Architectural Synthesis: Integrating Multiple Architectural

Perspe c tives

Bob Waters Spencer Rugaber Gregory Abowd

College of Computing

Georgia Institute of Technology

{ watersr, spencer, abowd }@ cc.gatech.edu

ABSTRACT

T here are manytools and techniques available to unde r stand and analyze a systemat the architectural level.

Each of these mayprovide its own perspective of the key architectural elements of the system. We introduce the process of arch i tectural synthesis to deal with the problem of integrating these different architectural perspectives.

We emphasize the utilityof the synthesis process in supporting the ev o lution of legacysoftware systems. T he four steps of the synthesis process forma cycle and include acquiring di f ferent perspectives (generation), grouping common pe r spectives (classification), combining all perspectives that applyto the same view(union), and finallycomposing views to determine consistency

(fusion). We give an e x ample of the application of the synthesis process applied to the architecture of a software visualization tool. Our preliminaryinvestigation shows that synthesized arch i tectural perspectives provide a more complete represe n tation of a real system. Use of the synthesis process u n covers inconsistencies pointing to areas needing further analysis or explanation. We conclude with directions for future research in this area and a description of the REMORA synthesis environment we are building to su p port architectural synthesis.

KEYWORDS

Software Architecture, Architectural Synthesis,

Arch i tectural Description, Reverse Engineering

1 INTRODUCTION

A newlyappointed technical lead on the extension of a large company´s software product is pondering where to begin the development effort. T he requirements have been gathered and analyzed, and nowthe decision is made that doing an architectural analysis would be the best place to start the design phase. In the manual on architectural analysis, the first step is simplystated as

^Generate an architecture.~ Lacking anyother guidance, the technical lead peruses the existing design docume n tation and finds the original architecture which she brings to the first meeting. As soon as the viewgraph is placed on the screen, several developers begin talking at once, pointing out the changes over the years and arg u ing over what the architecture reallylooks like. T he r e mainder of the meeting is wasted with bickering over

what label should be in which box and where the lines between boxes should go. T he technical lead sinks into her chair and thinks, ^There must be a better way.~

Over the last seven years, the studyof software archite c ture has been a focal point of manyresearch efforts[8]. Several different methodologies and tools have been d e veloped which provide analysis of different aspects of a software system. Some of these approaches include a r chitectural definition languages ( ADLs)[18], simulation tools such as Rapide[21], and analysis methods such as SAAM[14] and AT AM[3]. Although these tools have diverse goals and different levels of formality, they have one thing in common˙theyall require a single archite c tural representation as input. When conducting newdevelopment (forward engineering), one or more repr e sentations are normallyavailable as a by-product of d e velopment life cycle activities. For evolution of legacy systems (reengineering) accurate representations are not so readilyavailable. T here maybe little or no docume n tation and the documentation that does exist probablydoes not resemble the current systemdue to drift and er o sion[25]. Manyof the architectural recovery techniques used in reverse engineering an existing system produce architectural representations which are incomplete. As shown in Figure 1, our work examines the broad problemof developing an effective representation of a legacysystem´s software architecture so developers can use that representation with other analysis tools to evolve legacysystems in an efficient and effective manner.

2 DEFINITIONS

Architecture - View - Perspective

Before discussing the synthesis process, it is necessaryto establish the definitions of the terms architecture, view and perspective. T hese terms are used in one wayor another in most of the software architecture literature, but often with overloaded or conflicting meanings.

When we discuss software architecture and the synthesis process, we are focusing primarilyon the structural a s pects of the architecture, therefore we use the following definition fromBass, Clements and Kazman[4]: ^T he software architecture of a programor computing system is the structure or structures of the system, which co m prise software components, the externallyvisible prope r ties of those components, and the relationships among them

[connectors].~

T he question of whether a single architectural description can accuratelyportraya complete systemis still an open question[9]. A viewaddresses the need to present different aspects of an architecture in order to fully describe it. In our terminology, a view is a repr e sentation of an architecture used to describe a particular aspect of a system´s structure or behavior and providing coverage of the entire system. T here is no canonical list which represents a minimal set of views. Some authors such as

Kruchten [20] describe such a set co m prising five views.

T hese include a logical (focusing on software functionality), process (focusing on concu r rency, faulttolerance, and synchronization), development (focusing on division of the software into subsystems assigned to different programmers) and physical (focusing on assignment of functionalityto specific hardware devices) views, plus a set of scenarios to tie themtogether.

Likewise Perryand Wolf [25] describe at least three separate views including processing (focusing on the flow of data through processing elements), data (focusing on the process flowof the system) and conne c tions (focusing on interactions between elements). Our use of the phrase architectural viewis consistent with these usages. For any given software architecture there are potentiallyseveral views (some overlapping and some disjoint) that mayexist to fullydescribe it. For pure fo r ward engineering work, the concepts of architecture and views are generally adequate˙but this is not the case in the reverse engineering world. Here we also need the concept of perspectives.

