited depth

ObjectGraph

T Gy (e
i
e T
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Challenge: edges could be due to sub-
objects that point to external objects

Invariant: show all object relations, even
ones due to objects in sub-structures

Lift edge to parent object when hidden
sub-object points to external objects

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work 46



Example of edge lifting

|
|

|

! listeners:  _4

o List<Listener> | I

model: ~ | :

Model v ! OWNED _ |

barChart
BarChart

listeners:
List<Listener>

I
I
|
L

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work
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Example of edge lifting

listeners:

I
I
: List<Listener>
I
I

1, barChart (+):

BarChart

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work
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Abstraction by types

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work



Challenge: using declared types could
lead to excessive merging (Imprecision)

class Main {
domain DOCUMENT, VIEW;
DOCUMENT Model model;
VIEW BarcChart barcChart;
VIEW PieChart pieChart;
VIEW Listener 1lstnr = barcChart;

}

_________ e

: X !

| 11

| model(): 1! _ {barChart,

| Model < | pieChart, !

I l: Istnr} :

_ DOCUMENT ,, !
! VIEW ;
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TypeGraph: consider only object
allocations (Instantiation-Based View)

class Main {
domain DOCUMENT, VIEW;
DOCUMENT Model model = new Model ();
VIEW BarcChart barcChart new BarChart();
VIEW PieChart pieChart new PieChart();

e

) |
} barChart(+): |
F-=—=—====- BarChart | |

| |

| |

I model(+): |1 !

; Model <!iT pieChari(+):

l > PieChart !

| DOCUMENT ;! l

. VIEW !
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Challenge: maintain abstraction in
Instantiation-Based View (IBV)

* Prevents excessive merging
 Reduces abstraction
 |Leads to clutter

- Example: JHotDraw
* 16,000 lines of Java
« 200 classes
 Rich inheritance hierarchy
» Designed by object-oriented design experts

e Problem e Approach e Analysis e Soundness ¢ Evaluation e Related Work 52



JHotDraw class diagram

PointConstrainer

]

Painter

Drawing

DrawingView

DrawingEditor

Connector

Tz

-

Tool

/\

CreationTool

HandleTracker

|

SelectionTool

ConnectionFigure

CompositeFigure

DecoratorFigure

Handle

Locator

NullHandle

TrackHandle
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Adding annotations to JHotDraw

—

PointConstrainer

]

Painter

DrawingView

—

DrawingEditor

IEW

CONTROLLER

—

Tool

/\

g

Drawing

-

MODEL _

Connector

Tz

Figure

lc:reationTool

HandleTracker

SelectionTool

fe

/\

ConnectionFigure

.

CompositeFigure

DecoratorFigure

N\

Y
Handle Locator \
NullHandle TrackHandle

__—

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work
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Contrafler




Abstraction by types

(Optionally) Merge objects, in a given domain,
based on their declared types

* Heuristic (can be turned off)
* Need not apply globally

Abstract by trivial types

- Merge objects when their types have non-trivial
least upper bound

« User Confi%ures list of trivial types. By default,
includes Object, Serializable, etc.

Or abstract by design intent types

- Based on a list of architecturally relevant types,
e.g., Drawing, Figure, ..

- Works well if type structure carefully designed

Details in paper

e Problem e Approach e Analysis e Soundness e Evaluation e Related Work
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JHotDraw with abstraction by types

Output of WOMBLE

[Jackson and Waingold, TSE’01]

undoable Adapter(+):
UndoableAdapter
v

> command(+):

’Command

~ >
jMenu(+):
JMenu

INRLN

newDrawingView(+):

L StandardDrawingView

»_ W

L e e
—— = - ——

e

I \
1 undoManager(+):
1 UndoManager
1
y

fAnimator:_|
Animator

-

]
constrainer: toolButton(+):
GridConstrainer ToolButton
o <4
painter:
Painter
N~ &
internalFrameListener(+):
InteralFramelListener
B
figure(+): start:
Figure ArrowTip
' Ky
b connector:

> Connector
<

fLocator:
p»- OffsetLocator
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Soundness
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Soundness

« Dynamic analysis previously used to infer
runtime ownership structure for one or
more program runs

 Static analysis can describe all possible

program runs:

« For soundness, show all objects and
relations that may exist in any run

» Maintain aliasing soundness: no one object
should appear as two “boxes” in object graph

e Problem e Approach e Analysis ¢ Soundness e Evaluation e Related Work 59



Intuition behind soundness

Runtime Object Graph (ROG) ObjectGraph

DOCUMENT :

model :

_________ |

i OWNED !
- - listeners : ! o e mmmmmee - ‘
= ! ! VIEW i

|
! I
____________ ! : pieChart 1
A I I
....... 1 -——-—-—-—-—- —I 1
C_._.zi=e=c-l>1 OWNED | !
e T T 1 |1 | listeners Lo
" I
/" : - !
) I I
| |
I barChart :
|
e
! '\ OWNED ! |
| .

: | listeners : :
R I
| |

e Problem e Approach e Analysis ¢ Soundness e Evaluation e Related Work 60



Theorem: Object and Domain Soundness

« Each object in a ROG has exactly one
representative in an ObjectGraph.

» Similarly, each domain in the ROG has
exactly one representative in the
ObjectGraph.

* Furthermore, mapping is consistent with
respect to the ownership relation.
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Proving soundness

» Formalization using rewriting rules
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Proof of Object and Domain Soundness

* Ownership domains formalization
« Featherweight Domain Java
« Store typing characterizes any execution
of a well-typed program

« Soundness proof relates store typing to
extracted ObjectGraph
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Future work: Edge Soundness

» Edges in an ObjectGraph soundly abstract
all field points-to relations between objects

in an ROG.

» If object £, has a field reference to object {,
in a ROG, then there is an edge between
the representatives of £, and £, in the
ObjectGraph.
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Evaluation
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Evaluated on several case studies and a
field study (totaling 68 KLOC)

 Research Question: does an extracted
ObjectGraph suffer from too much or too
little abstraction on real code?

System Size Comments

JHotDraw |15 KLOC | Designed by object-oriented design experts

HillClimber | 15 KLOC | Designed by undergraduates

Aphyds 8 KLOC | Original developer drew architecture
LbGrid 30 KLOC | Part of 250-KLOC commercial system
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Related work

* Object graph extraction

«  Without using annotations
[Jackson and Waingold, ICSE’99,TSE’'01]
(O’Callahan, Ph.D. thesis’01]

» Using non-ownership annotations
[Lam and Rinard, ECOOP’03]

« Some unsound w.r.t. aliasing or inheritance
* Non-hierarchical object models

* Related static analyses
* Points-to analysis [e.g., Milanova et al., TOSEM’05]
« Shape analysis [e.g., Sagiv et al., POPL'99]
* Precise, but non-hierarchical abstractions
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Related work (continued)

« Radical language extensions

» Specify architectural hierarchy and instances

ArchJava [Aldrich et al., ECOOP’02]
JCoBox [Schéafer et al., CoOCoME’07]

» Restrict passing object references
* Require re-engineering existing systems

» Dynamic ownership analyses

» Qrganize objects based on ownership
Hill, Noble and Potter, J. Vis. Lang.& Comp.,'02]

 Infer strict-as-dominator hierarchy
» Describe structure for few program runs
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Summary

Static analysis to extract hierarchical
object graph

* Relies on ownership type annotations

* Proved object/soundness theorem

Evaluated analysis on real object-

oriented code totaling 68 KLOC

* Achieves adequate precision

 Sufficient to relate abstracted object graph
to a posited target architecture [Tech. report]
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