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Language Concepts

Language Concepts is a Manchester-based startup dedicated to improving thequality of software by
providing tools which manage and reduce the complexity of the software engineering process. Building on
experience in CASE and MetaCASE, the company will focus on solutions which address ther eality of
development in the field, providing a range of tools, components and IDE extensions which tackle problems
which organisations face at different stages of the Capability Maturity Model. Our aim is to create software
written “by developers for developers”, working to solve the pressing practical problems developers face
today.

Most software engineering today occurs within the lower end of the CMM; the phrase “hack and test” is all
too familiar to those who have worked in the industry. Typically, the response of CASE tool vendors to this
position is to extol the benefits of a more structured and disciplined approach. Only a few companies,
however, are in a position to listen, so that CASE tools, and the good practices they carry with them, have
had limited acceptance.

Language Concepts will address this problem by providing tools which integrate seamlessly with existing
popular IDE’s such as Symantec Visual Café and Microsoft Developer Studio. These tools will provide
pattern-based generation capabilities which will improve developer productivity by eliminating the need to
write formulaic code, and software analysis and visualisation tools which will allow developers to take a
more abstract view of their code without introducing any barriers to rapid development.

Where possible Language Concepts’ tools will not introduce additional learning requirements on developers.
Using the very latest user interface technologies, they will instead offer all the information needed to make
best use of them as they are used. In fact, many of the planned tools exist solely to reduce the learning burden
developers face by capturing knowledge of sophisticated design patterns and specialist system APIs, so that
developers can be up and running quickly with new approaches and technologies.

Language Concepts will also provide integrated project management tools which give software managers —
particularly those facing the special challenges of working with small, multi-project teams — the very best
information they need to deliver a quality product on time and within budget. We are committed to the
exploitation of the Internet, and will use Internet technologies such as XML, XSLT, HTML and HTTP
wherever possible, creating products which are inherently connected and open.

Language Concepts is currently seeking investors and technology partners. For more information contact
Paul Dundon at concepts@pdundon.dircon.co.uk.
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Forward

Welcome to the Second International Symposium on Constructing Software Engineering Tools
(CoSET2000). I hope you enjoy attending the symposium and I trust that you will find the
presentations and discussions stimulating. This symposium has been co-located with the 22nd
International Conference on Software Engineering (ICSE2000) in Limerick, Ireland, 5-11 June 2000.
The inaugural CoSET symposium was held at ICSE'99 in Los Angeles, May 1999 [1]. This event
received 25 submissions from authors representing 12 different countries, and 16 of these papers were
selected for publication in the symposium proceedings [2]. A selection of papers from CoSET'99
were subsequently republished in a special issue of the Journal of Information and Software
Technology that appeared in January 2000 [3].

CoSET2000 continues the investigation of themes and issues explored in CoSET'99, including:
specification and generation techniques

interchange formats and tool API's

forward and re-/reverse- engineering tools

tool evaluation, usability issues, and cognitive support

tools for tool builders

and languages, frameworks, and component-based development.

The symposium is based around the participants' experience reports of constructing their software
engineering tools. The purpose of the symposium is to bring together an international audience of
researchers and practitioners with similar interests and experience, to exchange ideas, and to learn
about different technologies and techniques for software engineering tool development. The
symposium focuses principally on practical software engineering issues encountered by tool
developers.

For CoSET2000 we requested two categories of symposium submission:
e short papers, of typically 2000-4000 words;
e full papers, of 5000-6000 words plus figures/tables.

The Call for Papers generated 34 submissions of which 14 were accepted from authors representing 9
different countries. Papers in both categories of submission were fully refereed by the international
programme committee. The accepted short and full papers are published in the Symposium
Proceedings. The symposium organisers will select the most promising full papers for submission to
IEEE Software for possible publication after a further process of peer review.

A successful symposium is the result of the efforts of many people, and I would like to thank all those
who made this symposium possible. In particular, thanks to our referees and to our sponsors. Also
thanks to the symposium participants for their attendance and interest in software engineering tool
construction.

Jonathan Gray
CoSET2000, Symposium Chair

Jjpgray@computer.org

[1] Gray J.P., Scott L., Liu A., Harvey J. CoSET'99 Workshop Summary in Proc. ICSE'99, Los Angeles, USA, 16-22 May
1999, ACM (1999), 707-708

[2] Gray J.P., Scott L., Liu A., Harvey J. (eds) Proceedings of the First International Symposium on Constructing Software
Engineering Tools (CoSET'99), Los Angeles, USA, 16-22 May 1999, University of South Australia (1999) ISBN 0
86803 629 3.

[3] Special Issue on Constructing Software Engineering Tools. Information and Sofiware Technology, Vol 42, Number 2,
25 January 2000, 71-158
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Secrets from the Monster:
Extracting Mozilla’s Software Architecture

Michael W. Godfrey and Eric H. S. Lee
Software Architecture Group (SWAG)
Department of Computer Science, University of Waterloo
Waterloo, Ontario, N2L 3G1, CANADA
email: {m god, ehsl ee}@l g. uwat er | 0o. ca

ABSTRACT chitecture [9]. However, most such tools are comprised of
As large systems evolve, their architectural integrity tends tightly coupled subcomponents, such as source code “fact”
to decay. Reverse engineering tools, such as PBS [7, 19],extractors and visualization engines. This tight coupling has
Rigi [15], and Acacia [5], can be used to acquire an under- impeded the widespread adoption of such tools, as it is dif-
standing of a system’s “as-built” architecture and in so do- ficult for users to substitute alternative subtools that might
ing regain control over the system. A problem that has im- have different strengths or model different source code lan-
peded the widespread adoption of reverse engineering toolsguages.

is the tight coupling of their subtools, including source code
“fact” extractors, visualization engines, and querying mech-
anisms; this coupling has made it difficult, for example, for
users to employ alternative extractors that might have differ-
ent strengths or understand different source languages.

The TAXFORM (Tuple Attribute eXhange FORMat) project
has sought to investigate how different subtools can inte-
grated into a single framework by providing mappings to and
from common data schemas for program “facts”. Previous
work has included the design of generic schemas for proce-
The TAXFORM project has sought to investigate how differ- dural and object-oriented programming languages, an explo-
ent reverse engineering tools can be integrated into a singleration of problematic issues in representing and translating
framework by providing mappings to and from common data facts about programs, and some preliminary experiments in
schemas for program “facts” [2]. In this paper, we describe using the Acacia and Rigi extractors as “front-ends” to the
how we successfully integrated the Acacia C and C++ fact PBS system [2].

extractors into the PBS system, and how we were then able . - . A
to create software architecture models for two large software Our primary _mot|vat|on for the work de;crlbed in this paper
systems: the Mozilla web browser (over two million lines of was the desire to create software architecture models of the

C++ and C) and the VIM text editor (over 160,000 lines of Mozilla web browser [14]. Mozilla is written using a com-

Q). bination of C++ and C; however, the extractor for the PBS
system,cf x, does not support the C++ language, and fur-
Keywords thermore we found that it was unable to process much of the
Interchange formats, reverse engineering, software portion of Mozilla that is written in C. In this paper, we de-
architecture. scribe how we created a systematic translation mechanism to

allow the integration of the Acacia fact extractors for C and

C++ into the PBS system, and how we subsequently used

the translators to create software architecture models for two

large software systems: Mozilla (over two million lines of

§++ and C code) and the VIM text editor [23] (over 160,000
nes of C code).

1 INTRODUCTION
Large software systems must evolve or they risk losing mar-
ket share to competitors [11]. However, the architectural in-
tegrity of such systems often decays over time as new fea-
tures are added, defects are fixed, performance is tuned, an
support for new platforms is added [18, 22]. Reverse en-
gineering tools such as PBS [7, 19], Rigi [15], and Acacia 2 THE PBS AND ACACIA SYSTEMS
[5], can be used by developers to regain an understandingThe work we describe here involves the PBS [7, 19] and Aca-
of the “as-built” software architecture of a system, and to cia [5] reverse engineering systems. The Acacia system pro-
reconcile it with the “conceptual” or intended software ar- vides facilities for extracting and visualizing low-level facts
about systems written in C and C++, but it provides little au-
tomated support for creating high-level views of a system'’s
software architecture. Acacia includes two fact extractors:
CGi a which can be configured to process C++ or C code,
and the older extractari a which extracts less information
and works only with the C language but which we found to
be more robust when applied to some C systems. The re-



sults of the extractions are stored in textual databases whichTA format) that describe attributes of the program entities

can be queried at the command line or by using the CIAO
visualization tool.

vides rich support for the creation and querying of high-level
views of software systems. PBS includes a special “rela-
tional calculator” language callegr ok that allows users to
create customized views quickly and easily [19]. Extracted

“facts” about a system are stored using a generic schema lan-

guage called TA (Tuple Attribute); a user may define desired
abstract relations on these facts, whichdghek interpreter
then processes, by performing the appropriate relational cal-
culations, to create high level architectural views of the sys-
tem. In this way, a user can create structured and multi-
layered views of the system’s software architecture which
can be navigated and queried by the PBS visualization tool.

We decided to adapt the C and C++ extractors from the Aca-
cia system for use within PBS for several reasons. Our pri-
mary motivation was the desire to create software architec-
ture models of systems written in C++ without having to cre-
ate a customized C++ fact extractoThe Acacia C++ ex-
tractor,CCi a, performs a detailed extraction of entities and
relationships of C++ code and it uses a production-quality
frontend? Second, the fact extractor for PBS, x, supports
only the C language and has been found to be fairly fragile;
we hoped to gain an alternative extractor for the C language,
and also evaluate the relative quality of each extratind
finally, we wished to explore the practical problems in trans-
lating “facts” extracted by one system for use with a different
system.

3 TRANSLATING ACACIA OUTPUT INTO TA

We decomposed the task of creating a translation mechanis
from Acacia into TA (PBS'’s format) into two stages. First,
we adapted Acacia’s C language extractors for use as drop-i
replacements for PBS’s C extractor, and then we built on this
experience to create a mechanism for translafi@iga out-

put of C++ code into PBS. This second step also involved the
creation of newgr ok scripts for modelling and visualizing
object-oriented systems in PBS.

The PBS extractarf x generates an intermediate format that
is used by another todl bgen, to generate textual tuples (in

I Creating a correct and robust parser for C++ is known to be a difficult
problem due to the language’s inherent complexity. By comparison, a high-
quality fact extractor for the Java language was created by a member of our
group in only a few days [4].

2\We also briefly considered using two other C++ extractors: Gen++ [6]
and Datrix [10]. Anecdotal evidence suggested that the Gen++ tool was
relatively fragile and hard to configure, and we found that while Datrix ex-
tracts finely grained entity-level information, it does not resolve relationship
references beyond the “name-level” [2].

3CCi a is built around the Edison Design Group (EDG) C++ front end,
a commercial product.

4Murphy [16] and Armstrong [1] have performed comparative analyses
of several extractors.

(e, files, functions, variables, macros) and their interrela-
tionships €g., containment, function calls, variable refer-
ences, macro uses). For example, the following TA facts are

) . o ) Maken from an extraction of the source code for version 3.0
as we have extensive experience with it, and because it pro-

of thect ags system:

read. h fil ed ose
read.c filed ose

main. h getFileSize
main.c getFileSize
fileC ose getFileSize

funcdcl
funcdef
funcdcl
funcdef
l'i nkcal |

These TA facts assertthat| eCl ose andget Fi | eSi ze

are C functions declared iread. h / mai n. h respectively,
defined inr ead. ¢ / nai n. c respectively, and that there
isa call fromfi | eCl ose toget Fi | eSi ze that must be
resolved by the linker. The resolution of which function calls
which other function and what these relationships mean at
the file and subsystem level is performed subsequent to the
extraction by a set ajr ok scripts.

Acacia extraction output is stored in two semi-colon delim-
ited plain-text databases, one for entities and one for rela-
tionships. Each entity is assigned a unique identifier (UID)
by the extracto?. A typical entry in the entity database in-
cludes the entity’s name, its UID, the UID of the contain-
ing file, its visibility, its signature/datatype (if appropriate),
and whether the entity is a declaration or a definition (if the
entity is a function or variable). Resolution of relationship
information €.g., “which functionf is being called by func-
tiong?”) is performed by the extractor; a typical relationship
database entry lists the details of each entity involved in the
relationship (including the UIDs) together with attributes of

Mhe relationshipd€g., two functions may be “friends”, or one

may call the other, or one may be a template instantiation of

"the other).

While the Acacia and PBS fact extractors perform similar
tasks and are used in similar ways, there were a number of
semantic discontinuities that had to be addressed. In particu-
lar, the idea of what an entity ig.¢., is function declaration

a distinct entity from a like-named function definition?) and
how entities involved in relationships are resolved).( if

f callsg, doesf call the declaration or the definition gf,

and is there also a relationship between their respective con-
taining files?) were incompatible. For example, unlike PBS,
Acacia considers declarations and definitions to be distinct
entities, and they are given distinct UIDs. Also, the function
call relationship described above in TA would be modelled
by Acacia as a relationship between the functiefinitions

in the “dot-c” files. This is subtly different from the PBS as-
sumption and required “unfolding” some of the relationships
extracted by Acacia in the conversion scripts.

5¢i auses a simple counter to implement UIDs witligi a generates an
eight digit hexadecimal UID using an an attribute-based hashing function.



There were two major steps in the conversion process. First,
simple textual queries were made of the entity and relation-
ship databases, and processed thrawghandper | scripts

to generate TA. Then, gr ok script was used to change the
semantic model of the facts to what the PBS tool was expect-

ing.

We now discuss our experience in using these translation
mechanisms on the VIM and Mozilla systems.

4 EXTRACTING VIM'S SOFTWARE
ARCHITECTURE
Our first two example systems written in C that we tried out
were the VIM text editor (150,000 lines of code) and its com-
panion toolct ags (12,000 lines of code). The source code
for VIM made CCi a crash; we discovered th&Ci a was
less robust thagi a when applied to some C systems that
used non-ANSI conventions. Consequently, we also added
support for the oldeci a extractor, although it extracts less
information and with a different output format th&di a.

The fact extraction and conversion of ags was straight-
forward, although it revealed some internal problems with
theCCi a extractor. We found that théCi a extractor some-
times created multiple UIDs for the same entity. While this
might seem benign, it proved to be troublesome; when a
function declaration had multiple UIDs, some relations were
resolved incorrectly. Once we discovered this problem, we
were able to work around it by discarding tB€i a UIDs

and using our own “name mangling” convention within a
grok script to work out entity resolutions correctly. In so do-
ing, we found our results still differed from thed x extrac-
tion, we discovered several subtle bugs in how PBS performs
“linking” (entity resolution) that have since been fixed.

Results for VIM

We performed a full extraction on version 5.6 of the VIM
editor using botlef x andci a, and then we translated the
ci a facts into TA format using our scripts. Tleé a extrac-

tion was faster, but when combined with the translation time,
the total was slightly more than that for thé x extraction.
The total time for both approaches was slightly faster than a
full compile of the systeni.

The full distribution of version 5.6 of VIM, which includes
the companion utilitet ags, comprises over 163,000 lines
of C code (including comments and blank lines). The break-
down of the distributioninto header filest{ and. pr o files)

and implementation files € files) is shown below:

60n a Sparc running Solaris 2.6 with four 300MHz processors and 1
gigabyte of memory, thef x extraction took 4:27 minutes, tleé a extrac-
tion took 1:52 minutes, the translation of tbea output to TA took 3:20
minutes, and a full compile of VIM took 6:29 minutes.

File type | Total # of files | Total KLOC
.h 35 8,051
. pro 47 1,316
.C 67 154,360
TOTAL 149 163,727

Unlike Mozilla, almost all of the source code files are in-
cluded in a typical compile. We found that the breakdown
of the system into source files was primarily based on func-
tionality and features; while VIM can be compiled to run on
a variety of platforms, most of the platform-specific code is
distributed throughout the various source files.

We found that af x extraction of VIM (ignoringct ags)
produced over 43,000 “facts” Performing a analogous ex-
traction usingi a plus our translation scripts produced over
51,000 facts. Comparing the two extractions in detail, we
found several notable differences:

e ci a (andCCi a) perform macro expansion to extract
more detailed relationship information. For example,
if a functionf calls a macranthat in turn expands to
a call to a functiorg, then both Acacia extractors will
record thaf uses macranand thatf calls functiong.
cf x does not perform this level of analysis. This was
the primary source of “extra” facts extracted dya.

¢ We added some extra detall thidta extracts butf x
does not model, including references to library vari-
ables, such asct ype anderr no.

e ci adoes a more accurate extraction of function call in-
formation tharcf x. We found thatf x missed a num-

ber of straightforward function calls that a found.

¢ A fairly common programming convention in C is to
define a macro namef&XTERN that precedes function
and variable declarations in h” files. This macro ex-
pands to the keyworéxt er n in all implementation
files that use (but do not define) the entity, and expands
to the empty string in the implementation file that de-
fines the entity. We found thatf x was able to model
this convention correctly, but th&Ci a did not.

In summary, we found that we were able to successfully
adaptci a andCCi a into high quality C extractors for the
PBS system with performance similar to that of the native
PBS C extractor. With the exception of tEXTERN prob-
lem, we were able to adjust for all of the semantic inconsis-
tencies and other problems usiggok scripts.

Observations about VIM

Figure 1 shows a top level view of the software architecture

model for VIM. This model was created using a variety of
“A total of 30 kinds of facts were extracted for the C language model,

includingf uncdef, usemacr o, andi ncl ude. Precise details of the

schemas for entities and relationships extractedfty can be found else-
where [2, 7, 19].



Lang_|Interface

Command

Global

Terminal

Utility

ctags StdLib

Figure 1: Top level view of the extracted architecture of VIM as shown by the PBS viewer. Folder icons denote subsystems, ar
arrows denote function calls between subsystem members (some calls are elided and are shown as arrow stubs). The subsys
are described briefly in Fig. 2.

Subsystem name # of contained | Total KLOC | Description
source files

Command 29 55 User command processing
File 16 20 File I/O and buffer manipulation
Lang_Interface 9 6 Interface to prog. langseg@., Perl, Python, tcl)
Global 15 5 Contains global variables, data structures detfs,
GUI 21 33 User interface code
Terminal 4 5 Mappings for kbd/mouse
Utility 10 14 Implements regexps, message routimss,
Ctags 36 18 VIM’s companion tool
Sdlib 303 72 Systemi ncl ude files (i.e, not part of distribution)
TOTAL @ 443 228

(ignoring Sdlib) 140 156

Figure 2: The major subsystems in our architectural model of VIM version 5.6, as shown in Fig. 1. This model includes only
the code that was used during a typical compile of VIM for the Linux operating system running on an Intel 686 processor.



knowledge sources including the system documentation, do-lation scripts yet again, as we found the performance to be
main knowledge about text editors, a detailed examination of unacceptable; our approach with VIM has been to use sim-
source code, and the authors’ extensive experience in usingple mindedawk scripts to transliterate the Acacia facts into
VIM. TA using a series of queries, and then perform “intelligent”
translation usingyr ok. We found we had to read the en-
tire Acacia databases into a large associative array and then
generate the “naive” TA facts in one §o.

It is not our intention to discuss VIM's software architec-
ture in detail in this paper, as we do so elsewhere [22]; how-
ever, we do note some general observations. First, we dis-
covered that VIM has been implemented using a repository- Results for Mozilla

style software architecture [20]. The data structures that im- As mentioned above, Mozilla release M9 consists of over
plement the buffer being edited are globally accessible vari- two million lines of C++ and C code. The source distribution
ables defined within th&lobals subsystem; this explains  of C and C++ header and implementation files breaks down
why there are no function call arrows going into or out of as shown below:

the Globals subsystem in Fig. 1.

. File type | Total # of files | Total KLOC
Another result that we found to be surprising was that the h 2531 610
Utility subsystem had functional dependencies on other sub- ' c ,811 434
systems. Upon closer examination, we found that most cbp 2079 1043
of these unexpected dependencies were contributed by two TOTAL 7421 2.087

large filesm scl. ¢ andm sc2. ¢ comprising over 5700
LOC and 2400 LOC respectively. As their names sug-
gest, they contain a variety of unrelated functions; we found
comments within the code such ‘agarious functions” and

" functionsthat didn’t seem to fit elsewhere” that confirmed
our hypothesis. Our subsequent “repair” of VIM’s architec-
ture resulted in moving many of these functions to other files
in other subsystems [22].

Total KLOC denotes thousands of lines of source code in-
cluding comments and blank lines. This count includes all
source files for all supported platforms in the source dis-
tribution, but does not include header files that are gener-
ated automatically during a system build. Using the util-
ity ct ags, we calculated that there are over 2,500 classes,
33,000 class methods, 18,000 class/struct/union data mem-
5 EXTRACTING MOZILLA'S SOFTWARE bers, 11,000 global &xt er n”) functions, and 3,500 global
ARCHITECTURE (“ext er n”) variables in the source code contained in the
We next considered how to create a software architecturet ar file distribution.
model of the Mozilla web browser using the Acacia extrac-
tor and the PBS system. Mozilla is the “open source” sub-
set of the Netscape browser [14, 17]. It is a huge, multi-

function, multiplatform system comprising over two million specn‘lg |mplement§1t|on 1_‘|Ies [8]: In oerer _to perfor_m an
lines of C++ and C code in the release version we examined analysis of the relationships within a typical instantiation of
(Milestone-9 or “M9”) Mozilla, it made sense to construct an architectural view of

one build of the system. We therefore compiled Mozilla for
We rewrote our translation scripts to use an object-oriented Linux, and found that it processed 192 of the 81t " files
language schema; the schemas we created comprised 7and 1319 of the 2079.‘cpp” files. We then used a trace of
kinds of facts (compared to 24 for the procedural C model) the build process to decide which files to extract facts from.

12]. We cr additional infrastructure for the PBS sys- . !
[12). We created y We used the C++ option of theCi a extractor for both the

tem to be able to create and navigate through software ar- . . :
chitecture models of object-oriented systems, which con- .C++ and the C portions of Mozilla. We had considered us-

sisted mostly ofr ok scripts and data files used by the PBS N9 ?[heCO a’? C extraction option for the C code, but we
viewer. decided that it would be too awkward to generate two sets

of databases with different schemas and different translation
The biggest challenge in creating these scripts was in dis-mechanisms that then had to be reconciled into a coherent
tinguishing between entities that might have the same name.whole. The use of the C++ option required some manual ad-
In C, “name collisions” between globally visible entities are justing of the C code to account for the stronger type check-
fairly rare, but in C++ they are much more common due to ing rules of C++; in particular, many C implementation files
overloading, polymorphism, use of templatts. We used were edited to add explicit type casting (this approach did
a more complex “name mangling” scheme than we had usednot work so easily for macros that take parameters). Addi-
with the C scripts; we did not use Acacia’s UIDs since, as tionally, we discovered that the commercial front end used
mentioned aboveCCi a sometimes generated spurious extra by CG a did not recognize thet ati ¢ const construct
UIDs for some entities. of C++.

Because Mozilla is multiplatform, a large part of its dis-
tributed code base consists of parallel sets of platform-

Initial attempts at fact extraction led us to rewrite our trans- 8Godfrey wrote the original C translation scriptséamk; Lee reimple-
mented them for C++ usinger | .
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Figure 3: Top level view of the extracted architecture of Mozilla as shown by the PBS viewer. Folder icons denote subsystem:
and arrows denote function calls between subsystem members (some calls are elided and are shown as arrow stubs).
subsystems are described briefly in Fig. 4.

Subsystem name| # of contained | # of contained | Total KLOC | Description

subsystems source files
HTMLPres 47 1,401 484 | HTML layout engine
HTMLParser 8 93 42 | HTML parser
ImagelLib 5 48 15 | Image processing library
JavaScript 4 134 47 | JavaScript engine
Network 13 142 31 | Networking code
SdLib 12 250 45 | Systemi ncl ude files (.e, “. h” files)
Tools 47 791 269 | Major subtools€.g., mail and news readers
UserInterface 32 378 147 | User interface code (widgetstc.)
Utility 4 60 35 | Programming utilities€g., string libraries)
nsprpub 5 123 51 | Platform independent layer
Xpcom 23 224 63 | Cross platform COM-like interface
TOTAL 200 3,650 1,229

Figure 4: The major subsystems in our architectural model of Mozilla release M9, as shown in Fig. 3. This model includes only
the code that was used during a typical compile of Mozilla for the Linux operating system running on an Intel 686 processor.
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Figure 5: View of the Protocol subsystem of Mozilla (a member of the top-level Network subsystem) as shown by the PBS
viewer. Folder icons denote subsystems, document icons denote source files, and arrows denote function calls.

The manual adjustment of code was laborious and time con-mail and news readers, and user interface code. Figure 5
suming. Eventually, we decided that 23 of the 1511 files shows a typical intra-subsystem view as shown by the PBS
were too difficult to fix without an enormous effort in re-  viewer/navigato?.

structuring and program understanding. However, we note
that we still managed to process more than 98% of the files
in the system.

As with VIM, we do not discuss Mozilla’s software archi-
tecture in detail in this paper, as we do so elsewhere [13];
however, we also note some general observations. First, our
A full source build of Mozilla M9 on a dual processor in-depth examination of Mozilla leads us to conclude that ei-
Pentium-I1l 450 MHz system with 512 megabytes of RAM ther its architecture has decayed significantly in its relatively
running Redhat Linux 6.1 took 35 minutes. TBE a ex- short lifetime, or it was not carefully architected in the first
traction took three and a half hours, and the translation into place. For example, the top-level view of Mozilla’s architec-
TA using our scripts took another three hours on the same ture resembles a near-complete graph in terms of the depen-
system. The extraction generated over 990,000 facts, takingdencies between the different subsystems (Fig. 3 shows the
up over 133 megabytes of disk space (uncompressed). Weunction call dependencies); while we might reasonably ex-
note that the total extraction time is still much less than the pect function calls from the user interface subsystem to most
amount of time we spent editing the source code so that theother subsystems, we were surprised to see functional depen-
extractor would be able to process it. dencies from the image processing library to the network and
tools subsystems. Overall, we found the architectural coher-
ence of Mozilla to be significantly worse than that of other
large open source systems whose software architectures we
have examined in detail (Linux and VIM) [3, 21, 22].

Observations About Mozilla

We created the subsystem hierarchy of our software archi-

tecture model based on several sources of information, in-

cluding the source directory structure, examining the ex-

tracted facts, the use of an automated subsystem clusteringdiowever, we do not consider these results to be surprising, as

tool [19], reading through the source code and documenta- Netscape was among the first generation of web browsers; it

tion, and browsing the Mozilla website [14]. Our architec- is well known that competition during the “browser wars”

ture model contains 11 top-level subsystems, as shown in _ ) ) i

Fig. 3 and Fig. 4: of these, the Iargest were concerned Withl These f|_guresshowonlyfunct|on call relatnonsa@theflle and subsy_stem
evel; other information can also be shown by the viewer, such as variable

HTML layout, the implementation of subtools such as the referencesand class inheritance. Additionally, the architecture views can be
navigated hierarchically as well as queried.



has been intense. Netscape and its main competitor, Mi-
crosoft’s Internet Explorer, have evolved extremely rapidly
over the last few years, leading not only to an abundance of
new features, but also to a very large number of “bugfix” re-
leases and a notorious reputation for unreliability. Mozilla
seems to be a telling example of Lehman’s laws of software
evolution, which state that a useful software system must un-
dergo continual and timely change or it risks losing market
share [11].