An architectural perspective is a potentiallyincomplete representation of an architecture generated either byan automated tool or a human analyst and providing a subset of systemcoverage. Perspectives include both unsubstantiated opinion such as a simple box and arrow diagramdrawn on a napkin and preciselydefined analyses such as a call graph generated from source code.

T he architectural perspectives of a single systemdiffer for a variety of reasons.

· Completeness: Perspectives maydisagree as to the parts of the system or views they represent.

· Precision: Perspectives maydiffer as to the level of abstraction they provide.

· Aspect: Perspectives contribute to specific views of a system, such as its performance characteristics or howit provides reliable services. Consequently, they mayignore parts of the systemnot relevant to that view. Hence, different views mayprovide quite different coverages of a system.

· Version: Perspectives mayrepresent a systemas it evolves over time. Consequently, archite c tural perspectives go through versions, just as code does[28].

· Consistency: Perspectives are inherently approxim a tions. Perspectives constructed by different people or different tools may disagree.

· Accuracy: Perspectives maybe limited bythe acc u racyof the information used to construct them.

T his is especiallytrue of manually-generated perspectives.

· Rigor: Perspectives differ in the degree and type of formalitywith which theyexpress system characte r istics.

Simplystated, an architecture mayhave fromone to n views, with each viewhaving potentiallyone to m perspectives associated with it. T he essence of a viewis the use to which it will be put, while the essence of a perspective is the mechanism used to generate it.

Architectural Synthesis

T he architectural synthesis process consists of a cycle of activities that synthesize perspectives into a relevant set of views that together forma complete architectural re p resentation. Synthesis is a human-centric task (shown graphicallyin Figure 2) consisting of the following four steps:

· Generation: T he first and most obvious step is to obtain the perspectives to be synthesized. T hese pe r spectives maycome fromexisting documentation, source code analysis, domain analysis, interviews with human experts, or anyother source that may provide an idea of the legacy system´s arch i tecture.

· Classification: T he next step is for the analyst to group perspectives into their respective views. T his helps an analyst to focus initiallyon reconciliation of perspectives that are intended to describe the same aspects of a system. T his is not usuallya one-to-one

System

A

Architectural

Representation

A

Architectural

Representation

B

Architectural

Representation

Z

Reverse Engineering

Tool A

Tool B

Tool Z

Analysis

Tool

Figure 1: The Multiple Perspective Problem function, as the initial perspectives mayoverlap two

or more views.

· Union: T his step analyzes all perspectives that

re p resent a specific viewand develops a single view

fromthemthat incorporates structural information

from all of them.

· Fusion: We adopt this termfromDALI[16] and use

it to represent analysis across multiple views to check

for commonality, consistencyand to create

compositions of different views.

T he remainder of the paper focuses on the practical

application of the architectural synthesis process to a real

system. Bygenerating a typical set of architectural

perspectives, uniting theminto a coherent view, and

fusing themfor consistency, we showthe overall utilityof

the process as a means for generating an accurate

architectural representation suitable for use byother

analysis techniques. We first compare the synthesis

process to other work similar in concept.

3 RELATED WORK

Some work in architectural synthesis is alreadybeing

conducted byother researchers. DALI [16][17] and

ManSART [33] both look at synthesis activities for

art i facts derived fromthe source code of a software

system. DALI and ManSART overload the termviewto

be both what we call a viewand what we terma

perspective. DALI uses the term view fusion for what we

call both union and fusion, while ManSART uses the term

view manipulation . Our work is complementaryto the

work done in DALI and ManSART . In our work on

legacysystemevolution, we have architectural

pe r spectives derived not onlyfromsource code, but from

requirements engineering activities[26], program

ada p tation analysis[23], architectural analysis[14] and

domain analysis[7]. T hese sources maycreate

perspectives at different levels of abstraction. While pure

source-code derived perspectives mayat least have some

naming co n sistencyand comprehensive theme, we can

expect no such help when resolving other more diverse perspectives.

T he concept of multiple perspectives of requirements has

been studied bythe requirements engineering community

for some time. Easterbrook and Nuseibeh[10] introduce

the idea of resolution of conflicting requirements

pe r spectives (which theycall views) through the use of

viewpoints. T heydefine a viewpoint as ^A loosely

co u pled, locallymanaged, distributable object which

enca p sulates partial knowledge about a systemand its

domain, specified in a particular, suitable representation

scheme, and a partial knowledge of the process of

development . ~ Not coincidentally, this captures our idea

of a perspective almost perfectly.

4 CASE STUDY

We present a case studyof architectural synthesis which

looks at evolving a m e dium-complexitysystemcalled

ISVis (Interaction Sc e nario Visualizer)[13]. ISVis is a

three-year-old C++ /X-Motif application consisting of 27

separate source files containing 23,333 lines of

commented source code. Functionally, ISVis is a reverse

engineering tool which can be used byan analyst to help

abstract an architectural perspective based upon both the

source code static info r mation and a behavioral trace of

programexecution. (In this particular case, the analysis

gives rise to the inte r esting situation where the legacy

system is used to an a lyze itself for evolution).

We are in the process of preliminarydesign for the next

version of ISVis and wish to performan AT AM analysis.

Like the technical lead in the introduction, we had many

perspectives of ISVis available to us, but no one

represent a tion to use to begin the process. We decided to

do an architectural synthesis to arrive at an accurate

archite c tural representation to begin the ATAM session.

Generation

An analyst first gene r ated several perspectives of the

ISVis architecture which are described below. A subset of

the representations a c tuallygenerated are included in this

paper, but all are available in the technical report[1]. T his

subset was chosen because it demonstrates the issues

i n volved in performing the synthesis process. T he

perspectives generated range froma generic, abstract

Domain-Specific Software Architecture to a concrete

code-level call-graph.

Dom ain-Specific Software Architecture. For many

legacysystems, a Domain-Specific Software Architecture

(DSSA)[29] mayexist. A DSSA can be thought of as an

assemblage of software comp o nents, specialized for a

particular type of task (domain), generalized for effective

use across that domain, co m posed in a standardized

structure (topology) effective for building successful

applications[2]. For this case study, a simple reference

architecture for the reverse enginee r ing domain, (the

Generation Classification

Fusion Union

The

Software

Architecture

Figure 2: The Architectural Synthesis Process domain of the ISVis tool) was co n structed (Figure 3)

using T illey´s reverse engineering fram e work[30] and

Rugaber´s Synchronized Refinement pro c ess[7]. (Note

that this architecture is used as a repr e sentative

architecture for this level of abstraction and does not

purport to be the definitive domain-specific

Actor

Class File

Function Object Component

Program

Model

Message

Call

Interaction

Instantiation

ScenarioImpl

Scenario

Destruction InteractionImpl TraceImpl

ScenatioIter ScenarioIterImpl

TraceImplIter InteractionImplIter

TraceIter

Message

TraceIter

Instance

TraceIter

Event

TraceIter

Trace

Message

Trace

Event

Trace

Instance

Trace

Figure 6 : ISVis Object Diagram

a r chitecture for reverse engineering.) T he DSSA portrays

the active components (rectangles), passive components

(cylinders) and connectors (dotted lines) that make up the

reference architecture. Where connectors are used by

more than one component, the small circles represent

roles so mu l tiple attachments can be described.

DARE (Dom ain Analysis for Reverse Engineering)

Model. T his model (Figure 4) is derived fromte x tual

analysis created byusing the DARE process[6]. T his

gives another domain-oriented viewderived d i rectlyfrom

the ISVis documentation. T he DARE tool first analyzed

the ISVis user´s manual and tut o rial extracting all unique

words. A filter then r e moved words of no interest to the

analysis and the remaining words were counted to produce

a fr e quencylist. T he most common domain-significant

words were then analyzed and an OMT model was

produced.

ISVis Docum ented Architecture (Figures 5, 6 and 7).

Figures 5 and 6 represent a part of the original deve l oper´s

viewof the architecture along with an OMT o b ject model

representation and are typical of the box and arrow

diagrams available for most legacysystems. Fi g ure 7 is

also typical of manylegacysystemarchitectures and

represents a context diagramshowing ISVis’ intera c tion

with external entities.