6 SUMMARY

In this paper, we have described our experiences in extend-
ing the work of the TAXFORM project [2]. We have created
automated mechanisms for converting the output of Acacia’s
C and C++ extractors into generalized textual schemas for
procedural and object-oriented languages using the TA nota-
tion. We also described our experiences in using these mech-
anisms in the creation of software architecture models for
two large software systems: the Mozilla web browser (over
two million lines of C++ and C code) and the VIM text editor
(over 160,000 lines of C code).

[4]

[5]

[6]

[7]

We have undertaken this work for several reasons: to inves-
tigate the practical issues involved in transforming extracted
data between abstract schemas; to allow the creation of nav-
igable high-level software architecture models for systems
written in C++; and to explore the relative differences be- [10]
tween the two reverse engineering systems. We found that
we were able to successfully adapt the Acacia extractors for
use in the PBS system, and that the conversion of extracted
facts is straightforward once a suitable translation mecha-
nism is in place. We note that, as observed by others [1, 16],
the robustness of the extractors and quality of the extracted[11]
facts varies between tools, and that it is sometimes necessary
to “tweak” the source code of the system being examined in
order to get the extractor to process it correctly. Finally, we
consider that this work represents a significant data point in
the quest for seamless data exchange between reverse eng[iiz]
neering environments.
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Abstract

Surprising as it may seem, many of the early adopters
of the object-oriented paradigm already face a number
of problems typically encountered in large-scale legacy
systems. The reengineering of those systems often poses
problems because of the considerable size and complexity
of such systems. In the context of the FAMOOS project we
have devel oped a language independent environment called
Moose which can deal with that complexity. This paper
describes the architecture of Moose, the tools which have

is language independent which, if needed, can beus-
tomized to incorporate language specific features.

It is extensible. New entities like measurements or
special-purpose relationships can be added to the en-
vironment.

It supports reengineering by providing facilities for an-
alyzing and storing multiple models, for refactoring
and by providing support for analysis methods such as
metrics and the inference of properties of source code
entities.

been devel oped around it and the industrial experiences we

have obtained e Its implementation being fully object-oriented,

MooOsSE provides a complete description of the
meta-model entities in terms of objects that are easily

Keywords. Reengineering, Reverse Engineering, Refac- parameterized and/or extended,

toring, Software Metrics, Object-Oriented Programming
These properties make &Sk an ideal foundation for
reengineering tools [3].

The outline of this paper is the following: Before pre-
senting the specific aspects ofddsg we list the main
characteristics that we expect from a reengineering environ-

Legacy systems are not limited to the procedural ment. After presenting the architecture obMSE we give
paradigm or languages such a®EdbL. Although the an overview of its underlying meta-model and interchange
object-oriented paradigm promised increased flexibility of format. We present how a modelled system can be navi-
systems and the ease in their evolution, even these systemgated and queried. Then we show howNISE supports
get hard to maintain over time and need to be adapted tocode refactorings. To give a more dynamic perception of
new requirements. The goal of th&AMOOS Esprit project Moosewe show a typical use in the form of a short sce-
was to support the evolution of such object-oriented legacy nario. Finally we evaluate the environment regarding the
systems towards frameworks [6]. requirements we previously listed and conclude.

During the AMOOS project we built a tool environ-
ment called MbOSE to reverse engineer and reengineer 2 Requirements for a Reengineering Envi-
object-oriented systems. It consists of a repository to store ronment
models of software systems, and provides query and naviga-

tion faC|I_|t|es. Models consist of entities representing soft- Based on our experiences and on the requirements re-
ware artifacts such as classes, methods, ewobEhasthe  qrieq in the literature [12, 8, 9], these are our main require-

following characteristics: ments for a reengineering environment:

1 Introduction

e It supports reengineering of applications developed in Extensible. An environment for reverse engineering and
different object-oriented languages, as its core model reengineering should be extensible in many aspects:



e The meta-model should be able to represent and
manipulate entities other than the ones directly
extracted from the source code (e.g. measure-
ments, associations, relationships, etc.).

e To support reengineering in the context of soft-
ware evolution the environment should be able
to handle several source code models simultane-
ously.

e It should be able to use and combine information
from various sources, for instance the inclusion
of tool-specific information such as run-time in-
formation, metric information, graph layout in-
formation, etc.

e The environment should be able to operate with
external tools like graph drawing tools, diagram-
mers (e.g. Rational Rose) and parsers.

Tools Tools Level

‘Navigation and Querying Engir{e ‘ Refactoring Engine

CORE
4 MOOSE
IS
(7]
j=X
(o)
Models
‘ CDIF Interface ‘ Interface Level
‘ Smalltalk ‘ C++ ‘ Java ‘ Other ‘ Source Code Level

Figure 1. Architecture of Moose.

model. The models are based on the FAMIX meta-model
[4, 5] which is described in section 4. The information in

Exploratory. The exploratory nature of reverse engineer- this model, in the form of entities representing the software
ing _and reengineering .demand§ Fhat a reengineeringartifacts of the target system, can be analyzed, manipulated
environment does not impose rigid sequences of ac- and used to trigger code transformations by means of refac-

tivities. The environment should be able to present the torings. We will describe the architecture ofddsestart-
source code entities in many views, both textual and jng from the bottom.

graphical, in little time. It should be possible to per-
form several types of actions on the views the tools
provide such as zooming, switching between different
abstraction levels, deleting entities from views, group-
ing entities into logical clusters, etc. The environment
should as well provide a way to easily access and query
the entities contained in a model. To minimize the dis-
tance between the representation of an entity and the
actual entity in the source code, an environment should
provide every entity with a direct linkage to its source
code. A secondary requirement in this context is the
possibility to maintain a history of all steps performed
by the reengineer and preferably allow him to return to
earlier states in the reengineering process.

Scalable. As legacy systems tend to be huge, an environ-
ment should be scalable in terms of the number of en-
tities being represented, i.e. at any level of granularity
the environment should provide meaningful informa-
tion. An additional requirement in this context is the
actual performance of such an environment. It should
be possible to handle a legacy system of any size with-
out incurring long latency times.

In addition to these general requirements, the context of our
work [6] forces us to have an environment that is able to
support multiple languages.

3 Architecture

MoosEuses a layered architecture (see Figure 1). Infor-
mation is transformed from source code into a source code

e Extraction/Import. MOOSE supports multiple lan-

guages. Source code can be imported into the meta-
model in two different ways:

1. In the case of VisualWorks Smalltalk — the
language in which MOSE is implemented —
sources can be directly extracted via the meta-
model of the MALLTALK language.

2. For other source languagesOMsE provides
an import interface for CDIF files based on
our FAMIX meta-model. CDIF is an industry-
standard interchange format which enables ex-
changing models via files or streams. Over this
interface MoOSEuUses external parsers for source
languages other thanM3LLTALK . Currently
C++, AvA, ADA and other ®IALLTALK di-
alects are supported.

Sorage and Tools. The models are stored in mem-
ory. Every model contains entities representing the
software artifacts of the target system. Every entity is
represented by an object, which allows direct interac-
tion and querying of entities, and consequently an easy
way to query and navigate a whole modeloBISEcan
maintain and access several models in memory at the
same time.

Additionally the core of MbOSE contains the follow-
ing functionality:

— Operators. Operators can be run on a model
to compute additional information regarding the



superclass belongsToClass

software entities. For example, metrics can be Class
computed and associated with the software enti- sublass |

ties, or entities can be annotated with additional [ |,neritancebefinition pelongsToCiass
information such as inferred type information,
analysis of the polymorphic calls, etc. Basically invokedBy Method ‘ ‘ Attribute ‘
any kind of information can be added to an entity.
candidates accessedIn accesses
— Navigation facilities. On top of the MoOSEcore <>—‘

we have included querying and navigation sup-

port. This support is discussed in section 5. Invocation Access

— Refactoring Engine.  The MOOSE REFAC-
TORING ENGINE defines language-independent Figure 2. Core of the FAMIX model.
refactorings. The analysis for a code refactoring
is based on model information. The code manip-
ulation which a refactoring entails, is being han-

dled by language-specific front-ends. Section 6 q gxchange FAMIX-based information between different

describes the engine in more detail. tools we have adopted CDIF [2] . CDIF is an industrial stan-

] ] o ] dard for transferring models created with different tools.

* Tools Layer. The functionality which is provided by  The main reasons for adopting CDIF are, that firstly it is
Moosecan be used by tools. This is represented by 5 industry standard, and secondly it has a standard plain
the top layer of figure 1. Some examples of tools based iy encoding which tackles the requirements of convenient

I nformation exchange with CDIF

on Mooskeare described in section 7. querying and human readability. Next to that the CDIF
framework supports the extensibility we need to define our
4 A Language |ndependent M eta-model model and plug-ins. As shown in Figure 1 we use CDIF to

import FAMIX-based information about systems written in
Java, C++ and other languages. The information is pro-
duced by external parsers such as SNiFF+ [15, 16]. Next
to parsers we also have integrations with external environ-
ments such as the Nokia Reengineering Environment [6].

MoOSE is based on the FAMIX meta-model [4, 5].
FAMIX provides for a language-independent representa-
tion of object-oriented sources and contains the required
information for the reengineering tasks performed by our
tools. It islanguage independent, because we need to work
with legacy systems in different implementation languages 5 Navigation and Querying
(C++, AvA, SMALLTALK , ADA). And it is extensible:
since we cannot know in advance all information that is
needed in future tools, and since for some reengineering
problems tools might need to work with language-specific
information (e.g. to analyse include hierarchies in C++),
we allow for language plug-ins that extend the model with
language-specific features. Next to that, we allow tool plug-
ins to extend the model to store, for instance, analysis re- . .
sults or layout information for graphs. Figure 2 shows the >-1 Programming Queries
core of the FAMIX model. It consists of the main object- The fact that th . del indbsEis fully obiect
oriented entities, namely Class, Method and Attribute. In __ 'N€ 1act that the meta-model in @OSEIS Tully object-
addition there are the associations InheritanceDefinition, In- gﬂsi?éen%g%ﬁ tk;te rlg/v ';?nt]g?efig“gﬁz&?; rggebry}/ltgegtr)raael:t?:]k
vocation and Access. An Invocation represents a Method Moose We show two examples. The first query returns
calling another Method and an Access represents a Methodall the methods accessing the attribn@me of the class
accessing an Attribute. These abstractions are needed foNode.
reengineering tasks such_ as_depender_my analysis, metrlca/BEM)del current Model
computation and reorganisation operations. The complete’  entjtywt hName: # Node. nane’ )
model consists of much more information, i.e. more enti- accessedByCol | ect :
ties such as functions and formal parameters, and additional [ :each | MSEMbdel current Model
relevant information for every entity. The model does not entityWthhane: each accessedin ]
contain any source code. The complete specification of theThe second query select all the classes that have more than
model can be found in [5]. 10 descendants.

One of the challenges when dealing with complex meta-
models is how to support their navigation and facilitate easy
access to specific entities. In the following subsections
we present two different ways of querying and inspecting
source code models in ®SE



MSEMbdel current Model all O assesSel ect: -::"r e -r.m....u.m.-::‘::fm 1|
[ :each | each hasProperties and: T T 1

[ (each hasPropertyNanmed: #WNOC) if True: e T

[ (each get NanedPropertyAt: #WOC) > 10]]]

Note that these queries resemble SQL queries on model in-
formation stored in a database [10]

5.2 Queryingusingthe MoOSEEXPLORER e vevel
Reengineering large systems brings up the problem | ~ .. —— e =
of how to navigate large amounts of complex informa-
tion. Well-known solutions are code browsers such as the |z,
Smalltalk one, which have been sufficient to support code ||=552
browsing, editing and navigating a system by the way of =
senders and implementers. However, for reengineering m s et eyt m: || | [
these approaches are not sufficient because: | gL =" ||[=e= L

¢ The number of potentially interesting entities and their _ o
interrelationships is too large. A typical system can  Figure 3. MOOSE EXPLORER navigating a
have several hundreds of classes which containin turn ~ Meta-model in an uniform way.
several thousands of methods, etc.

o All entities need to be navigable inumiformway.
code to improve its structure, simplicity, flexibility, under-

— In the context of reengineering no entity is pre- standability or performance [1] without changing the exter-
dominant. For example, attribute accesses can bena| behaviour of the system. ThedwsSE REFACTORING
extremely important to analysis methods but in EnciNE provides functionality similar to the Refactoring
other cases completely irrelevant. Browser [14] for Smalltalk, but for multiple implementa-

— In presence of an extensible meta-model, the nav- tion languages.
igation schema should take into account the fact = The MOOSE REFACTORING ENGINE does virtually all
that new entities and relationships can be added of the analysis — needed to check the applicability of a
and should be navigable as well. refactoring and to see what exactly has to be changed — us-

ing the language-independent FAMIX model. The language
MOOSE EXPLORER proposes an uniform way to repre-  dependence can be kept on a minimal level, because firstly
sent model information (see figure 3). All entities, relation- the refactorings are very similar for the different languages,
ships and newly added entities can be browsed in the sameyng secondly, FAMIX is designed to capture these common-
way. From top to bottom, the first pane represents a currentyjities as much as possible. For instance, FAMIX supports
set of selected entities. Here we see all the attributes of themultiple inheritance, which covers Smalltalk’s single inher-
currentmodel. The bottom left pane represents all the possi-itance, C++'s multiple inheritance and Java’s classes and
ble ways to access other entities from the currently selectedjnterfaces. Language extensions (see section 4) cover most
ones. Here, from the selected attribu@me of the class  of the remaining issues, for instance, to figure out if a class
Node the methods that access it are requested. The resultzniity in MoosErepresents a class or an interface in Java.
ing entities are displayed in the right bottom pane and can ¢ course, changing the code is language-specific. For

t_hen be further browsed. ‘Diving’ |_nto_the resulting ent|—_ every supported language a component has to be provided
ties puts them as the current selection in the top pane againy, ¢ performs the actual code changes directly on the source
which allows for further navigation through the model. code. Currently the MOSE REFACTORING ENGINE is
a prototype with language front-ends for Smalltalk and
6 Refactoring Java. For Smalltalk we use the Refactoring Browser [14]
to change the code, and for Java we currently use a text-
The MOOSEREFACTORING ENGINE closes the reengi-  based approach based on regular expressions. Although the
neering circle. While the MosEcore provides for arepos-  text-based approach is more powerful than we initially ex-
itory and querying and navigation support, theobise pected, we plan to move to an abstract syntax tree based
REFACTORING ENGINE provides support for doing actual —approach in the future.
code changes. Refactoring [7] is about making changes to A set of language-independentrefactorings together with



the analysis support of Bloskitself provides for a power-  the metrics framework, the repository also serves as com-

ful combination of using analysis to drive (semi-)automated mon interface between those tools.

code improvements. This is illustrated by the scenario in  Except for providing the foundation for our own tools,

section 8. MooskEalso interfaces with external tools. One example is
the Nokia Reengineering Environment [6].

7 Foundation for other tools
8 Scenario

MoosE serves as a foundation for other tools. It acts

as the central repository and provides services such as met-

ric computation and refactorings to the reengineering tools B 1=

built on top of MoOSE At this point in time the following ——— T T |

tools have been developed: E - _I ~ A ot T
I Ul] ""l, II.'Ei.Uf-' |y |] il

e CODECRAWLER supports reverse engineering through -
the combination of metrics and visualization [11, 3] b Bl I .
(see Figure 4). Through simple visualizations which b/
make extensive use of metrics, it enables the user to '-
gain insights in large systems in a short timeodE- Sl
CRAWLER is a tool which works best when we ap- |
proach a new system and need quick insights to get T T pe———

information on how to proceed. @DECRAWLER [ p———— ]
has been successfully tested on several industrial case

studies. Figure 4. CODECRAWLER showing an inheri-
tance tree view of a system. The width of
the nodes represents the number of methods,
the height represents the number of instance

e GAUDI [13] combines dynamic with static informa-
tion. It supports an iterative approach creating views
which can be incrementally refined by extending and

refining queries on the repository, while focusing on variables.
dynamic information.
The following tools are currently under development: In this section we present a typical scenario of how the

MoosE environment can be used. It shows three differ-

e The MoosE REVEALER is used to detect entities ent tools based on BMOSE and their interaction to detect
which fulfill certain properties. At the basic level these a problem, analyze it and finally resolve it by changing the
may be abstract classes, empty methods, etc. At acode. Note that the scenario is partly hypothetical in the
higher level of complexity it addresses design prob- sense that the MOSE REVEALER is in its early stages of
lems such as unused attributes or big classes whichdevelopment and that its capabilities are not yet tested in
could be split by identifying clusters of methods or at- real world cases.
tributes. We start with @ DECRAWLER. Figure 4 shows a screen-

. shot of this tool. In this case the bigger boxes denote bigger
* The MOO.SE FINDER IS a tool tha_t a_lloyvs to COM- (classes in the inheritance hierarchy. The classes are bigger,
pose queries based on different criteria like entity type, in terms of number of methods (x-axis) and number of at-

proip_erties or relationships, etg.. A simple query finds tributes (y-axis). In this way GDECRAWLER points us to
gntltles that mget cert_aln condltlon§. Such a query can possible problems in a software system, as big classes might
in turn be combined with other queries to express more imply a wrong distribution of responsibilities. We will fo-

complex ones. The MOSEF'NDE.R is currently being cus on the tall gray class on the right side of the drawing.
extended in order to handle multiple models in the con- In the second phase we use th@bbE REVEALER to

text of software evolution. analyze our possible problem. In this case thed%ERE-

e The MooseDESIGN FILTER can use the meta-model VEALER finds out that the class can be split in two pieces,

information to communicate with Rational Rose, in or- because it finds two groups of methods that have a strong
der to generate design views on the code. internal cohesion, but do not really depend on the other

group. The MDOSE REVEALER proposes the user to split
Not only does MbosEserve as the base for all those ap- the class in a superclass and a subclass, both with one group
plications providing them a number of functionalities like of methods. If the user decides that the proposed solution



is a good idea, he or she can trigger the®bsE REFAC- case study we even had the time to propose a possible re-
TORING ENGINE to implement the proposed change. The design of the system. Taking the time constraints into ac-
MOOSEREFACTORING ENGINE initiates a series of refac-  count, we obtained very satisfying results. Most of the time,
torings: it creates a new superclass, and pulls up the meththe (often initially sceptical) developers were surprised to
ods of one of the groups into this new class, while updat- learn some unknown aspects of their system. On the other
ing all the references to these methods and checking if thehand, they typically knew already about many problems we
changes do not have any unwanted effect on the system (thdound.
changes should be behaviour preserving). We learnt that, in addition to the views provided by our
The scenario shows how powerful the combination of tools, code browsing was needed to get a better understand-
metrics, visualization, FAMIX-based analysis and refactor- ing of specific parts of the applications. Combining metrics,
ings can be. Of course, not every big class can be nicely graphical analysis and code browsing proved to be an suc-
split (and quite often there is a good reason to have a specificcessful approach to get the results described above. The
big class). Currently we are researching how far we can getobvious conclusion is that tools are necessary but not suffi-
in finding possible solutions to potential problems. In the cient.
end, however, only the developer can decide if a potential
problem is really a problem and if the proposed solution is Memory issues
indeed a good and viable solution.
The fact that most of the analysis is based on UP to nowwe did not have problems regarding the number
the language-independent representation of software inOf entities we loaded into the code repository. The maxi-

MoosE makes the scenario applicable for every language Mum number of entities we loaded was around 250,000 in

GINE. computers. Surpassing 300,000 entities made the environ-
ment swap information to the hard disk and back. The code
) ) . repository might run into problems with multi-million line
9 Validation and Evaluation projects. For that reason we have designed the code repos-
itory to support a possible database mapping easily. In that

MoosEand its tools have been validated in a few indus- Sense the design of the code repository is more database-
trial experiences. The idea was that members of our teamoriented (with, for instance, a global entity manager than
went to work on the industrial applications in a ’let’s see Object-oriented.
what they can tell us about our system’ way. There was Inaddition, the following considerations have to be taken
no training of the developers with our tools. The common into account when speaking about memory problems. First,
point about those experiences was that the subject system#ie amount of available memory on the used computer sys-

were of considerable size and that there was a narrow timetem is, of course, an important factor. Secondly, we have
constraint for all experiences we describe below: never even tried to optimize our environment neither in ac-

cess speed nor in memory consumption, because so far we
1. A very large legacy system written in C++. The size did not really have problems in these areas. Therefore, there
of the system was of 1.2 million lines of code in more is some room for improvement, would it be needed in the fu-
than 2300 classes. We had four days to obtain results. ture. A third aspect is that tools that make use of the repos-
itory need some memory of their own as well. For instance,
2. An medium-sized system written in both C++ and CobDECRAWLER needs to create a lot of additional objects
JavA. The system consisted of about 120,000 lines of (representing nodes and edges) for the purpose of visualiza-
code in about 400 classes. The time frame was againtion.
four days.
3. A large system written in IBALLTALK . The system Therequirementsrevisited
consisted of about 600,000 lines of code in more than In section 2, we listed three properties which a reengineer-
2500 classes. This time we had less than three days tang environment should possess. We will now list those
obtain results. Parsing and storing the complete systemproperties and discuss howdwse evaluates in that con-
took less than 5 minutes on a PC Pentium Ill 500Hz. text. In section 2 we stated that such an environment should
be:
The fact that all the industrial case studies where under ex-
treme time pressure lead us to mainly get an understanding 1. Extensible. The extensibility of MoOSEis inherent
of the system and produce overviews [3]. We were also able to the extensibility of its meta-model. Its design al-
to point out potential design problems and on the smallest lows for extensions for language-specific features and



for tool-specific information. We have already built
several tools which use the functionalities offered by
MOOSE

. Exploratory. MOOSEis an object-oriented framework

and offers as such a great deal of possible interactions
with the represented entities. We implemented several
ways to handle and manipulate entities contained in a

[2] C. T. Committee. Cdif framework for modeling and exten-

sibility. Technical Report EIA/IS-107, Electronic Industries
Association, Jan. 1994. See http://www.cdif.org/.

S. Demeyer, S. Ducasse, and M. Lanza. A hybrid reverse
engineering platform combining metrics and program visu-
alization. In F. Balmas, M. Blaha, and S. Rugaber, editors,
WCRE' 99 Proceedings (6th Working Conference on Reverse
Engineering). IEEE, Oct. 1999.

[4] S.Demeyer, S. Ducasse, and S. Tichelaar. Why unified is not
universal. UML shortcomings for coping with round-trip en-
gineering. In B. Rumpe, editoRroceedings UML'99 (The
Second International Conference on The Unified Model-
ing Language), LNCS 1723, Kaiserslautern, Germany, Oct.
1999. Springer-Verlag.

. . A [5] S. Demeyer, S. Tichelaar, and P. Steyaert. FAMIX 2.0 - the
time. Since we keep all entities in memory we have FAMOOS information exchange model. technical report,

fast access times to the model itself. So far we have University of Berne, Aug. 1999.

not encountered memory problems: the largest system g] s pucasse and S. Demeyer, editdFse FAMOOS Object-

loaded contained more than 250,000 entities and could Oriented Reengineering Handbook. University of Berne,

still be held completely in memory without any notable Oct. 1999. See http://www.iam.unibe.ch/famoos/handbook.

performance penalties. [71 M. Fowler, K. Beck, J. Brant, W. Opdyke, and D. Roberts.
Refactoring:  Improving the Design of Existing Code.
Addison-Wesley, 1999.

[8] J.-L. Hainaut, V. Englebert, J. Henrard, J.-M. Hick, and

] ) D. Roland. Database reverse engineering: From require-

In this paper we have presented thebkEreengineer- ments to CARE tools. Automated Software Engineering,
ing environment. First, we have defined our requirements 3(1-2), June 1996.
for such an environment and afterwards we have introduced [9] R. Kazman. Tool support for architecture analysis and de-
the architecture of MOSE, its meta-model and the different sign, 1996. Proceedings of Workshop (ISAW-2) joint Sig-
tools that are based on it. soft. _ _ _

The facilities of MoosEfor storing, querying and nav- [10] R. Ka_zman and S. J. _Carrlere. Playlng detectl_ve: Recon-
igating information and its extensibility make it an ideal fé;ﬁt;g;g&t/gaergsrfnrgﬁurifrrngz;\éallable evidere.
foundation for other tools, as shown by tools _such as [11] M. Lanza. Combi nin% Metrigé aﬁd'erapﬁs for Object Ori-
and ODPECRAWL_E_R' Next to _t_hat_’ the_env'ronment_has ented Reverse Engineering. Diploma thesis, University of
proven its scalability and usability in an industrial setting. Bern, Oct. 1999.

Future work includes further development of our [12] G. Murphy and D. Notkin. Reengineering with reflexion
Mooskebased tools, using them to explore in more de- models: A case studyEEE Computer, 8:29-36.
tail topics such as design extraction, steering of refactor- [13] T. Richner and S. Ducasse. Recovering high-level views
ings based on code duplication detection or other kinds of of object-oriented applications from static and dynamic in-
analysis, and evaluating system evolution. Furthermore, we ~ formation. In H. Yang and L. White, editorsroceed-
are working on providing extended support for fine-grained ings 1CSW" 99 (International Conference on Software Main-
analysis by means of composed queries. Next to that, we tenance), pages 13-22. IEEE, Sept. 1999,

| . d | assificati . f . [14] D. Roberts, J. Brant, and R. E. Johnson. A refactoring
plan to InFro uce! ass_ ications or groupings of entities to tool for smalltalk. Theory and Practice of Object Systems
support higher level views of systems.

(TAPOS), 3(4):253-263, 1997.

[15] TakeFive Software GmbHENiFF+, 1996.

[16] S. Tichelaar and S. Demeyer. Sniff+ talks to rational rose
— interoperability using a common exchange model. In
NiFF+ User's Conference, Jan. 1999. Also appeared in
the "Proceedings of the ESEC/FSE’99 Workshop on Object-
Oriented Re-engineering (WOOR’'99)” — Technical Report
of the Technical University of Vienna (TUV-1841-99-13).

model, as we have described in the previous sections.

3. Scalable. The industrial case studies presented at the
beginning of this section have proved thablIsEcan
deal with large systems in a satisfactory way: we have
been able to parse and load large systems in a short

10 Conclusion and Future Work

Acknowledgements

This work has been funded by the Swiss Government
under Project no. NFS-2000-46947.96 and BBW-96.0015
as well as by the European Union under the ESPRIT pro-
gramme Project no. 21975 (FAMOOS).