Appli c a ti o n

Imple me nta ti o n

Arti fa c ts

Arc hi te c tura l

Sty le

L i bra ry

De s i gn

Ra tio na le

L i bra ry

Appli c a ti o n

Do ma in

De s c riptio n

Exi s ti ng

Do c ume nta ti o n

Ana ly s i s

Engi ne

Sta ti c

Ana ly s i s

To o ls

Dy na mi c

Ana ly s i s

To o ls

Appli c a ti o n

Exe c uta ble

Appli c a ti o n

So urc e

Co de

Sta ti c

Imple me nta ti o n

Info rma tio n

Ra tio na le

Da ta

Appli c a ti o n

Te xt

Arti fa c ts

Do ma in

Ana ly s i s

Engi ne

Do ma in

Spe c i fi c

Info rma tio n

Dy na mi c

Imple me nta ti o n

Info rma tio n

Arc hi te c tura l

Unde rs ta ndi ng

Re s o luti o n

Engi ne

Do ma in

Upda te s

Arc hi te c tura l

Co nc e ptua l

Ma ppi ngs

Upda te d

Ra tio na le

Ca ndi da te

Arc hi te c tura l

Info

Sty le

Pa tte rns

Sta ti c

Pro gra m

Info

Dy na mi c

Pro gra m

Info

Ma ppi ng

Info rma tio n

Sy nthe s ize d

Do ma in

Info

Sy nthe s ize d

Arti fa c t

Info

Figure 3: Domain Specific Architecture for ISVis

Scen ar i o

Act o r

Pat t er n

In t er act i o n

Vi ew

Mu r al

Tr ace

In st r u m en t o r

So u r ce

Co d e

Fu n ct i o n Co m p o n en t

Cl ass

Fi l e

For ms

Even t s

Sequenceof

Vi suali zes

Wi n d o w

I nstr uments

Der i ved

Fr om

Gener ates

Defined

I n

Figure 4 : DARE Domain Model

View

View

Manager

Program

Model

Trace

Analyzer

Event

St ream

St at ic

Analyzer

Inst rumentor

Solaris

DB

Dat abase

Sour ce

Code

St at ic

Inf ormat ion

File

Inst rumented

Sour ce

Code

Trace

Inf o

File

Event

Trace

Session

File

Figure 5 : ISVis Design

ISVi s

An al yst

Vi su al i z at i o n

In f o r m at i o n

So u r ce Co d e

In st r u m en t at i o n

D at a

Co m p i l er Fi l es

St at i c Co d e

In f o r m at i o n

So u r ce Fi l e

Li n e+ Nu m b er

Tex t Ed i t o r

Ab st r act i o n

In f o r m at i o n

Figure 7: ISVis Context Diagram

ISVis Derived Architecture . T his diagram(Figure 8)

represents one of the architectures derived byusing the

ISVis tool on itself to create an architectural perspective

fromthe source code. T his process, which uses

a r chitectural localization and visualization, is d e scribed in

[13]. T he analyst first instrumented the ISVis source code

and then performed two usage scenarios. Fromthose two

event traces, the analyst created abstracted components

and scenarios which were manuallytranslated into two

different architectural representations.

RMTool Representations (Not Shown). T hese

representations were the output of the Murphy, Notkin

and Sullivan R e flexion model[24] applied to the ISVis

source code. T he high-level model of components used

was ide n tical to the one derived fromthe ISVis analysis.

T he mapping of classes and functions to components was

based upon ISVis information as to the actors co n tained in

the component. T he Reflexion tool helped to provide a

measure of the relative accuracyof the ISVis-derived

architecture and thus was a compl e mentary perspective.

Call Graph (Not Shown). T his type of diagramis a basic

^who-calls-who~ analysis typical of manyreverse

eng i neering static analysis tools such as cflow. T o obtain

the call graph, we wrote simple filter programs to act on

the Solaris C++ compiler browser files and produce dot,

gml, vcg and rigi graphics files. T his allowed the use of a

wide varietyof visualization tools to viewand refine the

graphs. T he raw ISVis graph had over 820 nodes and

well over one thousand edges. T his information was used

much as it was in DALI[17] to aggregate the call

information into an architectural perspective.

Sum m ary . Bythe end of the generation phase, 12

perspectives had been generated. T hese perspectives are

summarized in T able 1. For each perspective generated

froma given source, the table shows the number of

components and connectors in that perspective and the number of levels of abstraction in the perspective. It is

immediatelyevident that most sources produce a

relatively flat representation.

Classification

T he classification task for this case studywas fairly

si m ple because most of the perspectives dealt with a

logical viewof the system. T his resulted primarily

because ISVis runs on a single machine with three easily

identified processes greatlyreducing the complexityof

the physical and process views. Even if all the

pe r spectives map to the same view, there is still a useful

function served bythe classification process. It forces the

analyst to begin thinking about the levels of abstraction

represented byeach perspective. Remember the principle

purpose of the classification task is to avoid was t ing time

unioning mutuallydisjoint perspectives and arguing over

whether a perspective properlybelongs to one viewor

another. We developed the following guidelines to aid

in the class i fication task:

· If the perspective came froman object-model

di a gram(such as an OMT diagram) it is a logical

view.

· If the perspective came froma call-graph

Table 1

Generation Phase Results Summary

Source Component

Count

Connector

Count

Levels

DSSA 12 15 1

ISVis

Design

14 26(1) 1

OMT

Design

28 0 1

Context

Diagram

5 5 1

ISVis

Derived

(2 models)

39 38 2

Reflexion

(3 models)

5 9(1) 1

DARE 15 7(2) 1

Call-

Graph

820 1500(3) 1

Interview/

Make

3 3 1

(1) Denoted as control or data only

(2) Labeled associations only

(3) Function calls only

Overhead

Controller

Model

View FileProcessors

Create

Gui

Prompt

GetText

Create/Modify

Components

Set Item

State

ReadTrace

GetText

Redraw

Mouse/Key

Data

Create

Prompt

Update

Figure 8: ISVis Extracted Architecture ˘ Scenario 2 represe n tation then it is a logical view.

· If the perspective contains hardware elements then it

is a physical view.

· If the perspective contains component names that can

be matched to the ISVis, RMT ool or Call Graph

diagrams, it is a logical view.

· If the perspective contains names that can be matched

to make targets it is a process view.

· If the perspective came froma legacy^box-and-

arrow~ diagram, it is a logical view.

It maybe the case that some perspectives contain pieces

belonging in multiple views. In these cases an analyst can

use a subset of the perspective during the union process

for each viewthat the perspective involves. T hese types

of perspectives frequentlycome fromthe expert-opinion

generation effort and can be veryvaluable later during the

fusion process because theyprovide information on how

different views might be fused.

At the end of the classification phase of the case study,

there were 11 perspectives grouped into the logical view,

and one in the process view. FromT able 1, onlythe make

file analysis and interviews yielded a process view. All the

others were classified in the logical view.

Union

With the perspectives generated and classified, the real

work of uniting these multiple perspectives to obtain a

single set of views to describe the architecture can begin.

T he first step in the union process is to choose a

perspe c tive to act as the base representation for the

remainder of the process. T his base representation should

be the perspective which represents the highest level of

confidence and the highest level of abstraction for the

viewunder consideration. For the case study, the ISVis-

derived architecture of Figure 8 was selected. We

rejected the basic ISVis design (Figure 5) because it

mixed abstraction levels and the ISVis object design

(Figure 6) because it did not address the user interface

components˙a strange design oversight since ISVis is a

visualization tool! T he RMT ool components and

mappings were generated fromthe ISVis-extracted

architecture and thus were compl e mentaryto the

representation chosen for the base. T he context diagram

(Figure 7) and domain-specific arch i tecture (Figure 3)

were too genericallyabstract to formthe base

re p resentation, while the DARE model (Figure 4) and

call-graph diagram(not shown) provided too lowan

abstraction level.

T he base representation formed our initial top-level

a r chitectural logical view. T his base representation was

then extended byperforming the following steps (these steps are reminiscent of set union, hence the name):

· Pick a perspective classified into the viewunderg o ing

the union process that has not yet been consi d ered

and look for a component with a name lexically

ide n tical to one in the base representation, or one

which is a synonymin the domain of the application.

An example of a domain syn o nymis the resolution of

the Compiler Files comp o nent (Figure 7) with the

more specific implement a tion-oriented name Solaris

DB Database component (Figure 5) found in the

original design document.

· Overlaythe selected component with the one in the

base representation. For example ProgramModel in

Figure 5 overlays Model in the base representation

(Figure 8). For each connector on the overlaying

component, attempt to match it with an existing

connector. For instance the control connections

shown in Figure 5 overlaid the Update and Set Item

State connectors between the Model and View,

a l readyin the base representation. If a connector

ca n not be matched, it is added to the representation as

a new connector.

· If a component cannot be matched lexically, then

determine if it is a subcomponent of one of the

co m ponents in the current base representation. If it

is, then add it to the subsystemrepresentation of the

containing component using the following procedure:

If this is the first subcomponent, drawa bounding box

to represent the subsystemboundaryand place the

new subcomponent inside. If this is not the first

component in the subsystem, then simplyadd the

component inside the bounding box. For example,

the components Static An a lyzer, T race Analyzer and

Instrumentor of Figure 5 were all subcomponents of

the File Processors co m ponent of the base

representation (Figure 8). Resolve the connectors so

theyare either part of the subsy s tem(that is, theyrun

between components inside the bounding box) or they

are bindings to the parent system(theyrun froma

component inside the bounding box to a component

at the next higher level of abstraction). As shown in

Figure 10 for example, components at the next higher

level of abstraction are shown outside the bounding

box to make the bindings more explicit. For instance,

Figure 5 shows a control connection fromthe

Pr o gramModel to the T race Analyzer. T o resolve

this we need a binding fromthe T race Analyzer

comp o nent up to the Model Component which also

then requires a connector at the top-level between

File Processors and Model. In the base

representation of Figure 8, there is no such

connection shown. We must add a connector which

represents this control. We also need to label that connector ˘ and this can be a challenge. Bylooking

at the other perspectives we determine that the

connector represents Model Information.

· If a component is not a subcomponent then add it to

the top-level representation. For example, because

the ISVis analysis is based upon programtraces of

call data, it does not currentlyhave the abilityto

analyze passive data accesses. Other perspectives

that contain passive data components (such as the

design document in Figure 5) must be used to

co m plete the viewto forma complete picture. T hese

data components were not subsystems of anyof the

base representation components, but were themselves

components at the same level of abstraction, and thus

had to be added. T his is a good example of how

different perspectives complement each other and

howtheir union is often necessaryto get a complete

representation of the architectural view.

Following this procedure for Figures 3-8 yields the top-

level logical systems viewin Figure 9 and a represent a tive

subsystemviewin Figure 10. One might be struck

immediatelybythe inclusion of the analyst as a

comp o nent in the top-level system. Normallythe human

user is not so explicitlymodeled in an architectural

represent a tion ˘ yet in this case, the analyst not onlyis a

top-level component, but has a subsystems viewalso!

T his occurs because the analyst has significant

computation and data responsibilities within the ISVis

architecture. For i n stance, fromthe DSSA (Figure 3), we

knowthere is an architectural style libraryand a

component that uses the libraryto understand an

architecture. In ISVis these functions are performed manuallybythe analyst making themsignificant enough

to include in the architectural diagram. Later, if we need

to use this top-level representation for impact analysis

using either SAAM or AT AM, we can better understand

where style-related information comes from. If we had a

code-extracted perspective alone that info r mation would

be unavailable.