References

[1] K. Beck. Extreme Programming Explained: Embrace
Change. Addison-Wesley, 1999.



Integrated Personal Work Management in the
TkSee Software Exploration Tool'

Timothy C. Lethbridge

School of Information Technology and Engineering, 150 Louis Pasteur, University of
Ottawa, KIN 6N5 Canada. Tel +1 613 562-5800 x6685, Fax +1 613 562-5187,
http://lwww.site.uottawa.ca/~tcl tcl@site.uottawa.ca

Abstract

Typical tools for software maintenance help with searching the code, building models of that code, making
changes to it, and keeping track of the changes. However, since maintenance is a complex process, these tools often
require the maintainer to juggle numerous windows containing different types of information, and to very carefully
manage their work so that nothing is forgotten. In other words, few tools adequately support the process of
managing a maintainer’s context — his or her plans and mental models for solving a problem. In this paper we show
how the TkSee tool facilitates personal work management in software maintenance. It does this using two levels of
hierarchies which provide one-click access to key information, using a single-window interface. TkSee is being
developed by studying maintainers and then providing facilities that address inefficiencies in their work practices.

Keywords: Personal work management, software maintenance, browsing history, searching in source code.

1. Introduction

The goal of our research is to improve the
productivity of software engineers (SEs) performing
maintenance. To achieve this, we study SEs in the
field, discover potential inefficiencies in their work
practices, design tools to reduce these inefficiencies
and then evaluate the tools to determine their
effectiveness. Our field studies have taken place at a
telecommunications company where SEs are
developing and maintaining a system that is about 18
years old and contains millions of lines of code.

In this paper, we address the issue of personal work
management which encompasses many of the activities
and problems we have observed in our studies. By
personal work management, we mean organizing and
keeping track of the problem-solving context in
addition to software artifacts such as source code and
documentation. The context includes: 1) tasks and
subtasks one is doing or planning; 2) information one is
using to perform these tasks; and 3) one’s overall
mental model of the problem, of potential solutions to
the problem, and of the system as a whole.

For the purposes of this paper, we restrict our
attention to situations where SEs are working with the
source code itself to solve maintenance problems.
Several other researchers are also studying maintainers;
for example, Litman et al. [1] look at their mental
models; Boehm-Davis et al. [2] discuss the influence of
program structure on maintenance, while Bendifallah
and Scacchi [3] study general maintenance work
practices. Many other researchers are also conducting

empirical studies into other aspects of the software
engineering process, for example D’Astous [4] studies
SEs in group meetings.

This paper should be of interest to software tool
developers and researchers as well as the users of those
tools, the SEs themselves. We first describe aspects of
our research methodology in more detail and highlight
some of our findings regarding tasks performed by SEs
as well as problems they face. Then we describe TkSee,
a tool designed explicitly to address these problems in
an integrated way. Finally, we compare TkSee with
certain other software engineering tools.

2. Techniques used to gather data

We have been fortunate to have been able to
perform field studies with a very enthusiastic team of
software developers over a five-year period. During
this period we have conducted several different data-
gathering exercises [5] [6] and also released several
versions of TkSee. Elsewhere [7], we describe our
experiences establishing a solid industry-university
research relationship.

When developing a software tool like TkSee, there
is a temptation in both industry and academia to
implement any new ‘good idea’ as a feature. We have
tried to resist this temptation by making sure we first
gather solid evidence that each feature is really needed.
This is for two reasons: Firstly, we want to follow a
good scientific and engineering methodology — basing
our work on solid evidence. Secondly, we want to
develop tools that will be accepted by the users — trying

' This research is sponsored by the Consortium for Software Engineering Research (CSER) and supported by

NSERC and Mitel Corporation.



to get users to change their work practices without clear
benefit is a recipe for shelfware.

We have used the following techniques to gather

our evidence:

e Interviews

e Surveys

e Asking the SEs to draw diagrams of their mental
models

e Simple observation

e Synchronized shadowing (systematic note-taking
using laptop computers)

e Logging of tool use

e Heuristic evaluation of usability.

* Videotaped evaluation of tool use

The first six techniques are part of the repertoire of
empirical studies and can be used before the tool is
developed as well as afterwards. The latter two
techniques are most commonly used in the human-
computer interaction community, but are also excellent
for refining knowledge about what aspects of tools
work and what aspects do not [8] [9].

TkSee has undergone numerous changes in
response to data from these studies. It has been
continuously used since 1996 by various SEs, several
of whom use it on an everyday basis. It is mostly used
by new employees who have joined the group since it
was first deployed and has, according to the company
[7], substantially reduced the total time required for
these new employees to become productive.

3. Some observations from our field studies

During our fieldwork, we have studied SEs working
primarily in a Unix™ environment; they use Emacs and
other Unix tools, especially grep and certain in-house
facilities. We have also observed people using TkSee
itself and some competing products (e.g. Source
Navigator™ [10]).

Several important results have arisen from our field
studies:

Firstly, we observe that the most important single
class of activity performed by SEs is searching:
Software engineers search in several ways for many
kinds of search targets. Searches are either global, i.e.
searching the entire system using a tool such as ‘grep’;
or local, i.e. searching within a file. The information
sought includes the definitions of entities and the uses
of entities. The entities include variables, types,
routines or files and the seeker might be interested in
either specific lines of code or merely the modules
containing definitions or uses. The seeker might
already know the name of the entity being sought, or
may have to make an educated guess as to what its
name might be.

Secondly, we note that considerable time is spent
manipulating the results of searches; such
manipulations include:

¢ Copying the name of something found from one
tool or subtool and pasting it into another.

* Keeping lists of search results which can act as ‘to-
do’ lists; either of entities to be changed in some
way, or issues to investigate further. These lists are
often kept on paper or in simple text files. Not all of
the subtask lists come from search results, but many
do.

e Developing miniature mental models of the
problem at hand, using the search results as
evidence. These mental models can be architectural
(e.g. describing what connects to what), or represent
control flow or data flow. They are normally local
in scope — little attempt is generally made to
understand the system at a high level.

Thirdly, we note considerable context switching on
the part of the software engineers. Context switches are
of two types, interruptions and drilling-down. In both
cases, the SEs temporarily suspend the current task and
must resume it later, recalling their mental models and
lists of intended subtasks. Interruptions occur when the
SE must attend a meeting, go to lunch, answer the
phone or stop work for the day. Drilling down occurs
when the SE notices a subproblem that must be solved.

In all three tasks described above, we have noted
various inefficiencies and difficulties. We describe
these in the next section.

4. Difficulties faced when searching and keeping
track of work

When studying SEs, we notice the following key
classes of problems they face — all of these relate to not
having fast enough access to desired information:

4.1 Consuming energy and time by having to switch
among too many windows and/or tools

SEs who use Unix tools often have to jump from
tool to tool — for example it is common for SEs to run
different grep sessions in different shells, and to have
several text editor sessions and other tools open. Some
commercial program comprehension tools require the
user to open many windows in normal use. This
jumping from window to window can be time
consuming and it requires mental energy to remember
where everything is located. Users of Emacs are partly
able to conquer this problem by using various ‘buffers’
available in that tool, however they still have to switch
among buffers to access different types of data.

4.2 Losing information previously found

As noted earlier, our observational data show that
searching is one of the key activities performed by SEs.
However, we see many instances where SEs perform



the same search repeatedly since there are few facilities
for storing their results.

Some SEs save search results by writing them on
paper (a clear inefficiency), others use Emacs buffers
or separate files. However, neither of these solutions is
entirely satisfactory due to the overhead of doing the
saving, and then finding the data again later. In
otherwise one’s ability to organize the results is weak.

4.3 Losing track of what they have to do and their
mental models

The SEs constantly form and refine plans and
models, often based on search results. Since the SEs
have to frequently switch contexts, they then have to
recall their plans and models upon returning to an
earlier context — this proves somewhat error-prone and
certainly is time-consuming.

5. An overview of TkSee

In this section we first describe the functions of
TkSee; then we describe how TkSee attempts to
overcome the problems described above.

We will focus on the user interface of TkSee; other
aspects of the design of TkSee are described in [11].

5.1 The panes in the TkSee window

Figure 1 shows a high-level view of TkSee’s main
window; Figure 2 is a screen dump of an active session.
All the activity in TkSee occurs in this one window,
plus a few pop-up dialog boxes. The main window
contains three panes which can be resized: The
information pane, the exploration pane and the history
pane.

The information pane, on the right of the TkSee
window, can contain virtually any type of information
— TkSee is designed to allow new subtools to be
integrated such that they display their output in this
pane. Typical types of information displayed in the
pane are files, information about the use of variables
and types, as well as data about problem reports from a
configuration management system. When a file is
displayed, a routine or specific line of code within that
file can be highlighted; also, the code can be displayed
statically or else be actively debugged. In the latter
case, there are pointers to the currently executing
statement and to breakpoints.

Many operations are available in the information
pane, including the ability to select any text and search
for the selected text either locally within the pane, or
globally. Global searches place the results in the
exploration pane. If the information pane contains an
active debugging session, then TkSee makes available
standard debugging operations such as setting
breakpoints and stepping through the code.

The exploration pane contains a graph whose nodes
are the types of information that can be displayed in the
information pane, and whose arcs are the relationships
between these types of information. Selecting a node
causes corresponding information to appear in the
information pane. Typical arcs include the ‘calls’,
‘defines’, ‘refers to’ and ‘includes’ relationships. The
user initiates an exploration by performing a global
search, extracting a subset of nodes from another
exploration, or starting to debug a program. Once some
nodes are selected, various queries cause new arcs and
nodes to appear; the user can also delete nodes that are
not of interest. The exploration graph is generally a true
hierarchy, so the standard appearance of the nodes is in
the form of an indented list (we plan to add a graphical
node-and-arc alternative in a future release).

An exploration pane thus serves as the user’s
personal ‘sandbox’ for manipulating search results and
building a mental model that helps with his or her
current subtask.

The history pane contains a hierarchy with one
node for each exploration. Selecting a history node
replaces the contents of the exploration pane, and
consequently also replaces the contents of the
information pane. A new history node is added
whenever an exploration is initiated as described
above. The user can rename any exploration if they
wish so they can remember its purpose — e.g. it might
represent a particular mental model, or a significant list
of things to do for a task.

History nodes (explorations) are only deleted at the
explicit request of the user. If the user reverts to an
earlier exploration (i.e. he or she returns to an earlier
subtask), new history nodes will be considered
subnodes of that earlier exploration. The history pane
thus forms a hierarchy.

selecting
here ... | History Information
pane pane
Exploration
... causes
redisplay pane
here

selecting
here ...

... causes
display
here

... and
redisplay here

Figure 1: The three main panes in TkSee and the effect
of selecting an item in each pane.
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Figure 2: An example screen dump of TkSee. The exploration (left) shows some files (with ‘.pas’ extension), some
routines (‘R’ icon) and variables (‘V’ icon) in these files at one level of indentation; a problem report (‘P’ icon)
related to the file, and a selected line of code resulting from a grep search in a routine (binoculars icon). The source
code for the selected routine is displayed in the information pane at the right. The top-left history pane shows the

current task, highlighted by the ‘e’ icon.

5.2 The twin hierarchies of TkSee

It is a central hypothesis of the design of TkSee that
personal work management can be improved by
making the exploration and history panes appear as
hierarchies. Alternative presentations of these types of
information in other tools include separate windows,
separate subwindows, or simple lists.

TkSee explorations are hierarchies of
heterogeneous information. These structures serve
multiple functions: 1) They allows related information
to be kept together (one can easily see which query led
to which subsequent query by looking at levels of
indentation). 2) They save search results so they are not
lost, while allowing un-needed ‘hits’ to be deleted. 3)
They allows one-click access to details of each
exploration node — i.e. by displaying the details in the
information pane. 3) They allow the SE to maintain a
list of things to do or a structured mental model of
some aspect of the system’s design.

TkSee history hierarchy elements allow one-click
access to any of a set of complete explorations. The SE
can easily click on different history items to jump back
and forth among tasks without losing context. The fact

that the history is a hierarchy parallels the fact that SEs
work on a hierarchy of tasks and subtasks.

The following summarizes what we believe to be
the theoretical benefits of using hierarchies as the main
visual organizing technique:

* Related information is kept close together: When
using simple indentation to show the relationship
between one node and another, the two nodes are as
physically close as possible. We posit that this reduces
the effort to keep track of information and helps users
focus their attention. In particular it helps solve the
problems described in sections 4.1 (too much switching
among windows) and 4.2 (losing information
previously found).

* One representation for any kind of relationship:
Many software tools show different kinds of
relationships in different ways. They might use
hierarchies for some information, but use separate
windows or tools in other cases. We find that
hierarchies provide a unifying representation capable
showing practically any information.

* Hierarchical data is modelled naturally: Much of
the information related to software systems tends to be



hierarchical in nature: Examples from software
architecture which can appear in the exploration pane
include inheritance hierarchies, routine call hierarchies
and file inclusion hierarchies. Task hierarchies,
appearing in the history pane, are similarly hierarchical
in nature. Note that the TkSee hierarchies are not
exclusively used to show naturally hierarchical
relationships since arcs (indentation) can be used to
show any arbitrary relationship.

* Heterogeneous hierarchies are readily usable and
understandable: Early prototypes of TkSee showed
that users understand the heterogeneous hierarchies.
Any usability problems they discovered related to other
aspects of the interface.

* Hierarchies are easily manipulable: The user can
easily delete and rearrange nodes in a hierarchy to build
a model of just the relationships among information he
or she is interested in.

5.3 Other aspects of TkSee that facilitate personal work
management

The following are two other features of TkSee that
attempt to solve the problems listed in section 4, and
thus facilitate personal work management. These
features work synergistically together with the twin
hierarchies.

The single window: Having a single window in
TkSee was a conscious decision designed to combat the
problems of losing information and jumping among
tools. We recognize the risk of losing information
within the single window — this is combated by the
other features listed below.

Information pane plugins: TkSee can be enhanced
by adding different types of information which are
displayed as nodes in an exploration, and presented in
detail in the information pane. This allows us to
integrate various tools, reducing the need for the user to
switch among windows.

For example, the ability to display lines of code is
implemented by simply calling standard Unix grep —
TkSee’s value-added in this case is the management of
the results returned by grep. Two lines returned by
grep, that resulted from searching for items in the
exploration pane, can be seen in Figure 2.

As other examples of plugins, we have recently
integrated standard Unix debuggers into TkSee and are
integrating separately-designed facilities for analysing
traces and clustering source code to recover
architecture. As with grep, these tools merely add
different types of nodes to an exploration.

6. Comparison of TkSee features to those of certain
other tools

TkSee’s facilities have parallels in other tools
although no tool has made quite the same design
choices as TkSee designers. In this section we compare

TkSee to Emacs, to web browsers and to Source
navigator, a commercial source code exploration tool.

6.1 Comparison to Emacs

Emacs [12] is a highly functional editor with some
facilities for exploration and the ability to be expanded
easily to provide new functions. For Unix programmers
it is often the environment of choice, although it
requires a considerable investment of time before one
becomes a expert.

TkSee, on the other hand, is strictly an exploration
tool; if a user wants to edit a file displayed in the
information pane, he or she must click on an icon that
opens the file in the editor of the users’ choice (which
could be Emacs). Since TkSee is being developed
primarily for research into program comprehension, we
don’t want to spend time giving it editor facilities — we
would never be able to give it the power of Emacs.

TkSee is, unlike Emacs, designed to be usable by
beginners with little training. In fact, our goal is to
make it so intuitive that documentation is not needed.
Our user documentation is therefore very minimal.

Like users of TkSee, users of Emacs often perform
all their work in a single-window, using Emacs’
‘buffers’ to store information they want to revisit;
TkSee’s explorations provide similar facilities but with
several advantages:

e Explorations contain heterogeneous information
organized hierarchically..

* Explorations themselves are organized using the
history pane - this hierarchy of hierarchies gives
considerable organizational power.

Unlike Emacs, TkSee currently doesn’t allow users
to open more than one information pane at once —
something that would be useful, for example, if one
wanted to compare two files. However, one can rapidly
flip back and forth between files by moving the cursor
between their names in the exploration pane.

It has been suggested that we could build TkSee
functionality into Emacs, and a future project might
endeavour to do that. However we are moving in the
direction of supporting various kinds of graphical
views in TkSee, something the text-oriented Emacs
cannot readily handle.

Among TkSee users, most use Emacs as well,
suggesting that the functionality of the two tools is
complementary.

6.2 Comparison to Web Browsers

Web browsers are widely used to explore vast
information spaces, so why not just render software
information as html, and use a web browser’s
navigation facilities in place of TkSee?

The information pane of TkSee is very similar to a
web page in the sense that it can contain many different



types of information, can be searched internally and has
hyperlinks.

The main power of TkSee for personal work
management, however, comes from its exploration and
history panes. These are quite different from what is
available in a web browser, unless you encapsulated
TkSee functionality in a Java applet. Table 1 provides a
detailed comparison of the different types of work
management capabilities in the two environments —

TkSee takes some features from web browser
bookmarks and history and combines them with
querying capabilities and one-click access to
information.

Several other researchers [13] [14] [15] have
suggested how web browser history mechanisms could
be improved.

TkSee TkSee Exploration Web Browser Web Browser
History History Bookmarks
Nature of An ‘exploration’ (next Could represent a A ‘web page’ A ‘web page’, or a
an column), a heterogeneous subsystem, file, rou- (can contain manually specified
individual graph of information cre- tine, variable, line of anything) category of web
node ated and edited by the user  code ... or anything pages
Reason for | A task or subtask of the Information resulting  Information Information visited
presence of | user from a query; may or  visited that is interesting
a node may not be interesting
or have been visited
Structure of | A hierarchy Typically a A list By default a list, but
a set of hierarchy, but can be can be a hierarchy
nodes a graph
Nature of Subtasks Information in any n/a Non-leaves are
child nodes relationship to parent categories; leaves are
(e.g. “calls’, web pages
‘includes’)
Upon Redisplay the exploration; Redisplay details of Redisplay web Redisplay web page
revisiting a | the user can edit the the unit of page
node exploration information

A new node | Automatically when a Manually in response  Automatically on Manually, whenever
is created... | query replaces the current to a query (many visiting a page the user is interested
exploration graph; or nodes may be created
manually if the user at once)
chooses to extract a sub-
graph of an exploration
Ability to Yes Yes No Yes
delete a
node
Operations | Deletion only Queries to create None Deletion only
on sets of children of multiple
nodes parents, deletion,
extraction to create
new history
Ability to Yes (to attach more mean- No No Yes (needed when
rename a ingful name) web page title is
node poor)
Persistence | Permanent (users may have Permanent (stored in Typically current ~ Permanent (users

several files or use the de-
fault)

an exploration)

session only

may have several
files or use the de-
fault)

Table 1: ‘History’ and ‘Bookmark’ facilities used for personal work management in TkSee and typical web

browsers.



6.3 Comparison to Source Navigator

Source Navigator is a commercial source code
browsing tool. In fact, we often use it to maintain
TkSee. The reason we do not use TkSee to maintain
itself is because we do not yet have a parser for Tcl/Tk,
the language in which TkSee is written.

Source Navigator shares many facilities with
TkSee: It allows one to browse many different types of
software objects and relationships. It has the advantage
of allowing one to edit code directly and, since it is a
commercial tool, has a wide range of very robust
parsers.

Source navigator has panes that resemble TkSee’s
exploration pane in the sense that they contain certain
types of hierarchies of information. However it does
not present all types of information in the same
hierarchy, nor does it have one-click access to a
hierarchical history of explorations. This forces the
maintainer to open several different windows to access
information.

6.4 Comparison to integrated development
environments (IDEs)

Many compilers today come with integrated
development environments. There is a long history of
research into such facilities dating back to the early
days of Lisp and Smalltalk [16] [17 [18] [19].

In addition to providing a unified tool for the
editing, configuration management and compilation
process, many of these provide program exploration
facilities similar to Source Navigator such as displaying
call hierarchies and variable-use cross reference
information.

Most IDEs, however, use different windows to
display different types of information. Furthermore, we
have found no IDE that effectively targets the
difficulties we identified in which users have trouble
keeping track of their search results, their mental
models of some small aspect of the system and their
hierarchy of tasks.

7. Evaluation

Evaluation is an essential aspect of research into
software tools. We are using several techniques to
evaluate the use of TkSee in a real industrial
environment. In particular, we want to determine
whether the distinctive features of TkSee — those
oriented around personal work management — in fact
provide a significant advantage over features in
alternative tools. At the current time we are still in the
early phases of this evaluation.

Our first step has been to evaluate TkSee’s usability
and remove any superficial problems that might mask
more important advantages or disadvantages. We have
so far completed two cycles of usability evaluation; we
describe this process elsewhere [8] [9].

Our second evaluation technique is to monitor
ongoing use of the tool — we do this by logging each
invocation of each command. So far, TkSee has been
used on a discretionary basis by over 20 different
people, some of whom have used it for several years on
an every-day basis. Management reports that the time
taken by new employees to learn about the subject
software has dropped considerably [7]. We consider
this to be good evidence that TkSee, as a whole, is
probably more useful than other tools that the
developers have available. Therefore we have achieved
our goal of making software engineers more
productive, at least in the context of the particular
group with which we are working.

Our next step is to analyse the detailed use of
specific TkSee features to discover which ones
contribute to the success, and how much. We plan to do
this using questionnaires, more detailed analysis of
logs and observation.

Our overall three-step evaluation approach is
described in more detail elsewhere [20].

8. Conclusions

TkSee’s twin hierarchies — its history pane and its
exploration pane — provide robust, simple-to-learn
personal work management capabilities for the
software maintainer.

By personal work management, we mean
organizing three aspects of the context surrounding
ones work: Firstly, keeping track of tasks and subtasks
the maintainer must perform, despite frequent context-
switching. Secondly, organizing information one is
using to solve one’s problem, particularly information
one has retrieved through various search or query
mechanisms. Thirdly, allowing manipulation of one’s
personal mental models of the system and the problem.

We define an exploration to be heterogeneous
graph, normally a hierarchy, whose nodes represent any
kind of information related to software including files,
variables and problem reports. A new exploration is
first created as a result of performing a search. The
maintainer then incrementally modifies the exploration
by selecting nodes and deleting them or performing
further queries. Over time the exploration comes to
represent part of the maintainer’s personal mental
model of the system or a list of things to do. TkSee
constantly displays an exploration in its bottom-left
pane; a simple click on a node displays more details,
such as the source code, in the right-hand information
pane.

A set of explorations is maintained in the history
pane. This set can typically represents a hierarchy of
tasks, and provides one-click task switching — selecting
a history item replaces the contents of both the
exploration and information panes.

Many other tools provide some of the features of
TkSee, but we believe that TkSee is the first software



engineering tool to provide the twin-hierarchy
approach to improve software engineers’ personal work
management.

TkSee has been enthusiastically used by a variety of
users on a large maintenance project for several years.
We are continuing to develop TkSee and to experiment
with it to learn more about how software engineers can
be made more productive.
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Abstract

Source code plays a major role in most software engineering environments. The interface of choice between source code
and human users is a tool that displays source code textually and possibly permits its modification. Specializing this tool
for the source code’s language promises enhanced services for programmers as well as better integration with other tools.
However, these two goals, user services and tool integration, present conflicting design constraints that have previously
prevented specialization. A new architecture, based on a lexical representation of source code, represents a compromise
that satisfies constraints on both sides. A prototype implementation demonstrates that the technology can be imple-
mented using current graphical toolkits, can be made highly configurable using current language analysis tools, and that
it can be encapsulated in a manner consistent with reuse in many software engineering contexts.

Keywords: Program editor, software engineering tool integration, language-based editing

1. Introduction editor:

Programmer’s perspectivéhe editor must make read-
ing and writing source code easier and more reward-
ing.

Tool builder’s perspectivehe editor must reliably
share information with other tools, for which it may
act as a user interface, and it must be packaged for

Any interactive software engineering tool that deals’
with programs inevitably displays source code for a
human to read and possibly modifyThe technology for
doing this, however, has changed little in twenty years,'
despite a compelling intuition that specializing the tech-
nology for programming languages might increase user : )
productivity substantially. In contrast, consider how word reuse (portable, highly configurable, and embeddable).

processing systems have evolved beyond simple text edi- The CodeProcessois an experimental tooI_for edit-
tors during those same twenty years. Ing source code, under development at Sun Microsystems

Extensive research, numerous prototypes, and morIeaboratories. It is based on technology that strikes a bal-
than a few commerciail attempts have failed,to deliveC€ among apparently competing requirements. It is text

practical language-based editing for source code. F,roquented, but fundamentally driven by language technol-
gy. It can make its language-oriented representation

grammers find such systems difficult and unpleasant whe . : N :
compared with simple text editors. Tool builders find that configured by declarative specifications) available to
ther tools, and can be embedded in other GUI contexts.

implementations are fragile and place high demands oﬁl . . : . .
P g P g he key architectural choice is a lexically-oriented inter-

supporting infrastructure. . .
Language-based editing will only succeed in practicemed'ate representation for source code that addresses both
&sability and integration with other tools.

when it addresses the real goal: to help programmers pro-

gram in the context of existing skills and tools. This trans-

lates to two sets of requirements, often conflicting, for an

2. “CodeProcessor” is an internal code name for this prototype; it is
intended to suggest a specialization of simple text editing for source

1. We do not address purely graphical programming languages, although code, much as word- and document-processors are specialized for nat-
some of the issues are similar. ural language documents.




Experience suggests that simple usability testing, bet3][19]. In many environments, reading is still the domi-
ter GUI design, or new algorithms would not have pro-nant task for programmers, even while writing code
duced this design. Rather, it resulted from rethinking thg9][31]. Good designs for program typography are avail-
tasks, skills, and expectations of programmers, and frorable (for example the paper-based publication designs by
then finding ways to address them: using existing lanBaecker and Marcus [3]), yet rarely used.
guage technology and within the context of practical soft-  Also highly important, is special support (both reading
ware engineering tools. The result is an architecture that iand writing) for program comments. Transparent to con-
different, though not necessarily more complex, tharventional language tools, comments are tedious to format
those tried in the past. but crucial for readers.