Another component-related decision made bythe analyst

was in which level of abstraction to place certain

components when there was a choice. For instance, the

information files shown in Figure 9 interact onlywith the

File Pro c essors component and could have been hidden

inside that component to reduce the complexityof the top-

level a r chitecture. T he analyst wanted to emphasize the

data files during the AT AM analysis, so theywere

promoted to the top level. Under other circumstances,

theycould just as easilyhave been included inside the File

Proce s sors component.

Handling of connectors is one of the more diff i cult parts

of the union process. T he reasons for this are two-fold.

First, connectors are usuallysecond-class cit i zens in the

world of legacyarchitecture. As the ISVis design in

Figure 5 demonstrates, manydocumented le g acy

architectures do not even label the connectors. T heymay

be annotated ( as this one is) for differentiating co n trol vs.

data, but theyhave no precise meaning. Fr e quentlythey

simplymean calls, uses, or talks-to. Promoting these ill-

defined connectors to first-class elements of the

architecture requires crit i cal thinking and applic a tion of

domain and application knowledge bythe pe r son doing

the synthesis.

A principle function of an analyst in connector resolution

is looking for name changes fromthe generic to the

specific. For instance, in the DSSA (Figure 3) mapping

information connectors indicate architectural information

that has been synth e sized byan analyst or system. In

ISVis these mappings correspond to the visual

Analyst

Model

View

Controller

Overhead

Compiler

FIles

Source

Code

Trace

Information

Files

Text Editor

File

Processors

Static

Information

Files

Update/

Redraw/

Create GUI

Mouse/

Key Data

Visual Data

Abstractions

Source Code

File Line Info

Model

Information

Prompt

Get Text

Create

Read Trace

Static Info

Trace Info

Static Code Info

Instrumentation Data

Set ItemState

Create/Modify Components

Figure 9: Final ISVis Top-Level Logical View

View

Manager

Main

Window

Scenario

View

Controller

File

Processors

Get

Text

Prompt

Update/Draw

Read

Trace

Overhead

Create/Draw

Mouse/Key

Events

Analyst

Visual

Data

Model

Set Item

State/Create

Modify

Components

Figure 10 : Final View SubSystem information provided the analyst in Figure 7. T he need

for these types of complex

tran s forms motivates our

belief that the synthesis

process can never be fully

automated.

T he second complexityfor

connectors is resolving

their bindings (that is what

components are attached to

each end of the connector).

T his is especiallychallenging for placing connectors in

subsytems, and determining howthese connect back to the

upper-level system. T his again requires the analyst to

have an understanding of howthe components

communicate. Some of this understanding comes from

observing the contained interactions that can be

represented through an analysis/visualization tool like

ISVis which provides the abstraction needed over

s e quences of programevents. T he call-graph pe r spective

can also help with this task when developing the logical

view.

At the end of the union process, the 12 perspectives

representing the logical view--with their single level of

abstraction, 758 potential components and 1601 potential

connectors--were reduced to three levels of abstraction

with a total of 26 components and 40 connectors. By

following the union process, different perspectives

comprising veryflat information (at most two levels of

hierarchy), were refined into a single perspective, with

three levels of a b straction that more accuratelyportrayed

the actual ISVis architecture.

It is interesting to note that although the component count

(disregarding the call-graph case) did not increase

significantly, the connector count did. T his is an

indication that the union process aided in deriving an

accurate architectural representation, and not just another

box-and-arrow diagram.

T he top level representation has only10 components and

16 connectors, a configuration easilyanalyzed during an

AT AM session[3]. If questions arise during the session,

there are subsystemrepresentations that clearlyidentify

the functionality in each of the top-level components.

Clearlythis is better than using anyof the initial

perspectives by themselves.

T here is still an open issue in the choice of the initial

representation to formthe base representation. Did the

architecture fall into place because we were luckyand

happened to pick a reallygood perspective to start with,

or would the process have worked if we had picked some

other perspective to start with? Does a code-based

architectural abstraction tool like ISVis always provide the best base representation or would some other

perspective have been a better base representation under

different circumstances? We are looking into these

questions as we continue to extend and refine the

synthesis process.

Fusion

After individual views have been developed through the

union pro c ess, the fusion process can begin. Fusion can

occur b e tween anytwo views that exist that are not

disjoint. Fr e quentlytwo views mayoverlap which can

allowconsistencychecks to be performed. For instance

ISVis has the logical viewshown in Figure 9 and a

process viewshown in Figure 11. T here are three

concurrent processes: the ISVis main process, the Mural

process and a text editor process. T he text editor process

is a COT S viewer for selecting source code and maybe

anyavailable text editing program. Currentlymost people

using ISVis use XEMACS. If we tryto fuse the logical

and process views, we can see matches between the T ext

Editor co m ponent of Figure 9 and the T ext Editor process

of Figure 11. Likewise the Mural process matches the

Mural co m ponent (a part of the Scenario Viewcomponent

of Figure 11, but not shown in this paper). T he ISVis

process does not match directlya component, but by

examining the make files and ISVis execution traces, the

ISVis process includes the Overhead, Model, Controller,

and other Viewco m ponents (less the Mural). We can

check the connector information in the process viewand

evaluate its consi s tencywith appropriate connectors in the

logical view. In this case, the fusion process shows us that

the views are consistent. We can match the connectors so

that info r mation flowing between processes in the process

viewis the same information flowing between

components in the logical view.