This paper presents an overview of the CodeProcessor Although specialized enhancements are important, it is
and the design choices it embodies. Section 2 reviewabsolutely essential that they not make things worse. Any
requirements, and Section 3 discusses how previous techntrusion on text editing must respect the “balance of
nologies have failed to meet them all. Section 4 offers gpower” between user and tool. This can be delicate even
new look at the design trade-offs needed when combiningn the simplest of cases, for example auto-indentation
text editing and language support, and shows how thismechanisms that programmers find helpful but “not quite
analysis leads to a solution. Sections 5 and 6 describe thight.”
two complementary and mutually dependent aspects of Nowhere has intrusiveness been more problematic
the CodeProcessor’s design: architecture and user-mod#han in treatment of fragmentary and malformed source
Finally Section 7 reviews implementation status, followedcode. This is, of course, the normal state for programs

by related work and conclusions. under development. Unfortunately, language-based edi-
_ tors typically treat such situations as user “errors” and
2. Design goals encourage or require corrective action. The real “error” is

The requirements mentioned in the introduction, andhat the tools fail to model what the user is really doing
discussed in more detail here, reflect different persped14] and cannot function usefully until rescued. Editing
tives: programmers and tool designers. Past failures resdf0ls must function without interruption in any context.
from neglecting one point of view or the other; Sections 32.3. Access to linguistic structure

and 4 will show how they can be reconciled. Software engineering tools (for example analyzers,

2.1. No training builders, compilers, and debuggers) generally operate
All available evidence shows that programmers readVer structural source code representations such as
programs textually; they also have “structural” under-abstract syntax trees. An editing tool is most easily inte-
standing, but it is highly variable and not based on lan-grated with other tools if it can share such representations,
guage analysis [10][12]. Programmers have deeplfut as Section 3.1 discusses, this presents severe design
ingrained work habits as well as motor-learning thatchallenges for a tool whose job is to display and permit
involves textual editing; they will only accept a tool that is medification to source code in terms of text.
familiar enough for immediate and comfortable use with-2 4. Configuration and embedding
out special training.
This need not, however, prohibit advanced functional
ity. Consider how users experienced with simple text edi

Finally, as software engineering tools evolve, empha-
sis shifts from standalone editing systems to specialized
tools that must work with other tools. A tool for source

familiar text entry and cursor commands. By analogy, Ian-G

based edii ! hould be | q ful Ul component, and not demand complex support such
guage-based ediling services should be Jayered careiu Qs a particular kind of source code repository. Reflecting
onto basic text editing behavior, imposing no (or barelyt

ticeabl tricti he reality that practical software engineering involves
noticeable) restrictions. many languages, it should be easily configured via lan-
2.2. Enhance reading and writing guage specifications. In order to be used as an interface by

Additional editing services derive from specialization Many other tools, an editing tool must have a visual style
for the tasks confronting programmers. A familiar exam-that is easily configured for different contexts and tasks.
ple is automatic indentation of source code lines. This ser-
vice is based loosely on linguistic structure, and it helps3'
both reading (visual feedback on nesting) and writing At the heart of a specialized editing tool is an internal
(saving tedious keystrokes). This particular service can beepresentation for source code. Conventional choices,
delivered in a simple text editor, but it can and should bedepicted in Figure 1, are divided by a gulf between funda-
taken much further. mentally different approaches: one oriented toward usabil-

Research shows that high quality, linguistically-drivenity and one toward higher level services.
typography measurably improves reading comprehension

The design space
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Figure 1. Design choices for program editors

3.1. Pure designs cally correct and promoted back into structure.

At the far right of the diagram are “structure editors” At the left side of Figure 1 are widely used code-ori-
[4][6][8][18], so called because of internal representationg€nted text editors such as Emacs [23]. These use a purely
closely related to the tree and graph structures used gyxtual representation, assisted by ad-hoc regular expres-
compilers and other tools. This greatly simplifies someSion matching that recognizes certain language constructs.
kinds of language-oriented services, but it requires thal he structural information computed by simple text edi-
programmers edit via structural rather than textual comiors is, by definition, incomplete and imprecise. It there-
mands. Behind this approach is a conjecture, articulatefpre cannot support services that require true linguistic
by Teitelbaum and Reps, that programs are intrinsicall@nalysis, advanced program typography for example.
tree structured, and that programmers understand argiMPle text editors typically provide indentation, syntax
should manipulate them that way [25]. Umnor»[umﬂ@y,highlighting1 and navigational services that can tolerate
years of failed attempts [11], combined with research orstructural inaccuracy. A malformed program will, at
program editing [17] and on how programmers reallyWorst, be incorrectly highlighted.
think about programs [13][22] have refuted that conjec- A few text editors perform per-line lexical analysis
ture. From a tool integration perspective, the advantagedith each keystroke, but the information has never been
of complete linguistic analysis are offset by its fragility (in fully exploited and the lack of a true program representa-
the presence of user editing) and context-dependency (tﬁ'@n leads to confusion in the inevitable presence of mis-
meaning of code in many languages depends potentialiffatched string quotes and comment delimiters.
on all the other code with which it will run). Few structure 3.3, Inclusive designs

editors are in use t"d"?‘y . . S A more inclusive approach is to maintain both textual
At the far left are simple text editors with no linguistic

o . . and structural representations. Although this approach
support. Editing is simple and familiar, but there is no real P g bp

o . . romises a number of advantages [5][26], it is difficult to
specialization for source code. Integrating a simple texE

. ) . . . eep the representations consistent and it has not been
editor with software engineering tools requires Complexdemons’[rated that the cost and complexity are justified.
mappings between structure and text, but these typically
result in restrictive and confusing functionality, fragile 4 Finding the middle ground
representations (for example, where the identity of struc-

tural elements is not preserved during editing operations), S€ction 3 described a fundamental design tension:

or both [27]. It is desirable to maintain a linguistically accurate pro-
-~ ) gram representation, updating it on every modifica-

Subsequent efforts in language-based editing can be The greater the degree of structural sophistication, the
viewed as attempts to bridge this gulf. Some structure edi- more fragile the representation is in the presence of
tors allow programmers to “escape” the structure by trans- unrestricted textual editing, and the more room there is
forming selected tree regions into plain text [21], but  for confusing behavior and inconsistency between
usability problems persist. The complex unseen relation- what's seen and what'’s represented internally.
ship between textual display and internal representatiom summary, an ideal representation would be closely
makes editing operations, both structural and text escapeglated to displayed text, but would also reflect linguistic
confusing and apparently unpredictable [27] because dftructure at all times. What's needed is a compromise
“hidden state.” Textual escapes make matters with a con-

fusing and distracting distinction between those parts of o . :
1. ‘Syntax highlighting” is an unfortunate misnomer, since pattern-

the program where Ianguage—based services are prowdeqﬂatching is considerably weaker than syntactic analysis. It would be
and those where they are not. Often language services antnore accurate to call it “unreliable keyword, string, and comment rec-

tools stop working until all textual regions are syntacti- ognition”.
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Figure 2: Additional choices for program representation and analysis

somewhere in the middle of Figure 1, where the amount

Thus the lexical representation, not used in any prior

of language analysis performed is as simple (and localsystems, emerges as a promising compromise:

ized) as possible, but also as useful as possible.

A compromise can be found by taking a closer look at
language analysis: both the internal engineering of com=
pilers, and the formal language theory behind it. A typical
compiler analyzes textual programs in phases, shown
below. Each stage is driven by a different kind of grammare

lexical analysis- parsing- static semantic analysis

(corresponding approximately to types 3, 2, and 1 in the
Chomsky grammar hierarchy) and uses a corresponding
kind of analyzer [29]. Programming languages are often
designed around this grammatical decomposition, and
batch-oriented compilers benefit from the simplicity and

formal foundations of separate phases.

This decomposition reveals additional choices,

It is a stream, not a tree, and thus bears a close rela-
tionship to textual source code;

The analysis needed to update the representation after
each edit usually requires only local context;

It is suitable for program fragments;

It has enough linguistic information to provide many
language-based services, including more robust imple-
mentation of familiar services such as indentation,
parenthesis and bracket matching, procedure or
method head recognition, etc.; and

It is a language representation suitable for integration
with other tools, including complete language analyz-
ers. Further analysis, for example parsing, could be
folded into the CodeProcessor if added carefully, but
at some additional cost in complexity.

Although this approach is promising, a number of

depicted in Figure 2, for analyzing and representing prodesign questions remain:
grams being edited. Possible representations include the Can the textual display and behavior be made to look

standard products of each phase: lexical token stream,
parse tree, and attributed tree respectively. Intermediate
choices include partial analysis of the next grammatical
level: regular expression matching is a partial lexical anal=
ysis, fuzzy parsing is a partial syntactic analysis which
recognizes only certain features of the context-free syntax
(e.g. nested parenthesis or context-dependent categoriza-
tion of identifiers into function and variable names), and
partial semantic attribution that can be used for computing
limited amounts of semantic context. Partial analyses are
often simpler to implement (fuzzy parsing can be per-
formed through a simple pattern matching on the tokenr
stream) and more forgiving of inconsistencies in the rep-

resentation.

An important distinction among the three analysis

and feel familiar enough that it requires no training?
To what degree can the display be specialized for pro-
grams using only lexical information?

Can such a fine-grained typographical display be
implemented using current toolkit technology and
made configurable?

Can the lexical token representation be made robust in
the presence of partially typed and badly formed
tokens? In particular, how can “bracketed” tokens such
as string literals be managed when one of the brackets
(double quotes for strings) is missing?

What specialized support for comments and other,
possibly non-textual, annotations is possible?

How can a description-driven lexical analyzer be
adapted to update the representation after each key-

phases concerns the scope of cause and effect. Static stroke?

semantic analysis (closely related to Chomsky’s contextSolutions appear in the following two sections, which
sensitive syntax) at each point in a program dependsummarize respectively the two mutually dependent
potentially upon the entire program. Parsing (context-fre@spect of the CodeProcessor’s design: architecture/imple-
syntax) depends only on the enclosing phrase, buientation and user-model. The architecture is presented
assumes that program is well formed. Lexical analysidirst in Section 5, although many aspects were driven by
(regular syntax) depends only on adjacent tokens, makinthe user-model design described in Section 6.

it highly suitable for the inner loop of an editor.
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Figure 3: CodeProcessor Architecture
5. Architecture context (tokens) surrounding the cursor. Other actions,

The CodeProcessor’s architecture, depicted in Figur%:mh as insertions and deletions, may depend not only on
’ t

3, is based on the Model-View-Controller design para-N modification context, but also on the staféer the

digm. This choice is not accidental: in addition to being amodn‘lcatlon, since certain nuances of the user-model

natural architecture for display and editing, it also reflectd €4UIre Iqqkmg |n.to the futu_re. .

the design of the Java™ Foundation Classes (JFC To famh_tgte Fh|s, the Editor Kit commences a two-
“Swing” toolkit and its text framework [30] which was tlage modification process upon any potential c_hange.
used to implement the current prototype. Multi-lingual First, the source code model is requested to consider the

behavior is supported by separating each of the three coFéfeCts of the changevithout modifying the underlying

modules into two components: one implementing the lancontent. This produces an object describing the change in

guage-independent functionality, and the other (coIIecEerms of a model transformation that needs to take place,
tively known as 4 anguage Modulgproviding language- When the Editor Kit regains control it examines the trans-
sensitive features for a particular language. In th ormation, either discarding it, if it has no effect or is not

CodeProcessor this separation is achieved by subclassinvgff"d' or applying it to the model.

but other decompositions are also possible. 5.2. The Model

The remainder of this section describes each of the as discussed in Section 4, source code is represented
major design constituents in order. as a sequence of lexical tokens, although this representa-
5.1. The Controller tion is extended in several crucial ways. This representa-

tion allows for much-needed flexibility, as it both supports

The Controller is manifested through two closel , . : .
g y the required user-model, and fits naturally with the incre-

related components: theditor Widge and theEditor Kit. il lexical vsis alaorith
The Editor Widget is responsible for dispatching windowme%’1 ?X'(?a lana y|5|s_a golrl Th develooed by Ti
system events and making the CodeProcessor a fully fun% € g)é'ca_l farllla ysIs a?_qt” m, teve obpe d yd m
tional member of the JFC widget family. The Editor Kit ‘ atgnTrd[ ] 'j Uy ge(rjlera I.t'l Isulpppr T utntounMe con-
implements the intricate editing behavior described inoXtual dependency and muttiple lexical states. Vioreover,
; incrementality can be crafted onto existing batch lexers
Section 6.2. . . .
that conform to a simple interface. For instance, the cur-
({ﬁnt prototype’s lexer for the Java programming language
Js generated by the JavaCC tool [16] from a readily avail-
able lexical specification; the specification is extended to

include various categories of irregular lexemes created

Much of Editor Kit's functionality is language-inde-
pendent; some, however, may be custom-tuned for ea
particular language, for example adding keyboard shor
cuts for inserting language constructs.

The primary responsibility of the Editor Kit is to . o . ; :
implemerr)lt use)r/ actigns that ryequire taking the context Ogurm_g editing, as discussed n Sec_tlon 6.1.
the action into the consideration. Some actions, such as F|gure 4 depicts the mo”d_|f|cat|on of a model _after
cursor movement commands, require no changes to gfgsertion of the char:dc‘te’rs‘k, Into ?_ f’ragment contain-
source code model; their execution depends only on thi'9 the four tokensd’, '+', 'c ,_and ;" with cursor ini-

tially between 4’ and ‘c’. Figure 4a represents the



content immediately prior to the modification, 4b -- thethe JFC text framework, including the CodeProcessor
transformation resulting from considering given modifica-recursively. The mapping from token types to editor types
tion, and 4c -- the content after the suggested transformas performed by the Language Module; this module in the
tion has been applied. current prototype uses the standard JFC text editor for
comments and a token-based CodeProcessor editor for
strings and character literdlls.

alfal]+[]cCcT,;

6. Functionality and user-model

b) replace from \ to [ with += [ XC This seption presents an overview of the CodeProce_s—
sor’s functional behavior as well as the user-model experi-
enced by the programmer.

C) a += | XC : 6.1. Advanced program typography

The CodeProcessor is visually distinguished by its
advanced typographical “styles,” implemented by the
view architecture described in Section 5.3. These styles

The source code model is also responsible for addingpproximate designs by Baecker and Marcus [3] and are
and removing “separators,” special non-linguistic tokeng,pgated with each keystroke as the source code is being
whose role in the user-model is described in Section 6-3ncrementally reanalyzed. Alternate styles for each lan-
Other non-linguistic tokens include comments, linegyage can be selected dynamically, either to suit individ-
breaks, and other layout directives. ual preference or as required by particular tools driving

A significant advantage of the model, from the per-the display. The style appearing in Figure 5 is configured
spective tool integration is that it enabkgablereferences
to source code structure: during any kind of editing, the[=— — CodeProcessor: Fiddlesticks java BE
identity of unaffected tokens is guaranteed. il £ Style Msphay Dobug -
/* Nonsense program derived fram an example in "Human Factars and Typography” by*f
Ronald M. Baecker and Aaron Marcus, ACM Press, 1990, pg. 117, This example

53 . The \/ieW foruses on the typesetting of operators. The book example uses syntactic
information, whereas the program editor uses only lexical information,

The rendering mechanism displays source code ir|package com.sun.labs.lorest.ecltest;
accordance with the requirements outlined in Section 6.1
The typographically-enhanced display is facilitated by
assigning stylistic properties to each token by means o

Figure 4: Example model update

public class Fiddlesticks {

public static void main{String[] args){
int eight =5, five =7,

the Styler component. The Styler lends itself to being int bit = 11, flag2 =0, OPT3 = 3;
automatically-generated, although the current implemen: Pattern[] rec = new Pattern[3]; g s s
tation uses hand-written Stylers S
' rec]1].pat = rec[0];
Stylers can also be used to export human-readabl for (rec[2].thisone = 0; Irec[1].thatone; rec[2].thisone*+, bit <<= 1){
source code from the CodeProcessor by rendering into recf 1].thatone &= ({(bil | flag2) 4 ~3) == OPT3);

. L. . rec[2].pat.thisone += rec[3].thatone ? 3*4: (*a’ & 13);
character stream, dropping stylistic information that can-|

not be represented. Appropriate formatting can be| # (?i?:l = Of_&& five 1= 0)

. . . eight »»= five++;

achieved by Stylers optimized for text output. if (—sight 1= 0 | five 1= 0 || five*2 I= 10 | sight <= 8)
. ight %= (five &= 127),

5.4. Representing embedded structures ) elgh %= (flve )

Programming languages commonly include embeddec private static class Pettern(

syntactic structures that have distinct lexical rules, mosi| Patiern pet; _
notably comments and strings. Embedded structures ar int thisore; =
supported by nested editors with transparent boundaries Figure 5: Example CodeProcessor display

(behavioral considerations are presented in Section 6.3).
The only requirements for this support, easily met by all
embedded language structures we have encountered, dne 123 token categories to which are assigned 61 separate
that they have well-defined linguistic boundaries and thatoken styles Each token style specifies type face, size
their contents be tokenized as a single entity by the lanrelative to a base, style (plain, bold, italic), foreground and
guage lexet.

This architecture permits utilization of any editors in

2. Both strings and character constants afford a simple lexical descrip-
tion that recognizes character escapes such as \n, \t, etc. This lets us,
for example, highlight legal escapes so that they are distinguishable

1. If the nested editor is, in fact, another instantiation of the CodeProces- from the rest of the text, as well as indicate which ones are invalid.
sor, the contents of an embedded structure may be further tokenized3. Much of the stylistic detail is required as compensation for the
by the nested lexer. absence of type faces suitable for programs [3].




background colors, baseline elevation, and both left andhis behaves somewhat like a “smart space” in a word
right boundary specifications used to compute displayprocessor: no more than one can be present between adja-
spacing between adjacent tokens. Token styles can alsent lexical tokens. The cursor can rest on either side of a
specify alternate display glyphs, for example to displayseparator; deleting a separator is treated as a request to
ligatures. join surrounding lexical tokens (if they could not be
In a departure from the Baecker and Marcus designgpined, there would have been no separator present). Sepa-
which require well-formed programs, CodeProcessorators often come and go as the lexical categories of adja-
styles reveal that certain tokens are lexically incompleteent tokens are changed by editing, but since they are
(for example 0x”) or badly formed (for example08”), behavioral rather than visual, this is not distracting.
based on lexical grammars extended to include such String literals and comments receive special treatment,
tokens. The CodeProcessor treats such tokens as legitis described in the following section. Additional subtleties
mate in every other respect. in the user-model, beyond the scope of this paper, are
Although the Baecker and Marcus designs require fulrequired so that “the right thing” appears to happen at all
program analysis, a surprising amount of the visual detaifimes.
can be aphleved using gnly lexical information. Indentg-6_3_ Nested editors
tion requires fuzzy parsing in the style of many text edi- . , ,
tors. More visual features could be added through other 1he user-model for editing programs described in the
kinds of fuzzy parsing, for example adjusting operatorPr€Vious section is inappropriate in certain regions. The
spacing based on expression depth. contents of string literals obey different grammars than

Horizontal spacing between tokens is computed fropsurrounding code, and the contents of comments are not
the source code, not affected by presses on the space bapalyzed atall. _ , _
This improves legibility and saves keystrokes, much inthe SUch regions receive special support in the CodePro-

same way that conventional auto-indentation works at th&8SSOr, beginning with behavior that preserves their
beginning of each line. We anticipate adding a tab-likgPoundaries during all normal editing. This has the flavor

mechanism to the current prototype that gives programe structure editing, but it solves a number of traditional

mers some ability to impose vertical alignment. problems with boundary confusion; potentially confusing
behavior can smoothed over with careful design.

6.2. Editing behavior Having guaranteed boundary stability for these
The CodeProcessor behaves like a code-oriented terégions, the CodeProcessor can then provide specialized
editor in most respects. Where it differs, the behavior habehavior in a straightforward way. Specialized editors are
been designed so that it appears to do the right thing whesimply embedded to match the model: one kind for
used as a text editor. Preliminary experience with thestrings, another for character literals, yet another for plain
CodeProcessor’s user-model suggests that programmeext comments. More can be added, for example to sup-
find descriptions of the behavior confusing, but the behavport HTML or graphical comments. Although this has
ior itself unremarkable. something of the flavor of a compound document system,
Some behaviors are completely conventional. Indentait is specialized for source code and designed so that the
tion is automatic. Line breaks are explicitly entered andooundaries are no more obtrusive than absolutely neces-
deleted by the programméfyping text within comments sary. For example, the text cursor moves smoothly across
and language tokens (especially string literals) is likewisdooundaries between code and embedded structures.
conventional, with the notable exception that programs

mers can easily type multi-ine comments (and perhaps . ) _
eventually strings), as shown in Figure 5. The net result of these behaviors is by design an edit-

Non-standard behavior appears in and around tokel9 experience that is visually rich but otherwise unobtru-
boundaries. To first approximation, token boundaries argVe- Nearly all familiar keystroke sequences have their

determined purely by the lexical analyzer. When the curinténded effect, with the added bonus of fine-grained

sor rests between two tokens it is displayed midwaWisual feedback. Time wasting efforts at whitespace man-

between them; pressing the space bar silently does notg9ement, for example deciding where to insert spaces and
ing. how to align multi-line comments, become as unnecessary

However, not all boundaries can be unambiguoushy?S manual indentation. This frees the programmer to con-

computed, for example between keywords. Here th&entrate more completely on the task at hand: understand-

CodeProcessor automatically inserts a “separator” toked?d and writing code. F_L_thhermore, the rich diSP'ay engi_ne
creates new opportunities for tools to present information

by modulating the source code display to suit the task at

.4. The Programmer’s Experience

h
1. The CodeProcessor does not break lines, but it would be helpful to add
a linguistically driven mechanism for “wrapping” lines wider than the
available window.



7. Implementation status attention to usability, adoption of advanced typesetting,
nd the choice of a token-based representation [20].
RED, the Desert editor, performs language analysis via
integration with the FrameMaker document processing
gystem [1]. This limits FRED’s ability to support fine-
grained language-based behavior due to the lack of appro-
priate abstractions in the Frame Developer’s Kit API [2].

Initial design of the CodeProcessor was carried out a]'i_‘
Sun Labs by the first author in the Spring of 1993. A pro-
totype using C++, thdex analyzer, and the Interviews
graphical toolkit [15], was demonstrated later that year a
part of a larger programming environment project. An

evolution of the first prototype, using the Fresco toolkitlvI i izable d i :
[7] (itself an evolution of Interviews) was completed and OrEOVET, reliance on a sizable document processing sys-

demonstrated in early 1995, at which time work ceaself™ reduces the likelihood of embedding FRED else-

with the conclusion of the project. The design was theﬁNhere'
she_lved, awa|t|ng more suitable infrastructure than Wag =onclusions
available at that time.

The second author commenced a reimplementation of We have designed and prototyped source code editing
the CodeProcessor design during a summer internship tchnology that addresses the full spectrum of require-
Sun Labs in 1998, adding recent improvements in increments faced by designers of software engineering tools.
mental lexing technology and adapting the recently develThis technology matches programmers’ skills and expec-
oped text framework from the JFC swing toolkit [30]. tations, and brings to bear the power of language-based
This prototype, which will be subject to further refinementtechnology in support of both the people and other tools in
and evaluation, is substantially complete, with the excepthe environment. Meeting these often conflicting require-
tion of automatic indentation and other services not part ofents required both a new user-model for its behavior as

the core design. well as a new architecture. Its construction stretches the
limits of the existing infrastructure.
8. Related work History tells us that less ambitious designs will fail.

dSome language-oriented technology can be grafted onto

described in Section 3.2. Its editingodesadd specialized S."mtplethte.xt editors, det msufﬁmenstly rich reE_rﬁsentatlons
behavior and text coloring via pattern matching, but the)J'm' S their power and accuracy. Some usability compro-

fall short of the CodeProcessors requirements Weagwises can be made to language-oriented structure editors,
encapsulation of its internal representation, as well a ut the fundamental architecture dooms their usability.

insufficient model-controller separation, makes reliable . A Iexmql—based arc:nlecturﬁj by f|ftself WOUIdf ?rllso_l;‘all, f
representation and manipulation of structural informatiorp 'c€ & Naive user-modet would sutier many ot the 11ls o

difficult, if not impossible. Language analysis is limited to tree-oriented editors. Likewise, the new user-model by

(unreliable) regular expression matching of fewer than te'J.]tseh‘ would fail, since the mismatch between it and exist-

lexical constructs. Rendering and layout, even in the mor&'Y representations would preclude adequate implementa-
recent XEmacs [32], does not meet the CodeProcesso¥"S: o
demands. The editors embedded in many commercial, The CodeProcessor performs enough linguistic analy-

integrated development environments have basic text edip'S 10 permit useful tool integration, as well as useful lan-

ing and display functionality comparable to Emacs. guage-based services such as high-quality on-the-fly

Numerous structure editors, mentioned in Section 3. 'Eypography. At the same time its fundamental behavior is

were built in research environments, for example Centauﬁexwal‘ permitt.in.g easy adoption by programmers, and it
[6], Gandalf [18], Mentor [8], and PSG [4]. All had includes specialized support that simplify and extend

acknowledged usability problems [11]. comme_nt r_‘nanagement significantly. L
The commercialized Synthesizer Generator [21] is a Designing tools that are both powerful and effective is

notable example of the modified structure editorsd'ﬁ'cun' and the more *low level” the tool, the more

described in Section 3.2, but was still plagued by Confusgemgndmgtarehthe user reqéjlremsntg. St?:'ng V\t/.'th t?ﬁsf
ing behavior [27] and by restrictions on editing. requirements, however, and embracing the notion tha

The Pan system [5] is characteristic of the inclusivepowerfm tools must above all fit with programmers skills,

designs described in Section 3.3. It permitted unrestricte§XPectations, and tasks, gives hope that benefits Of. soft-
text editing, performed full incremental language analysisyvare Qevelopment technology can actually make a differ-
on demand, and provided semantic feedback. Althougﬁnce in the way people work.
some attention was paid to usability [26], the implementa-1
tion was enormously complex and offered no language-
related advantages during textual editing. Important fea- The reimplementation of this design was made possi-
tures such as comments received no special support at di€ by support from Mick Jordan, Principal Investigator of
Several elements of the CodeProcessor’s design subsé&e Forest Project at Sun Microsystems Laboratories.
quently appeared in the Desert environment, including/uval Peduel made helpful comments on early drafts of

Emacs [23] is an augmented text editor of the kin
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Abstract

Constructing complex software engineering tools and integrating them with other tools to form an effective
development environment is a very challenging task. Difficulties are exacerbated when the tool under construction
needs to be extensible, flexible and enhanceable by end users. We describe the construction of SoftArch, a novel
software architecture modelling and analysis tool, which needs to support an extensible set of architecture abstractions
and processes, a flexible modelling notation and editing tools, a user-controllable and extensible set of analysis agents
and integration with OOA/D CASE tools and programming environments. We developed solutions to these problems
using an extensible meta-model, user-tailorable notation editors, event-driven analysis agents, and component-based
integration with process support, OOA/D, code generation and reverse engineering tools.

Keywords: software engineering tools, software architecture, modelling notations, analysis agents, tool integration

1. Introduction

Building complex software development tools and
integrating these tools with existing 3" party tools is very
challenging [0] 7] [[7]. We have been developing a novel
software architecture modelling and analysis tool,
SoftArch, which presents a number of challenges in its
construction. SoftArch needs to support an extensible set
of architecture modelling abstractions, visual notations
and editing tools. It also needs a user-controllable and
extensible collection of model analysis agents to assist
with validating an architectural model. Import of OOA
specifications and export of OOD models and code
fragments is needed, to make use of the tool
organisationally feasible.