In the event inconsistencies were detected, we would

r e enter the synthesis process to generate additional

pe r spectives to help remove the inconsistency. T his is

why the synthesis process is depicted as a cycle.

In the case study, ISVis had onlytwo required views and

one of them(the process view) was trivial, so we were

unable to do anyextensive analysis of the fusion process

and inconsistencydetection between views. T his is

another area we intend to address in the next case study.

5 FUTURE WORK

T he architectural synthesis process described here was

conducted manuallyto develop ideas for what can and

cannot potentiallybe automated and to refine the process

itself. We believe the processes of union and fusion

described in this paper can never be totallyautomated, but

there are possibilities for performing some of these tasks

in a semi-automated fashion.

One area for further research is the application of type-

ISVis

Text

Editor

Mural

Recalculate/

Redraw

Source File/

Line Number

Figure 11

ISVis Process View inferencing[22], commonlyused in compiler co n struction

to suggest matches among the components and connectors

that make up the architectural structure. Manypeople

have done research in recoveryof design patterns[19][31]

byautomated searching as well as analysis of architectural

components based upon matching their

characteristics[15]. We intend to adapt these concepts to

create pseudo-types which can allowautomated matching

activities to occur byusing the type- inferencing

previously mentioned.

One potentiallysignificant issue that did not arise in the

case studybecause the activities were conducted prima r ily

byone person is that of human conflict resolution.

Clearly, when multiple analysts are involved, there will be

human issues that must be resolved in addition to simply

techn i cal ones. We plan to incorporate some of the

lessons learned byWin-Win[5] and other conflict-

resolution strategies into the synthesis process.

We also did not examine the role of architectural version

management in this process. T his is an area of interest to

manysoftware engineering practitioners. We intend to

develop this area as an extension to the ACME

inte r change language[11] via the propertymechanism.

Some potential extensions can be extracted from

Sommerville and Dean´s PCL language[28].

T o address these open issues, our future research will

center around refining the architectural synthesis process

and its supporting toolkit REMORA (Resolution of

Mulitple Reverse Engineered Architectures). Not only

will REMORA provide a graphical environment where

perspectives can be synthesized, it will provide automated

services for version management of architectures. Manyof

the lexical matching, overlaying and binding tasks can be

done semi-automaticallyso that an analyst will be free to

concentrate on the difficult parts of the synthesis process

that require human reasoning.

ACKNOWLEDGEMENTS

T his work supports MORALE (Mission-Oriented

Arch i tectural LegacySystems Evolution) a part of the

DARPA EDCS project and was sponsored bythe Defense

A d vanced Research Projects Agency, and Air Force

R e search Laboratory, Air Force Material Command,

USAF, under agreement number F30602-96-2-0229.

REFERENCES

1. Abowd, G., Rugaber, S., and Waters, R., ^Using the

Architectural Synthesis Process to Analyze the ISVis

System˘ A Case Study~, GT T echnical Report GIT -

CC-98-22, August 1998.

2. Architecture-Based Acquisition and Development of

Software Guidelines and Recommendations fromthe

ARPA Domain-Specific Software Architecture

(DSSA) Program. T echnical report, T eknowledge

Federal Systems, October 1994.

3. Barbacci, M., Carriere, S. J., Feiler, P., Kazman, R.,

Klein, M., Lipson, H., Longstaff, T . and Weinstock, C.

^Steps in an Architecture T radeoff Analysis Method:

QualityAttribute Models and Analysis~, T echnical

Report CMU/SEI-97-TR-029, 1998.

4. Bass, L., Clements, P. and Kazman, R. Software

Architecture in Practice, Addison-Wesley, 1998.

5. BoehmB., Bose, P., Horowitz, E., and Lee, M. J.,

"Software Requirements Negotiation and

Renegotiation Aids: A T heory-W Based Spiral

Approach," Proceedings of the 17th International

Conference on Software Eng i neering (ICSE-17),

Seattle, April 1995.

6. Clayton, R., Rugaber, S., T aylor L. and Wills, L. ^A

Case Studyof Domain-Based Program

Understanding~, Paper Presented to Workshop on

Program Comprehe n sion, 1998.

7. Clayton, R., Rugaber, S., Wills, L., ^Dowsing: A T ool

Framework for Domain-Oriented Browsing of

Software Artifacts,~ in Proceedings of Automated

Software Engineering, 13 th IEEE International

Conference, Honolulu, Hawaii, October 13-16 1998.