These requirements are a challenge to meet with
conventional tool construction approaches, such as those
provided by MetaEDIT+ [[12], MOOT [[L6], KOGGE [B],
JComposer [ﬂ, and MetaMOOSE [E‘ This is because
such approaches either produce inflexible, difficult to

integrate, configure and extend tools, or provide
inappropriate  abstractions for building tools like
SoftArch.

We describe the implementation of SoftArch using
the JComposer meta-CASE toolset and focus on various
adaptations we had to make to JComposer’s tool
development approaches in order to successfully realise
SoftArch. We developed an extensible meta-model with
its own visual programming language, enabling
developers to extend SoftArch’s architecture modelling
abstractions. Editing tools and notational symbols with a
high degree of user-customisability give developers a

degree of freedom when representing model abstractions.
User controllable and extensible analysis agents were
developed using event-driven components, along with a
visual end user programming language. The Serendipity-
II process management environment [E]I provides this
event-based end user programming language, plus
process and work co-ordination agent support.
JComposer itself provides OOA and D model
import/export for SoftArch, along with code generation
and reverse-engineering support. These tools are
integrated using a  component-based  software
architecture. In addition, we have prototyped OOA and D
model interchange between SoftArch and Argo/UML
using UML models encoded in an XML-based data
interchange format. A proposed approach to dynamic
architecture visualisation using SoftArch is briefly
discussed. We briefly compare and contrast the
implementation of SoftArch with other approaches.

2. Overview of SoftArch

There has been a growing need for support for
software architecture modelling and analysis tools as
systems grow more complex and require more complex
architectures [[I] [19). We developed the SoftArch
environment to address this need [. SoftArch supports
the modelling and analysis of large, complex system
architectures using primarily multiple views of visual
representations of architectural abstractions. SoftArch
uses a concept of successive refinements of architecture
abstractions, from high-level component characterisations
to detailed architectural implementation strategies.



OOA specification

)

- High-level ==~

Software RN

architectural model .~

architecture design ™
process model(s) A

/’/ Software component
yd meta-model(s) e =

\ Refinement /v

Successively refined \
architectural models

templates

- Analysis agents o
Y g .
Low-level e

architectural model

OOD-level classes, API
usage, code fragments

Figure 1. Overview of the SoftArch modelling and analysis approach.

illustrates  this concept. An OOA
specification (codified functional and non-functional
requirements) is imported into SoftArch, typically from a
CASE tool. Architects then build an initial high-level
architecture for the system that will satisfy these
specifications. This high-level model captures the essence
of the organisation of the system’s software components.
It includes information about the non-functional
properties of parts of the system, and links architectural
components to parts of the OOA specification they are
derived from. Architects then refine this high-level model
to add more detail, making various architectural design
decisions and trade-offs, and ensure the refined
architectural models meet constraints imposed by the
high-level model. Eventually architects develop OOD-
level classes which will be used to realise the
architecture, and export these to CASE tools and/or
programming environments for further refinement and
implementation.

Figure 2]shows an example of SoftArch being used to
model the architecture of an e-commerce application (a
collaborative travel itinerary planner [). The travel
planner system is made up of a set of client
applications/applets (shown in view (1) at the top). These
communicate via the internet to a set of servers, in this
example comprising a chat server, itinerary data manager
and RDBMS. View (2) shows a more detailed view of the
itinerary management part of this system. This includes
the itinerary editor client and its connection to the
itinerary management server, a client map visualisation,
and a map visualisation agent, which updates the map to
show a travel path when the itinerary editor client is
updated by the user. Architecture components can be
refined by creating a subview containing their
refinements, by enclosing their refinements (like for
“server apps” in view (1)), or using explicit refinement
links. OOA and D-level classes and services can also be
modelling in SoftArch, and refined to/from appropriate
architecture abstractions.

View (3) shows an analysis agent reporting dialogue.
A collection of user-controllable analysis agents monitor
the state of the architecture model under development.

They report inconsistencies, problems or suggested

improvements to the user non-obtrusively via this

dialogue, are run on-demand by the developer, or act as

“constraints” that validate modelling operations as they

are performed. SoftArch OOA level abstractions can be

sourced from a CASE tool, and OOD-level classes
exported to a CASE tool or programming environment

(by generating class stubs). Reverse engineering of

existing applications is also supported, with OOD-level

abstractions able to be imported from a CASE tool and
grouped by reverse-refinement into higher-level
architectural abstractions.

SoftArch poses various challenges for the tool
developer:

e Architectural abstractions include components,
associations and component annotations, each which
may have a variety of properties [@l]. The
modelling abstractions available needs to be
extensible by the user of SoftArch, to allow them to
capture information about the architectural entities
they deal with in useful ways, and to add additional
components, component properties, etc. as required.

e The modelling notation and editing tools need to be
flexible and preferably extensible, supporting model
abstraction enhancement and tailorability of the
tool. Users should be able to reconfigure the tool to
display architecture abstractions as they prefer.

e Templates, or reusable architectural model
fragments, are required to assist developers in
reusing common architectural styles and patterns.
Thus SoftArch must support abstraction of views to
templates, instantiation of templates, and ideally
support keeping templates and derived model
components consistent when either changes.

e Analysis tools that constrain how a model is built
and/or check model validity on demand must be
user-controllable and extensible. When doing
exploratory modelling, modelling alternatives or
changing a model dramatically, we have found
architects prefer to relax constraints. They then
successively re-activate checks as they need them.
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Figure 2. Examples of architecture modelling and analysis in SoftArch.

The architecture development process should be
definable and process management tool support
provided to developers. This should not just guide
development but also support automated analysis
tool activation/deactivation, and configure available
modelling  abstractions  appropriate to  the
development process stage being worked on.
Import/export support between CASE tools and
SoftArch should leverage existing support within
CASE tools where possible. For example, using a
CASE tool or programming environment API, using
XML-based encoding, or using source code files.

3. SoftArch Architecture and Implementation

The basic architecture of SoftArch is illustrated in
SoftArch maintains a collection of meta-model
entities, specifying available architectural abstractions
and basic syntactic and semantic constraints. A collection
of reusable refinement templates supports reuse of
common architectural styles and patterns. A collection of
analysis agents monitor the changing architectural model
and inform the developer of problems. An architecture
model holds the current system architectural model
(repository, multiple views, refinement links etc.).

We integrated SoftArch with the Serendipity-II
process management environment.  Serendipity-II
provides architecture development process models, work

co-ordination agents based on these processes, and user
defined analysis agents used to check the validity of
SoftArch models. SoftArch was also integrated with the
JComposer component engineerint tool. JComposer
provides OOA-level class components for SoftArch and
SoftArch generates OOD-level class components in
JComposer. SoftArch also uses JComposer’s code
generation facilities to generate Java classes based on
OOD-level architectural abstractions and middleware and
database component properties described in SoftArch.
Generated Java classes can be modified in tools like
JBuilder and JDK, and changes reverse-engineered back
in JComposer and then into SoftArch. We have
prototyped simple XML-based import/export tools, which
exchange OOA and D models with Argo/UML.

We implemented SoftArch with the JViews multi-
view, multi-user software tool framework, using the
JComposer meta-CASE and component engineering
toolset [7]. Our JComposer tool also provides a
component engineering environment for JViews.

We encountered a number of challenges when using
JViews and JComposer to engineer SoftArch. JComposer
does not directly support extensible meta-models for
CASE tools, however, and its notation tailoring tool
enables users to inappropriately modify notation-
implementing editors and icons.



E%Soﬂ.hlch architecture - top level
File Edit “iew Changes Collaboration

M[=1 E3

‘ Templates Arnalysis Agents

| Lserdefined analysis agentsl Processes & Coomd agents I

Netz-wodel elewents

g/

$ Serlf agents acces.\‘q\

[

\

Serendinity-it
54 comp events @ $

JSiews Softwae Bus

$ Todfmom SoftdAmh comps 4\

FIML impaortiexpod

\ readiwite XMLQ\

Ao UL

$ Tofmm SComposer comos /1\

Sl Al 004D models
7

T

Todfma fava ﬁ.'e#T

JBuildesUDH
fFua files |

- l_ Dehug Propagation Display Shapes |

Figure 3. Basic architecture of SoftArch.

Flexible and extensible analysis tools can be built, but
no direct abstractions are provided by JViews, and some
Java programming is required to achieve these. Tool
integration is supported directly via component interface-
based mechanisms, but indirectly via components
implementing 3™ party tool communication protocols and
data exchange format parsing and generation.

The following sections examine the construction of
various SoftArch facilities in further detail, focusing on
the approaches we used to satisfy some of these more
challenging requirements of the tool. As JViews and
JComposer did not directly support many of these
capabilities, we discuss how we overcame these short-
comings. We then discuss the various lessons we learned
from developing SoftArch, and summarise some
directions for future software tool construction
approaches we have been exploring because of this work.

4. Architecture Modelling

5.1. Meta-model Support

SoftArch uses a basic model of architecture
components, inter-component associations and
component and association annotation to describe
architectural models [[l0]. Each of these architectural
entities has a set of properties associated with it. Property
values can be simple numbers or strings, or a collection
of value ranges. JComposer, like most meta-CASE tools,
assumes a tool developer would have a fixed set of tool
repository component and relationship types e.g. process
stages, in/out ports, filters and actions in Serendipity-II,
and components, association, generalisation, aspects etc.
in JComposer itself [F] [7]. Thus with SoftArch there

might be a fixed set of different architecture component,
association and annotation types, each with a fixed set of
properties, which could each be modelling as appropriate
JViews repository component specialisations.

However, in order to support user-extension of
SoftArch’s software architecture modelling capabilities,
we had to develop a meta-model for SoftArch in
JComposer, as well as the component/association/
annotation architecture model repository representation.
(a) illustrates the basic components of this meta-
model. SoftArch components, associations and
annotations must each have a type, with the meta-model
allowing the specification of valid component
associations and annotations. Each different type has a set
of properties, which have property type and value
constraints. For example, component types include “SA
Entity”, “OOA class”, “Process”, “Server”, “Client
Process”, “RDBMS” etc. Association types include
“dependency”, “data usage”, “event subscribe/notify”,
“message passing” etc. Annotations include “cached
data”, “data exchanged”, “events exchanged”, “replicated
data”, “process synchronisation”, etc.

Component (and association and annotation) types
also specify valid refinements allowed. For example, the
most general “SA Entity” component can be refined to
any other kind of architecture component when
modelling. The “Client Process” type cannot, however,
be refined to “Server Process” or “RDBMS” components,
as such a refinement does not make any sense.

Unlike most CASE tools, SoftArch does not
inherently enforce constraints like valid
associations/annotations, valid refinements or valid

properties/property values for components. A set of



analysis agents does this, and selected agents can be
turned on and off to allow architects greater or lesser
flexibility to model and change architectures (see Section
6). We found this facility to be very useful when
architects dramatically change an architecture, or are
doing alternative or exploratory modelling of parts of an
architecture. Relaxing some constraints makes it easier
for architects to morph or revise parts of the model
through partially inconsistent states, than if meta-model
typing constraints are always rigidly enforced.

We allow users of SoftArch to open JViews projects,
which contain partial meta-model specifications. Meta-

refineable-to

model components in different projects build upon one
another to construct a complete set of component and
other types available when modelling architectures with
SoftArch. Users can extend the meta-model using a
simple visual specification tool, illustrated in
(b). Using multiple meta-model projects allows architects
to package domain-specific meta-models e.g. “basic
abstractions”,  “real-time  systems”, ‘“e-commerce
systems” etc., each with specialised architecture
modelling abstractions.
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5.2. Flexible Modelling Notation

JComposer provides a notation icon editor,
BuildByWire, which can be used by tool users to
reconfigure their icon appearance in certain ways
With SoftArch, we decided to take an alternative
approach and provide users with a range of icon
appearances that they could tailor as they required via the
same dialogue used to specify and view architecture
component properties. For example, [Figure 3] shows two
examples of modelling the same information in SoftArch,
the top view using bus-style associations between client
and server components and the bottom node-style
connectors and enclosure of clients running on the same
host. The dialogue shown provides configuration
capabilities allowing users to tailor the appearance of
component, association and annotation icons as they
require. Automated tailoring can be achieved using
Serendipity-II task automation agents (see Section 6).

We adopted the customisable icon appearance
approach over having end users use BuildByWire directly
as it is much easier and quicker for them to tailor icons,
and they do not need to learn to use the meta-CASE tool.
They also can not make errors and cause SoftArch to fail,
which is possible using BuildByWire directly. Users can,
however, use the BuildByWire meta-CASE tool to extend
the possible icon appearances if no pre-defined ones suit
their needs.

5.3. Refinement Templates

In order to support reuse of common architectural
styles and patterns, we developed reusable refinement
templates for SoftArch. A view in SoftArch which
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specifies the refinement of one (or more) architectural
components into more detailed architectural model
components can be copied and packaged for reuse. For
example, (a) shows a packaged refinement
template commonly wused in simple e-commerce
applications. The high-level component “simple e-com
server” encloses (and thus is refined to) several parts: an
http server with html and other files, an application
server, and an RDBMS server with tables. (b)
shows how the user of SoftArch has reused this
refinement template when developing part of the travel
itinerary system’s architecture. SoftArch allows users to
reuse refinement templates by creating subviews for a
specified component or by automatically copying the
template components into their model (as in this
example).

JViews does not explicitly support the concept of
templates. When developing Serendipity-II’s process
templates we built a complex mechanism for copying and
instantiating template process models [EII

When developing SoftArch refinement templates we
instead extended the versioning and import/export
mechanisms JViews supports. A template is created by
exporting a view to a file then importing it and using
JViews’ component identifier (ID) mapping mechanism
to create a template. When instantiating a template, we
export the template to a file then import it, using the same
ID mapping mechanism to create new components with
unique IDs in the software architecture model.
Refinement links are created automatically by SoftArch
for subviews, and are created automatically for imported
enclosed components and explicit refinement links.
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Figure 6. (a) Example of SoftArch template; (b) reused template.




This approach proved to be a much simpler solution
than that used for Serendipity-II, but provides almost
identical template support. JViews’ version merging
abstractions can even be used to reconcile changes
made to the template or components copied from the
template into the architecture model.

5. Process and Analysis Support

6.1. Process Management

We wanted to provide SoftArch users with integrated
process management support to allow them to use
enacted process models to both guide and track their
work. It would also automate tedious tasks like
enabling/disabling analysis agents and configuring
allowable component types and notation appearance
during different stages of architecture model
development. Rather than building process support into
SoftArch, as done in Argo/UML [, using CAME tools
like MetaEdit+ with very limited automation support
[, or forcing developers to configure the tool
themselves, as in Rational Rose [, we reused the
Serendipity-II process management environment.

shows a simple architecture development
process in Serendipity-II, along with a task automation
agent which enables and disables groups of analysis

EgiSimple SA Modelling process: top level
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agents when a particular process stage is enacted or
finished. Serendipity-II detects changes made to SoftArch
models and records these against process stages, allowing
developers to track work associated with different process
tasks/subtasks. The task automation agent illustrated here
detects process activation/deactivation (the left-hand
square icons, or “filters), then uses two actions (shaded
ovals) to enable and disable named SoftArch analysis
agents (right-hand side rectangles). The actions send
events to the SoftArch analysis agent manager to enable
or disable the named SoftArch analysis agents. The filters
and actions used here are reused from a library of such
event-driven components. Others can be implemented
using JComposer and Java and added to this library as
required.

This integration is achieved by Serendipity-II using
JViews’ component event propagation mechanism to
listen to SoftArch component events and to record these.
The task automation agents, like the one shown here,
send events to SoftArch which configure analysis agents,
configure display of notational symbols and configure
available meta-model abstractions. This produces what
seems to the developer to be a more or less seamlessly
integrated process management and task automation tool
support for SoftArch.
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Figure 7. (a) Simple software process; (b) simple analysis co-ordination agent.



5.2. Design Constraints, Critics and Analysis Agents

SoftArch’s meta-models have a set of analysis agents
(implemented by event-driven JViews components)
which monitor the state of the architecture model being
developed. Agents may be fired immediate an invalid
action is made e.g. incorrect association type specified
between two architecture components, and the editing
operation reversed and an error dialogue shown.
Alternatively, they can monitor changes and
unobtrusively add messages to an analysis report dialogue
(like the one shown in Figure 2), or can be run on-
demand by developers and their error messages displayed
as a group. Users can control the way an analysis agent
behaves using a control panel dialogue e.g. change an
agent from running as a constraint to a critic, enable or
disable agents etc. As show in Serendipity-II
visually-specified task automation agents can also be
used to control analysis agents.

Users can also extend the set of analysis agents being
applied to a SoftArch model by using Serendipity-1I’s
task automation agent specification tool. shows
a user-defined analysis agent that checks to see if a
component has associations (either from it to other
components, or to it from other components). The top
“guard” filters are fired when a component has been
changed, and then following filters determine if the
component has associations to/from it. If neither, an
action (bottom oval icon) generates an error event which
the analysis agent manager displays in an error dialogue
(if this agent is run as a constraint) or displays in an
analysis agent report.
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6. Tool Integration

7.1. OOA/D Import & Export

Many tools exist which provide object-oriented
analysis and design capabilities. Our own JComposer is
one such example, but others include CASE tools like
Rational Rose [[L5]] and Argo/UML [. We originally
planned SoftArch as an extension to JComposer, but
decided it would be more useful as a stand-alone tool,
that could ultimately be used in conjunction with other,
3" party CASE tools.

SoftArch requires constraints from an OOA model,
particularly non-functional constraints like performance
parameters, robustness requirements, data integrity and
security needs and so on. These constrain the software
architecture model properties that needs to be developed
in order to realise the specification. These also influence
the particular architecture-related design decisions and
trade-offs software architects need to make. Similarly, a
SoftArch architectural model is little use on its own, but
needs to be exported to a CASE tool and/or programming
environment for further refinement and implementation.
Some code generation can even be done based on a
SoftArch model description e.g. appropriate middleware
and data management code generated. When reverse
engineering an application, an OOD model will need to
be imported into SoftArch and a higher-level system
architecture model derived from it. Ultimately an OOA
specification may be exported from SoftArch to a CASE
tool. Thus SoftArch must support OOA and D model
exchange with other tools, and ideally some code
generation support.

We initially used a JComposer component model as
the source for SoftArch OOA-level specification
information. JComposer allows not only functional
requirements to be captured, but has the additional benefit
of requirements and design-level component “aspects”,
which are used to capture various non-functional
requirements We developed a component that
supports basic component and aspect import into
SoftArch from a JComposer model, using JViews’ inter-
component communication facilities to link SoftArch and
JComposer.

Rather than add OOD and code generation support to
SoftArch itself, we leveraged existing support for these in
JComposer. SoftArch uses JComposer’s component API
to create OOD-level components (classes) in JComposer,
and instructs JComposer to generate code for these to
produce .java files. JComposer supports a concept of
code fragments, which SoftArch uses to generate some
basic Java component configuration, communications and
data access code for generated classes. illustrates
the interaction of JComposer and SoftArch to achieve
OOA import and OOD/P export for SoftArch.

JComposer was reasonably straightforward to
integrate with SoftArch as JComposer provides a JViews-
implemented, component-based API. Other CASE tools
and programming environments do not generally provide



such open, flexible integration mechanisms. Generated
.java class source code files can be used in tools like JDK
and JBuilder, and changes reverse engineered back into
JComposer and then into SoftArch. We have prototyped a
data interchange mechanism to enable SoftArch to
exchange OOA and D models with Argo/UML using an

I T T

%b

XML-based encoding of UML models. This is a less
tightly integrated mechanism than that used by SoftArch
and JComposer, but allows other tools using the XML
exchange format for UML models to be integrated with
SoftArch in the future.
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7.2. Runtime Architecture Visualisation

So far we have discussed static architecture
modelling, analysis and OOD/code generation support
with SoftArch. Ultimately we would like to extend
SoftArch’s support for architecture modelling to include
dynamic architecture visualisation and configuration i.e.
run-time visualisation and manipulation of software
architecture abstractions using SoftArch-style views. We
are beginning work to achieve this by making use of our
JVisualise component monitoring and configuration tool
[IZ]. JVisualise allows running JViews-based systems to
be viewed using JComposer-style visual languages. Users
can also manipulate visualised components — changing
their properties, adding or removing inter-component

relationships, and creating new component instances. We
intend to enhance JVisualise to enable any JavaBean-
based application to be thus monitored and controlled.
illustrates how SoftArch will be used to
visualise and configure running software architectures.
JVisualise will request running components send it
messages when they generate events, and will create
proxies to enable it to intercept operation invocations on
components. SoftArch will instruct JVisualise to send it
these low-level component monitoring events, which will
be mapped onto SoftArch OOD components using the
JComposer-generated Java class names. SoftArch will
then allow users to view information about running
components using higher-level SoftArch views, as OOD-



level components will have refinement relationships to
higher-level architecture components in these views. For
example, when components implementing a server are
created and the server initialised, SoftArch can show a
single server component has started in a high-level
SoftArch view. Similarly, when the server component
receives a message from a client, SoftArch can annotate a
high-level association link to indicate this. The user may
add a client component to this dynamic visualisation view
and connect it to the server. SoftArch can instruct
JVisualise to create appropriate components which
implement the client and initialise them.

JComposer-generated OOD models and code may be
extended if necessary to include additional monitoring
components and wrappers to intercept data and
communication messages. JVisualise would use these to
provide improved event and message monitoring and
control support.

7. Discussion

A wide variety of tools and approaches exist with
which to build a system like SoftArch. General-purpose
programming languages and frameworks, such as Java
and JFC, Borland Delphi, Smalltalk, or similar, can be
used to implement such a tool “from scratch”. However,
many tool facilities required by SoftArch, including
multiple views with consistency management, multi-user
support, version control, persistency and distribution, and
so on, are time-consuming to build using such
approaches. In addition, building tools with extensible
meta-models, visual languages and tool integration
mechanisms with these low-level abstractions is
extremely difficult.

General purpose drawing editor frameworks, such as
Unidraw [ and Hotdraw [ﬁ, could be used to provide
editing support, and middleware architectures like
CORBA [, DCOM [ and Xanth [ used to
support distribution and transparent persistency. Again,
these technologies assist tool developers but still lack
appropriately focused software tool building abstractions.
An existing CASE tool, such as JComposer [ﬂ, MOOSE
[#] or Argo/UML [[I7] could be extended to add
SoftArch-style support. However, such an approach
would make an already very complex tool more
monolithic, the existing CASE tool infrastructure may not
support some desired characteristics of SoftArch, and the
resultant tool may not be usable with other 3™ party tools.

A variety of meta-CASE and CAME tools exist which
might be usefully employed. Examples include KOGGE
[B), MetaEDIT+ [[2], MetaMOOSE [f], MOOT [[i6],
and JComposer []. Tools like MetaEDIT+ and KOGGE
provide a range of abstractions and tools enabling quick
development of conventional CASE tools. Unfortunately
they do not support well the need for users of SoftArch to
extend architecture model abstractions and notations, do
not provide adequate model analysis tool building
support. MOOT and MetaMOOSE provide better support
for extensible meta-models for software tools, and

reasonably tailorable notations. However, they do not
support template reuse well, and their analysis tool and
tool integration capabilities are limited.

We found our JComposer tool to be of relatively
limited usefulness in developing SoftArch. JComposer
and its underlying framework, JViews, do not directly
support the concept of an extensible tool meta-model,
user-configurable icons for visual languages, patterns and
templates, model analysis and process co-ordination, and
flexible tool integration support. Process co-ordination
and tool integration are provided by additional plug-in
components (for example, the Serendipity-II process
management tool for processes, and various components
for database, remote server and XML data encoding use).
This support could be improved to make build
environments like SoftArch easier.

Allowing users to dynamically extend the meta-model
of their enviroments, the visual languages they model
with, the analysis tools and incorporate integration
mechanisms with third-party tools are all very difficult in
general. Our approach with SoftArch has been to build a
JViews meta-model that has its own visual programming
language, and have SoftArch use this model to validate
architecture models. This proved challenging to realise,
as JViews components designed for building software
tools weren't built with a meta-model in mind, but rather
a fixed, JComposer-generated model. Re-architecting
both JViews and JComposer is required to provide
suitable abstractions that make it easier to build such
facilities.  Similarly, while we developed the
BuildByWire visual tool for iconic specification, this was
not intended for use by tool users directly, but for tool
developers. We need to modify the architecture of this to
better-support end user configuration of iconic
appearance, while retaining tool editing semantics.

We have built some reusable components in JViews
which can be deployed for use in other environments to
support analysis agent specification. We have also
developed some basic agents in Serendipity-II that can be
deployed by end users to extend the constraint and
analysis checking of their tools while in use. However,
these require further development to become easier to use
by both tool developers and users. Similarly, our tool
integration components built for SoftArch could be
usefully generalised to make building file and XML-
based tool integration easier. We are extending JViews'
support for patterns and templates, and also extending
JViews and JComposer to provide higher-level dynamic
monitoring to better support visualisation of running
SoftArch-modelled systems.

Alternative approaches to building SoftArch might
have used a meta-CASE tool which allows end users to
extend a meta-model and/or visual notation. However,
most meta-CASE tools, like JViews, assume tool
developers specify such meta-level constructs, rather than
tool users. Another approach would be to use tools
designed for end wuser computing, somewhat like
Serendipity-II's process modelling and agent specification



tools. In fact, we originally explored building most of
SoftArch using Serendipity-Il in this fashion.
Unfortunately the abstractions supported by such an
approach for SoftArch-style notations, architecture
models and analysis are very difficult to express in such
end user computing tools, and the efficiency and
extensibility of the resulting solution likely to be poor.

8. Summary

We have described the construction of the SoftArch
software architecture modelling and analysis tool.
SoftArch requires a number of facilities that are
challenging to build using conventional tool development
approaches. We achieved the aim of an extensible set of
modelling abstractions and notations by using a user-
extensible meta-model and set of user-customisable
icons. Reusable refinement templates are supported by
SoftArch, leveraging component import/export and
version merging capabilities of our tool implementation
framework. Process support, including work co-
ordination and user-defined analysis agents, are supported
by integrating SoftArch with the Serendipity-II process
management environment. OOA/D import/export and
code generation and reverse engineering support are
provided by integrating SoftArch with the JComposer
component engineering/meta-CASE environment and the
Argo/UML CASE tool.

We are investigating extending our JComposer meta-
CASE toolset to better support meta-models for software
development tools, and to provide abstractions for
template and pattern reuse. In addition, we are
investigating other process management tool integration
approaches, such as the workflow management
coalition’s process interchange format. We are also
investigating other interchange formats for CASE tools
and programming environments, allowing more OOA
specification information, especially non-functional
requirements codification, to be exchanged, along with
improved OOD and code generation facilities. We are
beginning to develop an exploratory dynamic architecture
visualisation and configuration facility, using SoftArch
and the JVisualise component monitoring tool.
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Abstract

Computer-Aided Software Engineering (CASE) tools need to cooperate and this can be accomplished by exchanging
or sharing meta-data stored in arepository.

STEP is an SO 10303 standard developed to facilitate product information sharing by specifying sufficient semantic
content for dataand their usage. STEP is providing a dedicated technology, mainly an object oriented modeling language
EXPRESS and a standardized data access interface SDAL.

Meta-modeling the repository in EXPRESS allows a facilitated cooperation. Both exchange and sharing are provided
by the SDAI generated from the EXPRESS meta-schema. Some experiments are related and an industrial project is
depicted. Designer/2000 modeling is jointly used with dedicated Visual Basic code generators. Consistency is needed
between these two tools families. Thisis achieved with a simple tool, but the use of the experimental method proposed is
still difficult. Impedance mismatch between relational and object database paradigms may be the origin of the difficulties.

Keywords: CASE toolsinteroperability, CASE tools implementation, STEP standard, SDAI, EXPRESS

I ntroduction

CASE tools assist system development in managing
system documentation. Documentation is structured with
the help of various models, elaborated throughout the sys-
tem devel opment cycle. Information on the different mod-
els are the data (in fact meta-data) processed by the CASE
tools. Cooperation of CASE tools rely on common meta-
dataaccess. Thiskind of cooperationisdescribed asadata
integrationin[12].

CDIF (CASE Data Interchange Format) [3] and IRDS
(Information Resource Dictionary System) [6] are two ex-
amples of proposals intended to facilitate the cooperation
of CASE tools and the exchange of models between the
vendor’stools.

Inearly 90's, CDIF and IRDS are the major representa-
tives of the two approaches used to (meta-)data integra-
tion : exchange of meta-data files or sharing through a
common repository. These approaches are still valid to-
day, although the technology dlightly differs (e.g. use of
marked-up language such as XMI or dedicated API).

One major component of a CASE toal is the repository.
A repository holds the system documentation in a central

place online. Various tools pick information in the reposi-
tory, process them and store the results in the repository.
The structure of data in the repository is often referred
as the meta-model. The repository itself is usually im-
plemented using either a relational or an object-oriented
database management system.

STEP is an 1SO 10303 standard developed to facilitate
product information sharing by specifying sufficient se-
mantic content for data and their usage. Parts of 1 SO 10303
are intended to standardize conceptual structures of infor-
mation which are either generic or within a subject area
(e.g. mechanics). Standardized parts are expressed with
a dedicated technology, mainly an object-oriented model-
ing language called EXPRESS and a standard data access
interface called SDAI.

Asmentioned in the STEP box, the SDAI isafunctional
interface for EXPRESS-model ed database and is indepen-
dent of any particular system and language. The SDAI al-
lows data sharing as well as data exchange. The key point
is that a SDAI is automatically generated from the EX-
PRESS schema of the database (as long as an SDAI gen-
erator has been made for the target database management
system).



STEP description and implementation methods

The EXPRESS language [1] is an object-oriented modelling language. The application data are described in schemata. A

schema has the type definitions and the object descriptions of the application called Entities. An entity is made up of attributes and
constraint descriptions.
The constraints expressed in an entity definition can be of four kinds: (1) the unique constraint allows entity attributes to be con-
strained to be unique either solely or jointly, (2) the derive clause is used to represent computed attributes, (3) the where clause
of an entity constraints each instance of an entity individually and (4) the inverse clause is used to specify the inverse cardinality
constraints. Entities may inherit attributes and constraints from their supertypes.

The STEP physical file format defines an exchange structure using a clear text encoding of product data for which a conceptual
model is specified in the EXPRESS language. The mapping from the EXPRESS language to the syntax of the exchange structure
is specified in [2].

The Standard Data Access | nterface (SDAI) [3] defines an access protocol for EXPRESS-modelled databases and is defined
independently from any particular system and language. The representation of thisfunctional interfacein aparticular programming
language is referred to as alanguage binding in the standard. As an example, 1SO 10303-23 is the STEP part describing the C++
SDAI binding [4].

The five main goals of the SDAI are: (1) to access and manipulate data which are described using the EXPRESS language, (2) to
allow access to multiple data repositories by a single application at the same time, (3) to allow commit and rollback on a set of
SDAI operations, (4) to alow access to the EXPRESS definition of all data elements that can be manipulated by an application
process, and (5) to alow the validation of the constraints defined in EXPRESS.

An SDAI can be implemented as an interpretor of EXPRESS schemata or as a specialized data interface. The interpretor imple-
mentation is referred to in the standard [3] as the SDAI late binding. An SDAI late binding is generic in nature. The specialized
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This paper argues that given a CASE tool, data interop-
erability can be accomplished through an SDAI generated
from the EXPRESS schemaresulting from the meta-model
used in the CASE tool. Benefits of this method include
data exchange as well as data sharing, allowing system de-
velopers to use best suited CASE tools to their projects,
even if they belong to different CASE toolsets. However,
complex repository causes a complex meta-modeling and
the resulting SDAI can be difficult to use.

The paper is organized as follows: an example of dif-
ferent data integration is described in section 1. Section 2
shows how different CA SE tool were needed and used in a
commercial system. Then we finish with perspectives and
aconclusion.

1 Examplesof dataintegration

1.1 UML

Within the context of a research project, colleagues
were faced to use jointly two kinds of CASE tools: aUML
tool and a SDL tool. The cooperation should bethefollow-
ing: an UML tool will be used to design classdiagramsand
collaboration diagrams. SDL code will be generated from
both diagrams and then imported into the SDL tool.

Within another research project, a colleague wished to

use UML to design class diagrams and then generate a
SmallTalk-80 implementation. Unfortunately, he didn’t
find any UML tool able to generate Small Talk-80 code.

We started two different projects of two persons within
the context of final-year course-work (bachelor students).
We chose Argo/UML from Jason Elliot Robbins [10] for
its open-implementation and its conformity to the UML
Meta-model 1.1 [1]. Moreover, Argo/UML allows the two
types of data integration mentioned above : a set of Java
classes providing an API (Application Programming Inter-
face) to the meta-data as well as a file exchange format
(.xmi).

M eta-programming with an APl  For the cooperation
between Argo/lUML and SDT [11], a SDL tool, meta
programming with ARGO APl was chosen. Argo/UML
does not use a database management system to storeinfor-
mation about diagrams. Hence in order to share meta-data
with the class and collaboration diagrammers, students[4]
incorporated a SDL generator in Argo/UML. This genera-
tor was written in Java.

Part of the time devoted to the project has been used
to understand the UML meta-model (available only in a
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graphical UML form) and to learn the use of the API
(formed by atotal of 120 classes) and the way it matches
the meta-model. Then the students were able to use the
API to write their SDL generator.

Meta-data exchange In the second project, meta-data
exchange between Argo/UML and the generator was the
solution we kept. The generator was built with Eugene, our
STEP-based application generators builder [9]. Eugeneis
used within the context of research projects at Brest Uni-
versity and also in industrial projectsin Syseca, a software
company.

Like the first project, part of the time was devoted to
UML meta-model understanding. Building an application
generator with Eugene requires an EXPRESS description
of the meta-model of the generator inputs (here a .xmi file)
and students did it [5]. Then a meta-program was written
in order to generate Smalltalk-80 code from meta-data.

Discussion We cannot compare the time devoted to real
development in each project. The SDL generator was writ-
ten without any meta-environment whereas the Small Talk-
80 generators uses that type of environmment. But there
were two successive phases in both projects, i.e. learning
the system (APl or meta-model) and programming. Two
points should be noted:

e Learning an API is an experimental task, and no
learning method can be provided. Consistency inthe
naming of elements and operationsin the API helps
to make learning and use more efficient.

Theuse of Eugeneimplieswriting of aschemaof the
meta-model. The learning phase is in fact a meta-
modeling phase. This activity helps the studentsin
thelearning of UML meta-model.

e Programming an API dependson the API itself. Lit-
tle experience can be re-invested in another API.

Meta-programming is based on the meta-modeling
phase, and another project will require another meta-
modeling activity. So some meta-modeling experi-
ence will grow from a project to another.

1.2 STEP use

Cooperating with a CASE tool is made easier if the
CASE tool provides an access to meta-data (API, meta-
data files or others formated outputs). Experience gained
from the above projects enables us to provide a method
(supported by atool, an SDAI generator) to write a CASE
tool intended to cooperate with an existing CASE tool (see
fig. 2):

Meta-modeling The structure of the existing (source)
CASE tool repository is modeled with EXPRESS
schemata.

SDAI generation An SDAI for the management system
running the new CASE tool (caled the target sys-
tem below) is generated. This requires naturally an
SDAI generator suited to the target system, but such
an SDAI generator is re-used for each CASE tool
available within this target system.

The SDAI is useful for each source CASE-tools:
meta-data produced by a source CASE-tool are im-
ported into the new CASE tool. For such atask, a
specific program (i.e. a program parser or a meta
data converter) is implemented. An SDAI can be
generated within the source system and used for this
implementation.

CASE tool development The development of the new
CASE tool is based on the SDAI, which provides
astandard access to the meta-data exported from the
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existing CASE tool and managed by a STEP reposi-
tory.

2 Working with different CASE tools

2.1 The context

At Syseca Brest, a small team (3-6 persons) has been
developing new software within a global project named
ARIANE : the management of the textile department of a
supermarket chain. Technical choices made at the begin-
ning of the project (1995) and still valid are Oracle7 (now
OracleB) for the database management system and Visu-
alBasic and SQL for the client software. System analy-
sis and design is done with the help of Designer/2000; the
repository is continually updated and SQL DDL code (the
database schema) used in the project is always obtained by
the code generators of Designer/2000.

Since 1998, a part of the team'’s effort has been de-
voted to developing and maintaining afamily of VisualBa-
sic generators, caled GARI (for Generator ARlane). Eu-
gene is the environment used to build the generators. In-
put to these generators are either SQL select statements or
EXPRESS schemata hand-made from Designer/2000 in-
formation.

2.2 Designer/2000

Oracle Designer/2000 is a suite of software toolsets
for designing Windows-based client/server applications
that interact with an Oracle database. Designer/2000 in-
corporates support for busines process modeling, system
analysis, software design and code generation [8]. De-
signer/2000 provides a multi-user repository implemented
using Oracle's RDBMS. The repository consists of tables
that store information on the system we are analysing,
designing and producing. A good introduction to De-
signer/2000 software toolsets and also a software devel-
opment method using these tools can be found in [2]. De-
signer/2000 provides an Application Programming Inter-

face (API) to the repository. The API is a set of database
views and PL/SQL packages that allow safe access to the
repository data (meta-data).

2.3 Visual Basic Generators

The GARI family isused throughout the projects. Some
generators use EXPRESS schema as inputs and still pro-
duce VB code. These schemata need to be hand-written
from the meta-data of the repository. They may include
entities and their attributes or tables and their columns, all
of which have individual properties useful for the genera-
tors. The re-writing in EXPRESS schema of the informa-
tion still present in the Designer/2000 repository is a te-
dioustask, proneto errors and requiring repeated effortsto
maintain the mapping between Designer/2000 information
and VB code generated.

So the problem lies on providing inputs to GARI gen-
erators with a guaranteed and automatic consistency with
the Designer/2000 repository. Thiswill provide aseamless
integration of all CASE tools used in the project.

2.4 Possible solutions
24.1 Generating EXPRESS from repository data

A first solution will be making a translation tool able to
produce EXPRESS schema from the repository meta-data.
The seamless integration is obtained through three steps
(seeour current implementation depicted in figure 3): anal-
ysis and design using Designer/2000 tools, generation of
the EXPRESS schema, generation of the VB code with the
GARI family.

Pros and cons It took three weeks to make the above
trandation tool (called Malam) [7]. It works as expected
and provides consistency. But this consistency is possible
because there is no semantic |oss between the information
needed in the repository and the translation in EXPRESS.
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We are working essentially on table definition which are
easy to trandlate.

242 Meta-modeling the repository structurein EX-
PRESS

As stated in conclusion of section 1, cooperating with De-
signer/2000 will be made easier by an SDAI operating on
the repository, this SDAI being generated from a meta-
model of the repository.

Since the repository is a standard SQL database, the
trand ation tool above depicted in 2.4.1 can be used to pro-
duce automatically an EXPRESS schema of the repository
structure. We did so but we now need to refine the schema.
As amatter of fact, the repository consists of a relatively
small number of tables that store the meta-data. These ta-
bles have complex (undocumented) relationships. There
are, however, many views of these tables that represent
repository objects, such as entities and attributes. These
views are an important part of the APl because they a-
low us to examine the definition of objetcs created through
thetoolsets [2]. Unfortunately, if trandlating automatically
SQL DDL statements is straightforward, this is not true
with SQL DML statement, specially if they are complex.

Prosand cons Thegenerated schemacontains morethan
5000 EXPRESS statements. Generating an SDAI for this
schemaprovidesacomplex API, usablein many situations.
Until now, we haven't built new tools that will use this
SDAI. Intuitively, we expect that using this SDAI will be
so complicated that it requires company investments.

3 Perspectives

Perspectives depends on the quality and the readibil-
ity of the Designer/2000 repository meta-modeling. Com-
mercial tools often change but our experience with Oracle

CASE tools indicates that the repository (formerly named
Case* Dictionary in previous version of Oracle CASE) is
stable, at least for the analysis and design phase. So, we
are pursuing our efforts in repository understanding and
meta-modeling refinements. The data-flow between De-
signer/2000 and the futur family of tools is depicted in
figure3.

The difference of paradigm between a relational
database (the repository) and an object-oriented schemata
causes some problems, which may not be solved automat-
icaly.

4 Conclusion

We need a cooperation between different CASE tools,
especialy if we wish to guarantee consistency. This re-
quires access to the CASE tool repositories. STEP is an
SO standard (1SO-10303) for the computer-interpretable
representation and exchange of product data. We success-
fully used STEP framework to produce SDAI automati-
cally from the repository meta-modeling, and using this
standard meta-data access more easily than the dedicated
repository API. However, when the repository structure is
complex, following this approach requires investments. In
fact it depends on the quality of the meta-model. Hence
in some situations, dedicated transation tools using the
repository APl are easier to develop.
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Abstract

Tool builders dealing with many different languages, and language designers require sophisticated pretty-print techniques
to minimize the time needed for constructing and adapting pretty-printers. We combined new and existing pretty-print
techniques in a generic pretty-printer that satisfies modern pretty-print requirements. Its features include language inde-
pendence, customization, and incremental pretty-printer generation.

Furthermore, we emphasize that the recent acceptanaelofis international standard for the representation of struc-
tured data demands flexible pretty-print techniques, and we demonstrate that our pretty-printer provides such technology.

Keywords: documentation, languagesyiL , tool construction, software engineering

1. Introduction implementation of the generic pretty-printepr. Several

Prettv-printing is concerned with formatting and oresen-C2S€ studies are discussed in Section 4. Section 5 explains
y-p 9 9 P OW our pretty-printer can be used to formaiL docu-

tathn of computer .Ianguages. These languages m(.:ll.j ne1ents depending on their document type definitiong)
ordinary programming languages and languages deﬁmngnd how it may function as alternative to the extensible
data structures<xmL [6], recently accepted as international Y oo
) . style languagexsL). Contributions and future work are
standard for the representation of structured data, brlngg Jdressed in Section 6
formatting issues (related to the transformationxefL '
documents to user-readable form) towards a broad com-
munity of tool builders. 2. State of the art
These tool builders as well as language designers dé&raditionally, mostly ad-hoc solutions have been used to
mand advanced pretty-print techniques to minimize theope with the problem of formatting computer languages.
time required for developing new or adapting existingNot only were traditional pretty-printers bound to specific
pretty-printers. For both it is essential to maximize lan-languages, they also contained hard-coded formatting rules
guage independence of pretty-printers and to be able twhich made them non-customizable.
add support for new languages easily. Moreover, pretty- The first general solution to the pretty-print problem
printers should minimize code duplication, be customizaas formulated by Oppen [20]. He describedlam-
able, extensible, and easy to integrate. guage independergretty-print algorithm operating on a
Most pretty-print technology used in industry today sequence of logically continuous blocks of strings. The di-
does not meet these requirements. This lack of sophisdsion of the input by delimiters (either block delimiters or
ticated technology makes development and maintenaneehite space) provides information about were line breaks
costs of pretty-printers high. Despite the academic reare allowed.
search in this field which has yielded advanced pretty- Oppen also introducedonditional formattingto sup-
print techniques, we observe that these techniques have nadrt different formattings when a block cannot fit on a
come available for practical use yet. single line. He distinguishes inconsistent breaking, which
In this paper we combine new and existing techniquesninimizes the number of newlines that are inserted in a
to form a pretty-print system that satisfies modern prettyblock to make it fit within the page margins, and consis-
printer requirements. It features language independencient breaking, which maximizes the number of newlines.
extensibility, customization, pretty-printer generation, andConditional formatting has been adopted in most modern
it supports multiple output formats including plain text, pretty-printers.
HTML, and BTpX. Furthermore, the pretty-printer can eas-  In addition to Oppen, many language independent
ily be integrated in existing systems and is freely availablepretty-printalgorithmsare described in the literature. Tra-
This article is organized as follows. Section 2 describeslitional algorithms which are more or less similar to Op-
several aspects of pretty-printing by summarizing earliepen’s include [23, 18, 24, 19, 30]. A consequence of con-
work in this field. In Section 3 we describe the design andlitional formatting is an exponential growth of the pos-



sible formattings. While the traditional algorithms only CFG
consider a small subset of these formattings in order to T
limit execution time, more advanced formatting algorithms
are designed in the community of functional programming
[12, 26, 14, 34]. These algorithms heavily depend on lazy
evaluation to abstract over execution time. This allows

the pretty-printers to select an optimal formatting in a lazy

table
generator

fashion from all possible ones.

Several formatting primitives have been suggested as pretty-print o7
alternative to the blanks and blocks of Oppen. Modern U or® Lprongam,
pretty-printers describe formatting in termshafxeqas in-
troduced by [15] and [18])PPML[19] defines a formalism \ /
based on boxes to define the structuring of displays. It in-
troduces different types of boxes for different formatting. @X

0 0 0
L program L program L program

Examples are thk box for horizontal formatting and for
vertical formatting. Based onPML, [30] introduces the L
languagesox, mainly to solve some technical problems representation
of PPML. Another similar approach tepmL is described L program
by Boulton [5]. He describes a formalism to annotate a
grammar with, among others, abstract syntax and format-
ting rules. The syntax for specifying formatting is based @f@
ONPPML.
Oppen [20] observed that the process of pretty-printing
can be dIVIded in a Ianguage dependmnt-endfor the repretgé(rtltation reprl_eas-le;ﬁ?ation reprglti.vlnlt_ation
translation of a program text to some language independent f f f
formatting, and a language independbatk-endwhich
translates the language independent formatting to an output i , .
format. All current pretty-printers that we are aware off 19ure 1. Anoverview of the generic pretty-print&ee. It
follow this structure. consists of a table generator, a front-epdréetree2-
The division of a pretty-printer in a front-end and back—box ). and three chk-ends which produce plain taxL
end not only makes a back-end language independent, q,pd BTEX, respectively.
also makes a front-end output format independent. Despite
this fact, by far the most back-ends that are described in the . .
literature concentrate on the translation from a language inQOde)' is used in [23, 24, 5].
dependent input term to plain text. Articles which address . A front-end can aiso be generated from_a grammar
the translation to other output formats include [19, 30, 27].WlthOUt annotated format rules by a pretty-pnngaqer— ,
A nice formatting is a question of style and personalator _that analyses the st-ructure of a grammar to "guess
taste [16]. Blaschek and Sametinger [4] emphasize that suitable layout. Despite the usefulness of such gener-

" . ators in environments where a large number of evolving
the ability to customizehe generated output of a pretty- . : ;
) : : . = languages are used, little work has been carried out on this
printer to one’s favorite style can improve the readability, ~ i
AT Lo ._“topic. The only pretty-printer generator that we are aware
and maintainability of programs significantly. Customiz- " . ! X )
. - . : . of is described in [30]. They describe a generator which
ing existing pretty-printers mostly requires changing the

code manually, or modifying the formatting rules as anno_produces dedicated, language specific front-ends. These

tations of the grammar (which, as a result, also modmefront-ends contain formatting rules and the code to perform

the grammar). An ordinary user cannot be expected to pe%he formatting. The actual formatting can be customized

form such modifications. A more user-friendly approach of[)y adapt_lng or .extendlng thg generated code. Their ap-
customizable pretty-printing is described by [4]. They in_proach yields highly customizable formatters but the for-

troduce user-adaptable pretty-printing using personal prorpatters are language dependent and customization requires

files which provide individual formatting rules for general modlfylng the generated code (and thus requires under-
| standing the generated code).
anguage constructs.

A front-end for a language can be constructed by hard- , ,
coding the formatting rules manually, or be generated frons: A Prétty-printer for every occasion
a grammar annotated with formatting rules. The first apDespite all research on the topic of pretty-printing, most
proach is most commonly used, for example in [13, 19]pretty-printers that are used in practice are language spe-
The latter approach, suggested by Oppen (who emphasizedic, inflexible, and support only a very restricted number
the importance of separating pretty-print information fromof output formats. Moreover, for many languages not even



a pretty-printer exists. Adding support for a new language (6‘0"0“5

or a new output format often means implementing a new o®® of® description

pretty-printer from scratch. Thisis notonly atime consum{ "H hs Formats its sub-boxes horizontally.

ing task, but also introduces much code duplication which VvV vs,is Formats its sub-boxes vertically.

increases maintenance costs. HV hs,vs,is Inconsistent line breaking. Respect$
On the other hand, more advanced pretty-printers that line width by formatting its sub-boxes

have been developed as part of research projects are often horizontally and vertically.

incomplete (because they only address a limited number of A _ hs:vs Formats its sub-boxes in a tabular.

pretty-print aspects), or are tightly coupled to a particula ALT De'oend'r.'g on the available width, for-

system [19, 30] which make them hard to use in general. mats its first or second sub-box.

Summarizing, there is a great need for advanced prettyl-_ . .
. . L . . ._“Table 1. PositionalBox operators and supported space options
print techniques in industry which are flexible, customiz- hs defines horizontal layout between boxes,defines vertical
able, easy to use, and language independent. Despite Y '

y t between box meldefines left indentation
research in this field there are currently no such pretty ayoutbetween boxes, amsidetines e entation).
printers for practical use available.

In the remainder of this section we will describe allows anvBox producer to be connected to aBUX Con-
the architecture and design of the generic pretty-printer YBOX P v

) . . . sumer. This flexibility allows a whole range of front-ends
GPP which satisfies modern pretty-print requirements. nd back-ends of different complexity to be connected to

The pretty-printer is language independent and diVide@e pretty-print framework. For example, multiple front-

in front-ends and back-ends to make future extensions . o

i . : nds for a single language may exist simultaneously, pro-
easy to incorporate. A box based intermediate format. | . > . . .

viding different functionality or different quality. One of

(called Box), which supports comment preservation andthem might be optimized for speed, performing only basic
which is prepared for incremental and conservative prettyf- 9 P peed, p gonly

o . ) . ormatting for instance, while another is designed to pro-

printing [25], is used to define the formatting of languages ;
. duce optimal results at the cost of decreased performance.

and to connect front-ends with back-ends. Furthermore,
the pretty-printer uses new techniques to support cus-
tomization of pretty-printers (based on re-usable, modulas-2-  1he box markup language
pretty-print tables), and incremental pretty-printer generBoX is a language independent markup language designed
ation. We support multiple output formats including plainto describe the intended layout of text. Being a box-based
text,HTML, and ETEX. Finally, the pretty-printer can be in- language, it allows a formatting of text to be expressed as a
tegrated easily in existing systems, or be used stand-alom@mposition of horizontal and vertical boxa&sox is based
and is freely available. Figure 1 gives a general overviewon PPML[19] and contains similar operators to describe
of the architecture o&PP. layout and conditional operators to define formatting de-
pending on the available width. In additionreML, BOX
supports tables, fonts, and formatting comments. In the
remainder of this section we will give a brief overview of
Box (for a more complete description of the language we
refer to [27]).

Aterm over thesox language consists of a nested com-
osition of boxes. The most elementary boxes are strings,

3.1. Anopen framework for pretty-printing

We followed the well-known approach of dividing a pretty-
printer in a language dependdrmint-endand a language

independenback-end This allows for an open pretty-print
system which can easily be extended to support new lan-
guages and output formats. A front-end for langudge b

expresses the language specific layouf.dh terms of a
generic formatting language. A back-end producing outpu
formatO translates terms over this formatting language t
O. A pretty-printer forL producingO as output can now

(0]

more complex boxes can be constructed by composing
?oxes usingpositional operatorandnon-positional oper-
ators. The first (see Table 1 for a list of available positional
operators) specify the relative positioning of boxes. The
latter (see Table 2) specify the visual appearance of boxes

be constructed by connecting the output of fhepecific
front-end to the input of the back-end for. This architec-
ture thus isolates language specific code in the front-en
and output format dependent code in back-ends. Addin%to
support for a new language only requires developing a new
front-end for the language, likewise, to add support for a
new output format, only a new back-end has to be devel-
oped.
We used the domain specific languagex [30] to con-

(by defining color and font parameters), define labels, and
g)rmat comments.

Examples of positional operators are thandV oper-

rs, which format their sub-boxes horizontally and verti-

ally, respectively:
H([B1][B:][ Bs]]

B
nect the output of front-ends to the input of back-ends (see
Section 3.2 for a description of theox language). By us- v [ ] - B>
ing BOX to glue front-ends and back-ends, the framework B3




“package” Name “;” — PackagedDeclaration —

o H [KW[‘package”] H hs=0 [_1 “;"],
OQQ,"" q ini “import” Name “;” — ImportDeclaration —
¢ Oescrlp ion - - - H [KW[‘import’] H hs=0 [_1 “]],
perator to specify fonts and font attributes. simport” Name “” **" *» _ ImportDeclaration —
KW Font operator to format keywords. H [KW[import’] H hs=0 [_1 *» “» =]

VAR  Font operator to format variables.

NUM  Font operator to format numbers.

MATH Font operator to format mathematical symbols.
LBL  Operator used to define a label for a box.

REF  Operator to refer to a labeled box.

C Operator to represent lines of comments.

Figure 2. A sample of a pretty-print table. The table con-
tains mappings from grammar productions inDFSon the
left-hand side of ‘—’) to correspondingoXx expressions
(on the right-hand side of ‘—).