8. Clements, P. and Northrop, L. ^Software

Archite c ture: An Executive Overview~, CMU

T echnical Report CMU/SEI-96-T R-003, February

1996.

9. Clements, P. and Weiderman, N. ^Report on the

Second International Workshop on Development and

Evolution of Software Architectures for Product

Fam i lies~, T echnical Report CMU/SEI-98-SR-003,

1998.

10. Easterbrook, S. and Nuseibeh, B. ^Using Viewpoints

for InconsistencyManagement~, IEE Software

Eng i neering Journal , November 1995.

11. Garlan, D., Monroe, R. T ., Wile, D., ^ACME: An

Architecture Description Interchange Language,~

Pr o ceedings of CASCON 97 , November 1997, pp.

169-183.

12. Garlan, D. and Shaw, M. "An Introduction to

Sof t ware Architecture." In V. Ambriola and G.

T ortora (ed.), Advances in Software Engineering and

Knowledge E n gineering , Series on Software

Engineering and Know l edge Engineering, Vol 2,

World Scientific Publishing Company 1993, pp.1-39.

13. Jerding, D. and Rugaber, S. ^Using Visualization for

Architectural Localization and Extraction~, WCRE 97.

14. Kazman, R., Abowd, G., Bass, L. and Clements, P.

^Scenario-Based Analysis of Software Architecture~,

IEEE Software , 13(6), November 1996, pp. 47-56.

15. Kazman, R., Clements, P., Bass, L. and Abowd, G.

^Classifying Architectural Elements as a Foundation

for MechanismMatching~, Proceedings of

COMPSAC, Washington, D.C., August 1997, pp. 14-

17.

16. Kazman, R. and Carriere, S. J. ^Playing Detective:

Reconstructing Software Architecture fromAvailable

Evidence~, CMU T echnical Report CMU/SEI-97-T R-

010, 1997.

17. Kazman, R. and Carriere, S. J. ^ViewExtraction and

ViewFusion in Architectural Understanding~, Paper

submitted to Fifth International Conference on

Software Reuse 1998.

18. Kogut, P. and Clements, P. ^Features of Archite c ture

Description Languages~, Paper presented at Sof t ware

Technology Conference, Salt Lake City, April 1995.

19. Kramer, C. and Prechelt, L. ^Design Recoveryby

Automated Search for Structural Design Patterns in

O b ject-Oriented Software~, Proceedings of WCRE 96 ,

pp. 208-215.

20. Krutchen, P. ^T he 4+1 ViewModel of Archite c ture~,

IEEE Software, 12 (6), 1995 pp. 42-50.

21. Luckham, D. ^ Rapide: A Language and T oolset for

Simulation of Distributed Systems byPartial

Orderings of Events~, Paper presented at DIMACS

Partial Order Methods Workshop IV, Princeton

University, July 1996.

22. Mitchell, J., ^T ype Inferencing,~ in chapter 11 of

Foundations of Programming Languages , MIT Press,

1998.

23. Murdock, J. and Goel, A. ^A Functional Modeling

Architecture for Reflective Agents.~ AAAI-98

workshop on Functional Modeling and T eleological

Reasoning, Madison, WI, July, 1998.

24. Murphy, G., Notkin, D. and Sullivan, K. ^Software

Reflexion Models: Bridging the Gap between Source

and High-Level Models~, ACM SIGSOFT, 1995.

25. Perry, D. and Wolf, A. ^Foundations for the Studyof

Software Architecture ~, ACM Software Engineering

Notes , 17(4), (1992).

26. Potts, C. ^Scenario-Based InquiryCycle ( ScenIC)~,

MORALE Methodology Guidebook, 1998.

27. Rugaber, S. ^ProgramComprehension~, in

Encycl o pedia of Computer Science and T echnology,

35(20), Marcel Dekker, Inc:New York, 341-368,1995.

28. Sommerville, I. and Dean, G. ^PCL: a language for

modeling evolving software architectures~, Software

E n gineering Journal , March 1996, pp. 111-121.

29. T aylor, R., T racz, W., Coglianese, L., ^Software

Development Using Domain-Specific Software

Arch i tectures,~ Software Engineering Notes, Vol 20,

No. 5, December 1995

30. T illey, S. ^A Reverse Engineering Environment

Framework~, T echnical Report CMU/SEI-98-T R-005,

1998

31. T onella, P., Fiutem, R., Antoniol, G. and Merlo, E.

^Augmenting Pattern-Based Architectural Recovery

with FlowAnalysis: Mosaic ˘ A Case Study~,

Proceedings of WCRE 96 , 198-207.

32. Weiderman, N., T illey, S. and Smith, D. ^Approaches

to LegacySystemEvolution~, T echnical Report

CMU/SEI-97-TR-014, 1997.

33. Yeh, A., Harris, D. and Chase, M. ^Manipulating

Recovered Software Architecture Views~, Proceedings

19 th International Conference on Software

Engineering, May 1997.