Table 2.Non-positionalBox operators. . .
grammar and re-use is promoted. Second, pretty-print ta-

The exact formatting of positional box operators can bebles promote incremental pretty-printer generation. When

. ; one or more modules of a modular grammar are modi-
controlled usingpace optionsFor example, to control the : o
. fied, only the tables corresponding to the modified modules
amount of horizontal layout between boxes, itheperator

supports thés space option: have to'be 're—generated. .Third, tables aI.Iow easy personal
’ customization by separating globally defined or generated

formatting rules, and customized rules in different tables.

Defining an ordering on tables determines which format-

BOX as we use it slightly differs from its initial design as N9 rule should be applied when multiple rules exist for

described in [30]. We simplified the language (mainly tod single Ianguage const.ru'ct. It al]c?ws a user to' cus.tomize
improve comment handling) and made it more consistent!® Prétty-printer by defining additional rules with higher
Furthermore, we introduced a generalization of the condiPrécedence. Fourth, the separation of formatting rules in

tional HOV operator. This operator, which is available in t2bles allows for a generox producer which, when in-
some form or another in most formatting languages, forStantiated with language specific pretty-print tables, per-

mats its contents either completely horizontally or com-'Ms language specific formatting (see Section 3.4).

pletely vertically depending on the available width (con- We use the syntax definition formalisnm§[11] to ex-
sistent line breaking). We introduced as generalization thpress language constructs in pretty-print table@r 8

Huss ([ B1][Ba|[Bs |1 = | By | {B: | | Bs]

ALT operator: combination with generalized-LR parser generation [22]
offers advanced language technology that handles the full
class of context-free grammars. By using this technology
ALT [ ] = or in the pretty-printer we also obtain pretty-print support for
this class of grammars. In addition to§ the general idea

of pretty-print tables containing mappings from language
This operator chooses among two alternative formattingg§onstructs t®ox expressions can easily be implemented
depending on the available width. It chooses for its firsfor other syntax definition formalisms (likeNF) or xmL
sub-box when sufficient space is available and for its sec@s well.

ond sub-box otherwise. Figure 2 shows an example of a pretty-print table which
defines a format for three language constructs of the pro-
3.3. Pretty-print tables gramming language Java. The first entry in the table de-

fines a formatting foPackagedDeclaration®. This lan-

We introduce the notion of interpreted formatting in which Lage construct consists of the terminal svmipaiskade
a front-end (see Section 3.4) formats its input by interpret-g g y 9

ing a set of language specific formatting rules. Formatting"® +» @nd the non-terminal symblame. The format-
9 guage sp 9 : gEing rule expresses that these three elements are layout hor-

rules _and code are separated by defining the form""tﬁn%ontally thatpackage is formatted as keyword, and that
rules in pretty-print tables. Each formatting rule forms a0 White’space is inserted between the non-terr’maﬂhe

gqui%%' ngfo{rfge ];er:?rfa; tﬁévrgr?rip L diréobtzseﬁort’;_ and the semicolon. Observe the use of the numbered place
9 guage holder (‘-1") to denote theBox expression corresponding

the correspondingox expression) and specifies how theto the formatted non-terminal symbbme. The remain-

language construgt;, should be formatted. . . . . - .
. : : . ing formatting entries define similar formattings for the
Representing formatting rules in tables instead of hav; © . .
. . . . : two import declaration constructs of Java.
ing a single dedicated pretty-printer that contains all pretty-

print rules for a language provides the following advan-

tages. First, tables support a modular deSIQn of pretty= 1please note that productions imSare reversed with respect to for-

printers. As a consequence, a pretty-printer can follownajisms likesnr. On the right-hand side of the arrow is the non-terminal
the same modular structure as the corresponding modulaymbol that is produced by the symbols on the left-hand side of the arrow.




3.4. Ageneric box producer Metscape: Hello world

We' designed a generic, Ianguage independent front-end Fila Edit View GCo |

which applies formatting rules defined in an ordered se-

guence of pretty-print tables to a parse tree. Separating || public class Hello¥orld

the language specific formatting rules in tables allows the

generic front-end to be re-used unmodified to format any I

language. Constructing a pretty-printer for a new language System.out.printing “Hello World!™ );

only requires language specific formatting rules to be de-

fined in tables. }
The front-end operates on a universal format for the

representation of parse trees (called AsFix [9]), which pre- E |

serves layout and comments. Operating on parse trees in

general has the advantage that lexical information for dis-

ambiguation is available. Therefore we do not have td-igure 3. A screen dump showing the result of tevL

deal with the insertion of brackets to disambiguate the gercode of a Java code fragment as producetdi2htm|

erated outpdt Because AsFix is a universal parse tree

format, it can represent parse-trees for any language and

therefore allows generic parse-tree operations to be defindd @ large number of pretty-printers and demands enhanced

in language independent tools. As a result, the transformdechnology for the construction of pretty-printers.

tion of a parse tree teox can be defined language inde-

pendently in the single to@arsetree2box  (see Fig- Pretty-printer generation, based on grammars without
ure 1). Using AsFix has the additional advantage that alhnnotated format rules, is such technology. This technol-
layout is preserved in the tree which simplifies commenbgy supports the generation of a pretty-printer for a lan-
handling. guage by “guessing” a suitable layout based on grammar
The front-endparsetree2box  constructs aBOX  analysis and formatting heuristics. Obviously, the result of
term for a parse tree of a language by traversing the parsg,ch generated pretty-printers will not satisfy completely
tree in depth first order and simultaneously constructing, most cases and the ability to adapt generated pretty-

aBox term according to the language specific formattingprinters strongly increases the usefulness of the generator
rules in the pretty-print tables. For each node in the treq jts generated formatters.

that corresponds to a production of the langupgese-

tree2box searches the tables for the correspondioy . . , .
expression. When a format rule for a production does not !N @ddition to the pretty-printer generator described in
exist,parsetree2box  automatically generates a default [30], Which produces dedicated, language specific front-
rule (this approach makes pretty-print entries optional be€NdS, we introduce an alternative technique for the genera-
cause simple formattings are constructed dynamically fofiOn Of pretty-printers which benefits from the table based
missing entries). Theox term thus obtained is then mod- Pretty-print approach. Due to the separation of language

ified to include original comments, and is instantiated withSPecific formatting rules and generic code to perform a
formatting, there is no need to generate any code. Only

BOX terms representing the formatted non-terminal sym-* . :
bols of the production. Original comments are restored by"€tty-printtables have to be generated and the generic for-

insertingC boxes (containing the textual representation of"atting engingarsetreeZbox  can be re-used for each
comments) in theox term, and by positioning these com- language to perform the actual formatting. This approach

ment boxes using thil andV operators to preserve their completely separates data (the pretty-printtables) and code
original location. (the generic formatting engine). The user can customize

the formatting by overruling generated formatting rules in
tables with higher precedence (see Section 3.3).

public static void main{ String]) args )

3.5. Pretty-printer generation

Constructing a pretty-printer for a language by hand is .
a time consuming task. The ability to quickly and eas- . " OUr @pproach, a pretty-printer generator only con-
ily obtain pretty-printers becomes more and more impor-S'StS of a table generator. We developed such a table gener-

tant when the number of languages and dialects in use jator which constructs a separate pretty-print table for each
odule of a modular 8F grammar. The generator cur-

creases. For example, development of domain specific laf’ " | imole techni i te f i
guages (DSLs), and language proto-typing requires the ud&NtY only uses simple techniques to generate formatiing
rules for a language. Improving the generation process by
2We do not consider constructing valid parse trees (i.e., parse treegsing more advanced heuristics and grammar analysis is a

co_nt_ammg all lexical mfo_rmatlon for disambiguation) as pert of pretty- current research tOpiC. Another approach to improve the
printing. In case a tree is not constructed by a parser directly, disam-

biguation (like described in [30] and [21]) might be needed and has to b€nerated pretty-print tables would be to guide the genera-
performed by third party tools. tion process by means of user profiles (similar to [4]).




public class HelloWorld

{ 3.7. Implementation
public static void - main( String[] args ) For the implementation of the individual tools ePPwe
{ System.out.printin( “Hello World!” ); combined modern parsing techniques with compiled al-
} R - gebraic specifications. The parsing techniques, based on
} SGLR (scannerless generalized-LR) parsing [32], allow us

to easily define and adapt grammars and automatically
Figure 4. The result of formatting a Java code fragmengenerate parsers from them. The basic functionality of
using the back-enbox2latex the individual tools is implemented as a number of exe-
cutable specifications in the algebraic specification formal-
ism ASrF+SDF [11, 3, 31]. From these specifications we
obtained C code by compiling the specification using the
Asr+SDF compiler [28]. The generated C code is efficient
and gives a promising performance @Pp despite of its
interpreted approach based on pretty-print tables, and its
implementation as algebraic specification.

The generated parsers and compiled specifications are
glued together into a single component using Unix scripts.
We usemake in combination with dynamically generated
Makefiles as performance improvement, to prevent doing
redundant work.

In order to process files as producedhmx2latex
latex , the style fileboxenv is required which con-

3.6. Box consumers

A back-end transforms a language indepen@emnt term
to an output format. The advantage of usiagp de-
pends on the number of available output formaspcur-

rently supports the output formats plain testtmML, and
IATEX, which are produced by the back-eratsx2text

box2html , andbox2latex , respectivelyPDF can also
be generated but indirectly from generatégkX code.

From the three back-enti®x2text is the most com-
plicated because it has to perform all formatting itself. The

translation todTML and ETEX is less complicated because by
the actual formatting is not performed by the back-end bu
by aweB browser orATgX. The implementation of these
back-ends therefore consists of a translation froeoa
term to nativedTML or IATEX code.

The translation to text consists of two phases. Dur
ing the first phase theox term is normalized to con-
tain only horizontal operators, vertical operators, and com

Lains the implementation of theox specific environments.
or a general usage of this style file and for an in-depth dis-
cussion of its implementation we refer to [7].

4. Case studies

4.1.

Formatting real-world languages

We experimented with the pretty-printer and its generator
and constructed pretty-printers for some real-world lan-
guages. These languages include the programming lan-

The formatting deﬁned in BOX term iS eXpressed guage Java and the extensible markup |anglmg_e. An
in HTML as a complex nested sequence HIfML ta-  application of the pretty-printer in industry is its use as for-
bles. In contrast t(BOX, HTML is designed to format a matter for Risla [2], a domain Specific |anguage for de-
text logically (consisting of a title, a sequence of para-scribing financial products.
graphs etc.), not as a composition of horizontal and vertical Fqr the Java pretty-printer we first constructed a gram-
bOXES. Only the use O'iTML tables (|n Wh|Ch indiVidUaI mar in DPF according to the Java Language Speciﬁca_
rows correspond to horizontal boxes and tables to verticg|gn [10]. Then we generated pretty-print tables from this
boxes) yielded a correettmL representation of the for- grammar. Finally, we customized the pretty-printer manu-
matting defined in @ox term. Figure 3 shows a screen g|ly to meet our requirements. Figure 3 and Figure 4 show
dump of a pretty-printed Java code fragment produced byne result of formatting a small Java program. Figure 3 is
box2html obtained by usingpox2html| , for Figure 4 we usetiox-

IATEX code, representing the formatting defined in a2latex
BOX term, is obtained by translating tlB®x term to cor- The xMmL formatter is another application @Pp for
respondinggdox specific ETeX environments. These envi- real-world languages. Its development was very similar to
ronments provide the same formatting primitivessax  the construction of the Java formatter. We first constructed
in IATEX. As an additional featurehox2latex allows a grammar fronXmL in SDF according to [6], then we
one to define a translation froeox strings to nativeATeX  generated and customized pretty-print tables. Thanks to
code. This feature is used to improve the final output, fothe table based approach, we were able to re-use these ta-
instance by introducing mathematical symbols which werdles for the pretty-printer of the language depicted in Fig-
not available in the original source text (for example, it al-ure 5 and 6. Similar to the grammar of this language, which
lows one to introduce the symbap”in the output where combines the languagesL andBox (see Section 5), we
the wordphi was used in the original source text). Fig- were able to also construct a corresponding pretty-printer
ure 4 shows the result of processing a small Java code frafpr this language by combining (and re-using) the pretty-
ment bybox2latex printers ofxmL andBox.

ments. During the second phase the simplifiec term is
translated to text and the final layout is calculated.



<!ELEMENT person (name, surname, age)> —
4.2. Tool construction V is=3 [“person” -1 2 _3],

T . . ! —
The individual components @prPprovide basic language < EhE'[\ana’\geﬁ?nﬁ (#PCDATA>

independent preFty-print faciljties. These ppmponents Can _\g| EMENT surname (#PCDATA)> —
easily be used in combination with additional software H [“surname: " _1],
to construct advanced special-purpose tools. We have <IELEMENT age (#PCDATA)> —
combined these generic tools for instance, with language H [“age: ” _1]
specific features to form two advanced formatting en-
gines for the algebraic specification formalisns# Spr  Figure 5. A simplexmL DTD annotated witlBox format-
[3, 11, 31]. The tooltolatex  generates a modular ting rules
IATEX document from an AF+SDF specification by for-
matting each individual module incrementally, and com-
bining them to form a single document with a table ofcan be constructed by defining mappings fromp con-
contents and cross references between modules. Similartructs toBox. Once such pretty-print tables have been
the tooltohtml generates hyper-linkaermL documents defined, well-formedkML documents over the®TD can
from a modular specification, featuring visualization of thebe transformed to all output formats for which a back-end
import structure of the specification and hyper-links be-s available.
tween modules.

Other examples of the use of the individual component&xample 5.1 In Figure 5 we define a simpleTp which
for tool construction include the integration ebpin the  structures personal data (name, surname, and age). The
interactive AsF+SDF Meta-Environment [29], and its inte- DTD is annotated witlBox formatting rules. These rules
gration and distribution as part of XT [8], a distribution of formulate that the contents of records should be formatted

tools for the construction of program transformation sys-vertically, left indented, and preceded by the string “per-

tems. son”. . .
Below the textual representation of a typical well-

formed document over thisTD is displayed after format-

5. Formatting xml documents ting by box2text

The extensible markup languageL [6] is a universal for- person
mat for the abstract representation of structured documents name: Johny
and data. Pretty-print techniques are used to transform surname: Walker
XML documents to user-readable form. FormattimgL age: 5
documents is being standardized in the extensible style lan-
guagexsL [1]. The combination okmL andxsL separate Of course, the formatting can be improved, for instance by
content kML) from format sL). Since the intended use Using tables to align field names and field values.
of XML initially was limited towEB documents, techniques
for pretty-printingxmL documents mostly concentrated on
the transformation teiTML.
We expect that the need to represemt. documentsin matted easily.

other formats thamT™mL will grow rapidly. Moreover, al- Currently, we do not support formatting rules to be de-
ternatives toxsL are desirable because the translation fro”}ined as annotations of arp directly (as we did in Fig-

XML tO HTML .usingXSL is'consid'ered .to be difficult [17]. ure 5). Instead, we first generate apFyrammar from a
AlthoughxsL is powerful, its design might prove to be un- DTD, then we use the (5 grammar to generate a pretty-

neces;arlly difficult fqr the common case and thus makeﬁrint table. This indirection allows us to experiment with
more simple pretty-print techniques sensible.

Our pretty-printer provides such techniques and com
bined with its ability to produces different output formats
makes it suitable for formattingmL documents.

Example 5.1 demonstrates that the ussoxk as for-
matting language in combination wikmL , and the use of
the available back-ends allows/iL documents to be for-

XML by using existing pretty-print tools, minimizing the
need for additional software.

5.2. An alternative style language

The obvious way to transform asmML document tatHTML
currently is by using«sL stylesheets. AmxsL stylesheet
The Document Type Definitiond(D) of an XML docu-  specifies how particular documents should be presented
ment defines the structure of a document. Dhie of an  in terms of somexmL formatting vocabulary. AnxsL
xML document can thus be seen as language definition atylesheet thus describes a structural transformation be-
grammar, and its contents as a term over that language. tween the original document and the formatting vocabu-
A pretty-printer for a language can be constructed bylary. HTML is used as formatting vocabulary whenxaaL
defining mappings from language production®tax ex- documenthas to be transformed into a traditiomab doc-
pressions. Similarly, a pretty-printer for a particutatD  ument.

5.1. Using box to format xml documents



<!ELEMENT person (name, surname, age)> —

“<html>" “<head>" “<title>" _1 _2 “</title>" my name is Johny Walker
“</head>" “<body>" _1 .2 “ and " _3 “</body>" and I'm 5 years old
“</html>", </body>
<IELEMENT name (#PCDATA)> — </html>
“my name is ” _1,
<!ELEMENT surname (#PCDATA)> — This HTML document can then be displayed by the user
-1, using anHTML browser.
<IELEMENT age (#PCDATA)> —
“lam " 1 “years old” Example 5.2 demonstrates how simple transformation

rules ofxML documents can be separated from code that
%efines traversals. This provides, in combination with the
implicit tree traversals gbarsetree2box , a simple for-
matting mechanism ofML documents and may serve as
alternative toxsL.

In spite of its advantage of separating presentation and For more comple>f transformations .vvhere. |mpI!C|t
content, and its expressive power, we agree with [17] tha) aver'sals are too restrlgted, we are plannmg 0 |nvest|.gate
xsL is difficult. First because the language usessthe on using languages designed primarily for transformations

syntax which makexsL stylesheets difficult to read. Fur- as alternative tXSL. An example of such a Ianguage 'S
thermore, the language is large as a result of the intentioﬁt.r".’Itego [33], which has more poweriul transformapon fa-
to makexsL stylesheets generally applicable. Finally, thec'l'.tles and a bette.r.syntax. We e_xpegt. that both will help
combination of a formatting language and a transformal© 'MmpProve readability and maintainability.
tion language makessL stylesheets complex and difficult

to maintain because one has to deal with formatting and. Concluding Remarks

transformation issues (by means of tree traversals) simul- o
taneously. 6.1. Contributions

We think that these negative aspects ma®. |n this paper we described the design, implementation, and
stylesheets too difficult for many simple transformations,,se of the generic language independent pretty-pratter
Separation of traversals and presentation, and a less coripe system can easily be extended in order to add sup-
plex language would ease describing simple presentatiorb%rt for more languages or more output formats. It can
of xML documents. _ _ also easily be adapted to extend pretty-print support for

With parsetree2box  simple presentations oML existing languages. The system combines known tech-
documents can be defined based on an implicit traversal Wiques (like language independent pretty-printing, division
the parse-tree. Pretty-print tables are suitable to eXPressy pretty-printers in front-ends and back-ends, and pretty-
formatting in terms .of a formatting .vocabulary other tha”printer generation) with new techniques to provide ad-
BOX. The combination of an implicit traversal and pretty- \5nced pretty-print support. Our contributions are: i) For-
print tables as little Ianguage.to express a_transformation tulation of formatting rules in pretty-print tables, which
HTML thus forms an alternative tosL for simple format-  5)10ws for a modular pretty-printer design and supports in-
ting purposes. cremental pretty-printer generation. ii) Customization of

pretty-printers by means of ordered pretty-print tables. iii)
Example 5.2 Example 5.1 demonstrated how formatting\ve developed a generic format enginmisetree2-
in terms of horizontal and vertical boxes can be definegyox ) which operates on a universal parse tree format
forapTD. Formatting a document according to these ruleing interprets language specific format rules contained in
yields an unstructured representation of the document. Figsretty-print tables. iv) We designed a table generator which
ure 6 shows how pretty-print tables can also be used to dgenerates pretty-print tables for a language by inspecting
fine a structured representation in termsiofiL . the corresponding grammar. v) We implemented three

The mappings in Figure 6 define for each production ohack-ends which make plain textrML, and ETEX out-
the xML DTD the correspondingTML code. Formatting pyt available for all formatters. vi) The pretty-printer is
a well-formed document usingox2text ~ according to  designed as stand-alone system and can therefore easily be

Figure 6. Pretty-print tables used as language to define
simple transformation frommL to HTML.

these rules will yield: integrated in third-party systems. Moreover, the system is
<html> free and can be downloaded framttp://www.cwi.
<nr11ead> nl/"/mdejonge/gpp/

Furthermore, we discovered thatiL is a relative new

<title>
my name is Johny Walker application area of pretty-printing. We experimented with
</title> xMmL and we found two useful applications of our pretty-
</head> printer. First, the pretty-printer can be used to easily format

<body> an xML document depending on itstD and to translate



it to several different output formats. Second, the pretty-[6] T. Bray, J. Paoli, and C. M. Sperberg-McQueen. Extensible
printer can be used for simple term transformations as al-
ternative toxsL. For complex transformations we suggest

using more advanced transformation systems (like the pro{7]
gramming language Stratego for instance) as alternative to

XSL.

6.2.
This

opment of a new ArF+SDF Meta-Environment and its in-

Future work

pretty-print project was initiated as part of the devel-

tegration as default formatter was the intended goal. The
integration of the pretty-printer in this interactive program-

ming environment is not finished yet but is planned to bg10]

com

The table generator is the one component of the pretty 1

pleted soon.

print system that still needs additional research. This re-
search includes experimenting with more advanced heuris-

tics and grammar analysis to guess a suitable layout, aqu]

experimenting with user profiles to guide the generation
process in order to respect user preferred formatting styles.
The recent experiments witkmL proved the useful-

ness of the generic pretty-print approach that we foIIowed[.lg]

The

XML documents makes it an interesting application area for"1 4]

rapid growing importance ofML and of formatting

our pretty-printer and a natural extension of our research.
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Abstract

Ongoing development and combination of methods and tools for software development call for software engineering
environments (SEE) with ever changing functionality. Also the integration of operative support for the software
development process remains a major challenge. A good SEE design has to combine a high level of integration with
great flexibility towards evolving methods and tools as well as adaptability towards different kinds of development
projects. We have developed PIROL as a generic SEE demonstrating that an executable meta model may play
a key role in combining integration and flexibility. We coin the notion of a repository language to denote a
domain specific language for the domain of repository based meta models. We introduce LuaP as PIROL’s repository
language with some non-standard properties and show how this language contributes to the desired properties of

the environment.

Keywords: Repository, meta-modeling, domain-specific language, tool integration

1. Introduction

Although there is plenty of software tools, many de-
velopment projects still lack a suitable, state-of-the-art
software engineering environment (SEE). The reuse of
SEE components, their composability and configurabil-
ity still falls behind the demands of concrete develop-
ment projects. In spite of all commonality, projects differ
considerably in multiple dimensions. This is for a large
part a matter of different workflows and can be mod-
eled in notions of documents, states, persons, resources
and schedules. Two factors add to these problems: (a)
software development is a matter of very intense com-
munication and (b) a very tight semantical integration
of different (sub-)documents should be supported by the
environment across tool borders.

It is of course possible to hand craft a specialized SEE
for any project just using existing techniques. Only the
effort needed is far too high. Thus the uniqueness of
software development projects calls for techniques that
allow to build a specific SEE from components in just a
fraction of the time needed so far.

Many standards and techniques have emerged for solv-
ing single concerns of integration. Some focus on tech-
niques for communication between tools (cf. CORBA[1],
COM]|2] etc.) others tend towards meta formats for data
exchange (XML) or even standardize parts of the en-
vironment’s meta model (XMI). Some approaches are
very general techniques that add no special solutions for
SEEs; others help under the precondition of a fixed set
of notations which is not appropriate for many fields
of software engineering where still new formalisms and
combinations thereof are widely explored (cf. [3]).

In earlier work [4] we have presented the vision of using
an executable object-oriented meta model as the central

concept for a tightly integrated yet configurable SEE.
Advantages include (a) a semantical enrichment of an
otherwise purely syntactic data model, (b) tool inde-
pendent implementation of process and framework inte-
gration (cf. [5]) and (c) adaptability of the meta model
through subclassing and scripting. In this paper we elab-
orate on certain requirements towards this meta model.
We show how data modeling can be extended with effi-
cient implementation of very fine grained data structures
and elaborate techniques for preserving consistency in
the presence of multiple views on shared data. The driv-
ing force is always the desire to reconcile a high level of
integration with clear modularity allowing flexible con-
figuration of a concrete environment from existing parts.

We point out the importance of the language that is
used for meta modeling. Such a language (the meta meta
model) will be called a repository language throughout
this paper. It is a domain specific language for the task
of defining meta models as a basis for and as integrative
glue of SEEs. The repository language has to blend in
with the techniques used for persistence and communi-
cation. We will present current work on the repository
language Luaf that is part of the PIROL SEE.

The following section will give an overview of PIROL
and the systems it is built upon. Sect. 3 shows how LuaP
encapsulates the underlying repository. Sect. 4 sketches
the communicational context. Sect. 5 discusses issues
of safeguarding comnsistency in the repository. Sect. 6
tackles the question of granularity with regard to data
modeling and processing. Sect. 7 motivates a disciplined
technique of class migration. Sect. 8 wraps up with some
examples of applying LuaP. Just a few implementation
details are collected in Sect. 9.
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Fig. 1. Architecture of PIROL

2. A Generic SEE: PIROL

PIROL (Project Integrating Reference Object Li-
brary)[4] is an SEE designed for supporting all five di-
mensions of integration as defined in the ECMA refer-
ence model[5]. In this section we will give an architec-
tural overview of the system.

PIROL is built according to a three—tier architecture as
illustrated in Fig. 1:

1. Data storage is provided by a repository which is ac-
cessible only through a dedicated server process.

2. For each user a workbench defines his or her working
context. The workbench caches accesses to the reposi-
tory and provides private visibility of the user’s current
work. Communication between the workbench and the
repository is based on the mechanisms provided by the
repository. Also, messages may be sent to other work-
benches.

3. Tools are connected to a user’s workbench by means
of a special messaging protocol. Tools only communicate
with the workbench, never directly with the repository.
Support is given for the implementation of new tools and
also for the integration of existing ones.

The focus of this paper lies on the workbench and
on LuaP, PIROL’s repository language which is imple-
mented by an interpreter as part of the workbench. How-
ever, before presenting LugP we will briefly introduce
two systems on which all this is based.

2.1. H-PCTE

PIROL uses a system called H-PCTE[6] as its reposi-
tory (cf. Fig. 1). H-PCTE is an implementation of the
ISO standard PCTEJ7]. Its central component is the
object management system (OMS), that defines a non—
standard database system. PCTE closely adheres to ex-
tended entity relationship models. Thus the main el-
ements are entities (objects), relationships (links) and
attributes. The latter can be attached to either objects
or links. The database is non—standard in that the pri-
mary access is not via tables and key attributes but by
navigation along links.

H-PCTE is implemented (and continuously being im-
proved and maintained) by the group “Praktische In-
formatik”, at Siegen University[8]. A special focus of
the design of H-PCTE was the performance issue in

conjunction with fine grained data modeling. H-PCTE
spells “high performance PCTE”.

2.2. Lua

Lua[9] is developed at PUC-Rio, Brazil. It is titled an
“extensible extension language”. The notion extension
language is to say that Lua is well-suited for integration
into a given application in order to provide a high level
facility for configurability, macro programming and the
like.

Within our context the extensibility of Lua itself is
of greater importance. Lua is adapted very easily to
specific needs yielding a great variety of derivatives that
could be called a family of languages. Lua is a (basically)
interpreted language, which comes as a library that can
be linked to applications. It is extensible by two mech-
anisms:

o C functions may be registered as Lua functions.

e The behavior of the interpreter can be modified by
the Lua code itself. This is done by redefining standard
constructs like reading or writing a field of an object.

At the time we started using Lua for PIROL this
second mechanism was called “fallbacks” and operated
globally for all kinds of objects. The PIROL development
required to use fallbacks for very different purposes (de-
pending on the kind of object). This contributed to an
improvement of the mechanism, which is now called tag
methods and can differentiate kinds of objects by a tag
that is attached to each object.

By means of these extension mechanisms, we extended
the host language Lua to encapsulate H-PCTE and add
object orientation to Lua, as well as all those features
that qualify it as a specialized repository language. Luaf
spells “Lua for PIROL”.

3. Encapsulating the Repository

Luaf encapsulates the repository in a way that com-
bines the following properties:
1. LuaP objects are persistent without the need of ex-
plicit read and write operations. Reading is lazily per-
formed when dereferencing a link, writing occurs imme-
diately upon every attribute assignment or object cre-
ation.
2. Luaf is used to define all data types in the repository
and adds behavior (methods) to repository classes.
3. Many functions from the large PCTE-API are en-
capsulated by core classes of the meta model written in
Luaf. There is no need to access PCTE directly.
4. LuaP itself is an evolving language that gives special-
ized support for the most common concerns in SEEs.
The following sections will focus on the concerns of
consistency (Sect. 5) and fine grained meta modeling
(Sect. 6).

Properties (1) and (2) mainly define LugP + H-PCTE
as an OODBMS. Note however, that Lua/P is not meant
to compete with standard OODBMS, but it combines



features of an object oriented database language with
specialized features for programming SEEs.

We had to consider some subtleties in the type sys-
tem of LuaP as compared to PCTE: The type sys-
tem of PCTE knows types of attributes (string, integer,
boolean), objects and links, which are straight forwardly
mapped to basic types, classes and object references in
LuaP. LuaP, however, (a) encapsulates 1:n links by a List
class and (b) adds lists of basic values and lists of tuples.
These additions of course need to pay attention to effi-
ciency, so some of these types are packed into one binary
attribute in PCTE, or make use of link attributes, which
otherwise have no representation in object oriented lan-
guages. Only tuples with more than one object compo-
nent cannot benefit from such optimizations. They have
to be represented by additional PCTE objects. Sect. 6
shows how structured data types can be added to this
type system with minimal runtime overhead.

In addition to persistent objects, LuaP also allows to
declare classes or attributes as transient, which is impor-
tant where the creation of temporary objects as reposi-
tory objects would impose an unnecessary performance
penalty. Clients, however, need not know about this
distinction because persistent and transient objects are
handled in a uniform way.

4. How Tools Access the Workbench

It has been shown how LuaP encapsulates the un-
derlying OMS. This section briefly shows the interface
through which tools can operate on repository objects.
This defines the context from which execution of Luaf
code is triggered and motivates why the LuaP interpreter
must support change propagation between tools.

The channel used for all communication between
workbench and tools is a messaging facility with a mul-
ticast protocol. This facility is based on the package
MSG from the FIELD environment[10] with significant
modifications, that are not discussed here. Messaging is
implemented by a server and a client library such that
all clients can easily establish a socket connection to the
server. The server is responsible for message dispatch-
ing. Workbench and tools are clients of the message
server, which is in general transparent to both as they
communicate with each other.

In PIROL six types of messages exist by which tools
may request services from the workbench:

Read the value of one attribute (simple or

complex).

query list: Query a detail about a list attribute. Four
sub-functions exist:
length(), item(index), search(value),
filter(constraints)

query:

set: Assign a simple attribute value.
set list:  Lists can only be modified by these sub-
functions:

append (value), replace(index,value),

insert(index,value), delete(index).

execute:  Execute a LugP method, passing any num-
ber of arguments.
create: Create a new repository object. This may

include a call to a LuaP creation method.

Additionally the workbench broadcasts all attribute
changes to the message channel. This is a very impor-
tant feature of the Luaf interpreter, because PIROL is
designed for supporting multiple views, which obviously
need to be kept consistent by means of some mechanism
of change propagation. It is left to each tool to register
a pattern for each object or attribute which is displayed
by the tool. The tool then receives all relevant update
messages and may update its display accordingly. List
updates are sent as incremental changes (reflecting all
those append, replace ... operations). For simple
attributes the new value is passed with the update mes-
sages.

In PIROL tools can generally be implemented in any
programming language. Currently most tools are imple-
mented in Java.

A class library exists for Java that encapsulates the
messaging library and provides proxy classes for all
classes of the meta model core. Proxy classes typically
have get_zz and set_zz methods for each attribute.
Lists are encapsulated by a Java class, which automat-
ically observes all changes of the corresponding list in
the repository. It may register additional observers that
propagate changes within the tool. Proxy classes have
static methods wrapping the creation of a repository ob-
ject. Method calls are directly delegated to the work-
bench. The main limitation of the Java client library is
the lack of multiple inheritance in Java. So a complete
mapping from LuaP to Java is not possible.

A client library using Lua may exactly imitate the be-
havior of the workbench. No get_zz or set_zz methods
are needed. Not even proxy classes are needed for this
library, since they can be build on the fly from meta
information available from the workbench. Currently
however no tool is using this technique.

5. Consistency

PIROL emphasizes the role of multiple views within a
repository based environment. This imposes obligations
to safeguard the consistency of all views and their repre-
sentations as objects in the repository. Consistency has
to be ensured at least on two levels: when regarding tools
as view—control components according to a model-view—
control architecture, different views need to be kept con-
sistent by means of change propagation as mentioned
in the previous section (cf. also [11]). A more semanti-
cal understanding of consistency concerns invariants and
semantical constraints describing interdependencies be-
tween different objects/attributes in the repository. In
this section we will focus on the latter aspect of consis-
tency, but we will also relate this aspect to techniques



Event | Arguments | Description
Simple attributes:
assign object, value assignment of value to the resp. attribute of object.
get object retrieve the resp. attribute from object.
List attributes:
adding list, index, value value is being added to 1list at position index.
TEMOVING list, index, value value is being removed from list at position index.
append
remove } all regular list functions

Fig. 2. Events for attribute guards

of change propagation.
5.1.  Guarded Attributes

Luaf has been presented as a language for data defi-
nition and manipulation. It is generally possible to set
any attribute of any object to any value, as long as
access permissions and type correctness are observed.
This is very comfortable for most cases, but sometimes
this weak encapsulation is not sufficient. For achieving
a better encapsulation, LuafP provides the mechanism
of guarded attributes which allow to implement further
constraints. Different applications of this technique are
possible:

1. Consistency constraints of the meta model might
require a change of one attribute to be propagated
in terms of changing also some other attributes/
objects.

2. Other constraints might allow only specific changes,
in which case assigning a wrong value should either
throw an error or just do nothing.

3. Some attributes may represent something outside the
LuagP interpreter. Changing their value should produce
a side—effect by calling some low-level interface.

Examples for the three kinds of constraints are:

1. Classes CLASS and ROUTINE from the PIROL meta
model both have a flag is_deferred!. The constraint
is: a class that has at least one deferred routine is it-
self deferred. Both flags are implemented as guarded
attributes. When a routine is set to deferred, the corre-
sponding class is also marked deferred, when a class is
set to not deferred, it is ensured that also all routines
are not deferred.

2. In class WORKBENCH an attribute current_group de-
fines, on behalf of which group the current user is work-
ing. He or she may adopt another group simply by
assigning that group to current_group. Given only
this, every user could possibly gain the rights of any
group by a simple assignment. However, implementing
current_group as guarded attribute allows additional
checking. Only groups, of which the user is a member
are allowed. Violating this restriction generates a warn-
ing and the assignment is refused.

I Deferred stands for not fully implemented’, ’abstract’. This is
one of a set of notions which we borrowed from the nomenclature
of Eiffel[12].

3. In fact the previous example already hints at a
third application of guarded attributes. The attribute
current_group is not only documentation but effectively
defines the permissions of the current user. The ef-
fective access rights are always the combination of the
user’s personal rights and those of his or her current
group. This is achieved by calling the PCTE function
pcte_adopt_group() each time the current_group has
successfully been assigned.

Definition of Guarded Attributes. Guarded at-
tributes are declared and used just like others. Only
a set of guard functions is added that is used for certain
events. The syntax of a full guard definition is:

AttributeAccess Class.Attribute {
Event = function(Arguments)...end,

This is for simple attributes. For list attributes the key-
word ListAccess is used instead. Fig. 2 shows the
events that can be (re)defined, Fig. 3 on the next page
shows an example. Here only the assign event is over-
ridden by a function that ensures the consistency of the
flag is_deferred from our example (1) given above.
raw_assign is the actual assignment function to be used
within an assign function.

It should be mentioned that guarded attributes are
mainly a matter of convenience. We could have re-
quired that all attributes be accessed only by means of
explicit access functions (even within the same class!),
which would, however, unnecessarily clutter the code
and should actually only be used, where needed. That’s
why in LuaP no reason exists to ever call a function like
get_attribute or set_attribute. On the client side
it is important that regular and guarded attributes are
used in the same way. This guarantees that common
tools like generic browsers are able to exploit guarded
attributes in a meaningful way, without knowing about
their guards.

5.2.  Derived Attributes

The previous section showed how to ensure consis-
tency in case of interdependencies between different ob-
jects/attributes. It is certainly a good idea to minimize
the necessity of such consistency constraints by avoid-
ing redundant data in the repository wherever possible.



Class ROUTINE {
attributes={
is_deferred : Boolean, -- Declaration
}
AttributeAccess ROUTINE.is_deferred {
assign = -- Event
function (routine, flag) -- Guard function
if flag == routine.is_deferred then
return
end
raw_assign(routine, "is_deferred”, flag)
if flag then
local class = routine:get_class()
class.is_deferred = flag
end
end
}
local routine = ...
routine.is_deferred = true -- Application triggering the guard

Fig. 3. Guard for attribute ROUTINE. is_deferred

PIROLs fine grained meta model is a major step towards
absence of redundancy. Another means is the mecha-
nism of derived attributes.

As an example of derived attributes, consider the sig-
natures of routines. Names, arguments and result types
of routines are kept persistently either as direct attribute
(name) or using separate repository objects of types
ENTITY (arguments) and TYPE (result type). It should
on the other hand still be possible to query the signa-
ture of a routine (encoded as a human readable string)
with just one query. Pre-assuming a redundant attribute
signature should be avoided for the sake of consistency,
a function ROUTINE:get_signature() would be a good
starting point, but it has a great disadvantage as com-
pared to attributes. Only attributes allow to register
observers that inform a client about all changes of the
corresponding value. Function results may become in-
valid without further notice.

Derived attributes now combine the best of both
worlds. They are free of redundancy because they are
not persistent but computed when needed. Syntactically
a derived attribute is an attribute and most importantly
the workbench broadcasts all changes of the values of de-
rived attributes for which a tool holds an observer. Fig. 4
shows how a derived attribute is declared using the type
constructor Derived and how a derivation function is
attached as derive_zz().?

6. Fine Grained Meta Models

Fine grained data modeling is a powerful means for a
tight integration of tools that are to share as much infor-
mation as possible. Of course an object oriented meta
model could very well be used to decompose a document
all the way down to single identifiers and symbols. This
technique is however not usable for SEEs. A promi-

27 7 is the Lua operator for string concatenation.
For the function foldl() cf. Sect. 6.2.

Class ROUTINE {
inherit FEATURE,
attributes={
signature : Derived(String),
arguments : List(ENTITY),

}

-- Declaration

}

function ROUTINE:derive_signature () -- Derivation Function
local args = self.arguments:foldl ( " (",
function (arg, pre)
if not pre == " (" then pre = pre..”, " end
return pre..arg.signature -- read another Derived
end) Attribute
args = args..")"
if self.type then
return self.name..args..”: " ..self.type.name
else
return self.name..args
end
end

Fig. 4. Derived attribute ROUTINE. signature

nent approach to fine grained data modeling for SEEs
has been standardized as extension of PCTE[13]. Un-
fortunately no tool vendor ever really implemented this
standard due to tremendous performance problems that
should be expected. Database technology in fact im-
poses quite strict limits on the number of objects that
can be accessed efficiently when eg. loading a document.

Quite a different lesson can be learned from the area of
compiler construction and related tools. Such tools rely
on a set of types that represent all constructs of a (pro-
gramming) language in a tree or DAG structure, called
abstract syntazx. The definition of these types and many
transformations are much more compact and perhaps
more elegant when using a functional programming lan-
guage rather than an object oriented one. For this reason
a previous instantiation of PIROL [3] that was targeted
at processing formal specifications based on their ab-
stract syntax used the programming language Pizza[14].
We made good experiences with Pizza’s combination of
object oriented and functional techniques. In this set-
ting the bottleneck was the serialization of Pizza objects.
Serialization, which was used to write units of the ab-
stract syntax as binary blocks into the repository, again
imposed performance problems on the system.

In response to this experience, Luaf was extended by
some new features: The types needed for an abstract
syntax or similar structures can be defined as term gram-
mars. Terms as values of these types can be handled and
stored efficiently by the workbench. Allowing term types
for attribute declarations yields a smooth integration of
medium grained objects and very fine grained terms. Fi-
nally a touch of functional programming in Luaf allows
concise implementations of algorithms over terms.

60.1. Term Grammars

Terms are tree structures whose leaves are simple val-
ues or terminal symbols. Simple values are strings, in-
tegers, boolean or subtypes thereof. Luaf provides four



Grammar {"EXPRESSION";
(1) expr = one_of{value, binexp, unexp, ifexp},
(2)  binexp = {{el=expr}, {operator=binop}, {e2=expr}},
(3) unexp = {{operator=unop}, expr},
(4) ifexp = {{condition=expr}, {then_exp=expr},
{else_exp=expr}, '?'},

(5) binop = subtype_of{STRING},
(6) unop = one_of_const{{uplus="+"}, {umin="-"}},
(7)  value = one_of{INT, BOOL, varappl},
(8)  varappl = subtype_of{STRING},
(9)  vallist = {value, *'},
}

Fig. 5. Grammar EXPRESSION.

kinds of type rules (the LHS of each rule is a type):
subtype_of The LHS type can be used wherever the

RHS type is required. It has the same

structure.

The LHS type has alternatives that are

listed here. The alternatives still have

to be defined.

one_of_const Similar to the above but the alternatives

are terminal symbols given by their rep-

resentation.

The LHS type is a tuple of the types

listed at the RHS. Production rules have

no keyword.

Fig. 5 gives an example grammar defining a simple
expression language. The names el, operator and e2
as defined in rule (2) are selectors for the components of
an expr term. The second component in rule (3) is not
named, so the type name expr is also used as selector.
The >?’ in rule (4) specifies that the last component
(else_exp) is optional. The value in rule (9) may occur
zero to many times (denoted by ’*’). Elements of such
a list can only be accessed by their numerical index.
Finally the whole grammar is given a name in order to
make it a selectable name space.

Each type defined in a grammar can be used for attribute
declarations as in
Class SIMPLE FUNCTION {
inherit ROUTINE;
attributes={
value : EXPRESSION.expr
}

When storing such values to the repository a compact
yet type safe binary encoding is used to pack complex
terms into a single attribute of PCTE. The effect is that
for LuagP each (partial) term is a well defined entity and
terms are structures built according to strict type rules.
The system’s performance however does not suffer from
such very fine grained data modeling, because no addi-
tional PCTE objects are created.

one_of

production

6.2. A Touch of Functional Programming

Being able to define term types by grammars as shown
above we left pure object oriented techniques. The new
types can only be exploited effectively if we also add the

function expr2string (t)
return t_switch(t,
(1) t_case('@value’,
function (val)
return val
end),
(2) t_case({'expr’, '@binop’, 'expr'},
function (el, op, €2
r)eturn(’('..expr2string(e1)..op..expr2$tring(e2)..’)')
end),
3) t_case('unexp’, {'@unop’, 'expr'},
function (op, expr)
return(’(’..op..expr2string(expr)..")")

end),
(4) t_case('vallist’,
function (list)
return '{'..
list:foldI("",
function (v, col)
if col "= """ then col=col..’, ' end
return col..v.repr
end)..
end),

t_otherwise(
function () return '?’ end)

end

Fig. 6. Using pattern matching for a simple pretty
printer.

appropriate functions for handling terms. Fortunately,
Lua already provides the basic mechanism for functional
programming. In Lua a function is a value that can
be assigned to variables and can be passed as function
argument or result. Additionally function closures are
supported which by so-called upvalues provide a clean
solution to the problem of variable scoping as it occurs
in nested functions.[15]

Next to pure higher orderedness a special merit of
many functional languages is their support for pattern
matching. In Luaf this is done by a function t_switch
which matches a given term against a list of type pat-
terns. Patterns are given by t_case branches. In the
simple case, each pattern specifies a type and a func-
tion that should be executed, if the term is conform to
that type. The function is called with the term as only
argument. In addition to the top-level type a pattern
may also give a list of types to which the subterms must
conform. If such a pattern is matched, the subterms
are passed as distinct arguments to the function. When
the string representation of a term is desired this con-
version can be automated by prepending the @ operator
to the type pattern. Finally a t_otherwise branch may
provide a default function, that is used if no pattern is
matched.

See Fig. 6 for a simple pretty-printing function for
expressions as defined in Fig. 5. Note, that in object-
oriented programming the standard technique for this
problem would be to apply the visitor pattern, intro-
ducing far more overhead than the more functional ap-
proach.

The first branch matches subtypes of value, the next
branch matches any term consisting of an expression,



a binary operator and another expression. Branch (3)
combines matching of top-level type (unexp) and struc-
ture (unary operator and expression). All operators and
values are passed by their representation (use of @). Ex-
pressions are passed as terms. Branch (4) again is a sim-
ple match by type. It shows an application of the foldl
function, which is borrowed from ML[16]. We introduced
foldl to Luaf as one of the most general higher order
functions, that iterates over a list, collecting the results
through a second argument (col). In this example the
effect resembles a smarter mapconcat function: the rep-
resentation of all list elements are concatenated using
>, 7 as a separator except for the first element.

7. Upgrading

In most object oriented languages the type of an ob-
ject is an unchangeable property. In PIROL it has rea-
sons of methodology that it should be possible to create
an object with an unspecific type which later-on, as more
information is gathered, is converted according to a more
precise type. This may even iterate along several steps,
such that the object’s type stepwise becomes more and
more specific. Because references to such an object must
remain valid, it is important that
o the object identity is not changed and
o the object remains conform to the typing of all incom-
ing references.

It is the first demand, that leads to upgrading as a spe-
cial language feature rather than a mere copy method.
The second demand restricts upgrading to a type change
from a superclass to one of its subclasses. (For type con-
versions, or “migration”, cf. eg. [17]).

Regarding the consistency of attribute values, upgrad-
ing is very similar to object creation. At creation time
a creation method puts the object into a sound state
with respect to its attribute values. When upgrading
an object new attributes may be added, which are ini-
tialized by an upgrade method. LuagP also introduces a
hook called upgrade_pre which may be used to decide if
upgrading should be allowed or disallowed. This way a
class may put forward constraints on the state of objects
that shall be upgraded.

At the user interface level upgrading is available
through an operation “insert as ...”. A selected un-
specific object may eg. be inserted into a class diagram
as class or as attribute.

8. Application of Luaf

This section gives examples for parts of an environ-
ment that may be implemented in Lug/P and benefit from
execution within the workbench.

8.1.  Process Modeling

Many projects have taken efforts on formalizing the
dynamics and constraints of software development pro-
cesses. Using LugP for this task is elegant because all

relevant entities are equally at hand and can be han-
dled in a uniform manner. A process model in LuafP
may at the same time refer to a SUBSYSTEM that is be-
ing developed including all contained CLASSes as well as
the PERSON who is responsibly for delivering these items
in a certain STATE using certain (time—, hardware— ...)
RESOURCES etc.

As a simple example we present a state machine that
manages the progress of development items along a chain
of document states like busy, proposed (for publishing),
published etc. Each artifact carries a reference to an ob-
ject of class STATE. STATEs are connected to next states
by TRANSITIONs. Transitions in turn have a GUARD and
an ACTION. In the most simple implementation GUARD
objects specify which persons/groups are allowed to per-
form the corresponding transition and an ACTION object
specifies how the access permissions of an object shall
be changed.

This state machine can be adapted on two levels.
First, the concrete set of states and transitions is a graph
of objects that can be initialized by a LuaP script once
for each project. Second, the algorithms of guards and
actions can easily be redefined by subclasses of GUARD
and ACTION.

8.2. Common Services

Class WORKBENCH is central for the PIROL meta model.
For each user an object of this class defines the working
context that is available to all tools. This object contains
eg.

« a list of tools that are installed and configured,

« areference to the current project, group (cf. Sect. 5.1)
etc.

« a simple clipboard.

Based on this information, services are implemented
like selecting all tools that are available for editing a
given object, providing lists of recipients to whom mes-
sages can be sent (within the group, project, company
...). Other services that are implemented in LugP are
version control and access control.

Uniform Context Menus. All these services are
really helpful only if they are easily performed at the
user interface. An example of a flexible integration of
services into the interface of all tools is the mechanism
of workbench provided context menus. In addition to any
local context menu as it may be needed for operating a
tool, a submenu is always provided. Con-
cerning the selected object, this menu is dynamically
put together by the workbench. The menu definition is
kept as a set of transient objects within the workbench.
The tool only reads the menu definition and displays
the menu. Upon selection of one menu option the corre-
sponding command (function closure) is executed within
the workbench. This way no tool needs to know about
any common service in particular, but all services pro-
vided by the workbench can be exported easily to all



tools. Inserting a new service (like the state machine
shown above) or changing the configuration of a service
(like adding a new transition to the state machine) has
immediate effect on the context menu within all tools.

9. Implementation Issues

So far we have presented the current state of LuafP.
We did not develop this language from scratch nor in
one single step. LuaP evolved from Lua in several incre-
mental cycles. We would like to give some hints on how
Lua made this development fairly easy.

Lua [9], [15] is in fact an interpreter framework in
the sense, that it is an application with many hot spots,
through which a programmer may add and modify the
application’s behavior. In Lua these hot spots are those
tag methods that have been introduced in Sect. 2.2.
By means of tag methods, a simple assignment like
objl.att2=o0bj3.att4 can be redirected to invoke one
tag method for retrieving the value of attribute att4
from a repository object obj3 and another tag method
for storing this value in attribute att2 of another repos-
itory object objl. Both tag methods make use of calls
to functions from the PCTE API that for this purpose
have been lifted from C to Lua. As seen from the Lua in-
terpreter, repository objects are opaque handles, whose
semantics are defined solely by tag methods. A similar
technique is used for term values (cf. Sect. 6) which are
efficiently implemented in C (which allows easy interfac-
ing also with other programming languages).

All access functions, that are stored with individual
LugP classes, are elegantly stored in function tables us-
ing Lua closures, that contain all necessary context in-
formation besides the function proper.

Another example for tag methods is the invo-
cation of creation methods: the LuaP statement
obj=CLASS1:make(arg) denotes the creation of an ob-
ject of CLASS1 using the creation method make for initial-
ization. This is implemented in Lua as follows: retriev-
ing field make from CLASS1 yields a method-descriptor.
When trying to execute this descriptor as a function, a
tag method (for event function) is called, which will
find out, that no target object exists but one must be
created prior to invoking the actual method make.

The use of associative arrays (cf. [9]) allows to write
down all additions to the language in a usable, descrip-
tive syntax without ever touching the implementation
of the Lua parser. Only tiny changes have been made
to the code examples in this paper, in order to give it
a more standard appearance. Such modifications can
easily be handled by a simple pre—processor.

Note, that aside from LuagP no other language is re-
quired: no data definition language, because this is just
one role of Lug/P, and no scripting language for whichever
purpose, because LuafP can also be used for scripts that
automate any repeated tasks.

10. Conclusion

Several languages and systems exist, that are partially
related to the work presented in this paper. PCTE’s
DDL is a pure data definition languages. ODMG-
ODLJ[18] and CORBA-IDL[1] define object interfaces in
terms of attributes and methods. As early as 1987, Gar-
lan [19] defines different languages for defining different
kinds of views. His basic views define the structure and
behavior of objects in the database, dynamic views can
be compared to derived attributes, with the restriction,
that their results must be sets of objects. Pizza[l4] is
a programming language that combines object oriented
and functional techniques. Within the UniForM work-
bench[20] concurrent Haskell is used for encapsulating
repository objects and tools and implementing tool com-
munication. Derived attributes are supported by nota-
tions ranging from Object—Z up to UML. OPM]|21] is a
specialized DBMS that implements derived attributes.

None of these systems defines a repository language as
comprehensive as LugP. We should clarify that PIROL
is not a production environment competing with in-
dustrial tools. Until now, some well known concerns
like fine-tuned transaction management remain incom-
plete in PIROL, but by means of PIROL and LuaP we
are able to demonstrate, which abstractions and mecha-
nisms may be covered by a repository language in order
to enhance modularity and integration of an SEE.

We have shown that LuafP is well-suited as a data def-
inition language and at the same time lifts the reposi-
tory types to a comfortable object oriented programming
language. Fine-tuned type mappings and the introduc-
tion of transient attributes and objects provide for op-
timizations as they minimize the number of repository
objects. Using term grammars for the definition of very
fine grained data further improves the performance of
the system, because terms can be packed into a single
attribute.

Next to efficiency, LuaP provides two mechanisms
for preserving data consistency. Derived attributes
help to avoid redundancy. Guarded attributes may
either restrict attribute changes or operationally en-
force comsistency by propagating changes to other at-
tributes/objects. Additionally, guarded attributes may
lift properties of the underlying repository to Lua/P.

Aside from data modeling, Lua can be used for im-
plementing the dynamics of repository objects using
methods in the common object oriented sense. Addi-
tion of functional techniques enhances LuafP’s capability
for transformations over complex structures like abstract
syntax.

Finally, LuaP closes the gap between tools and the
repository. All persistent objects are accessible via a
specialized messaging facility, which helps to keep visual-
izations up-to-date by broadcasting all relevant changes.

The process model and all common services that are
implemented in LuagP are independent from (but still



contribute to) any integrated tool. Modularity of the
resulting SEE allows for configuration and adaptation
at different levels: (1) Selection of methods and nota-
tions has impact on the product related part of the meta
model and on the selection of tools. (2) Also adaptation
of the process model or common services requires a few
specific additions to the meta model. (3) Tailoring an en-
vironment that has been constructed by the above steps
for a concrete project is mainly a task of writing simple
Luaf scripts.

Of course the crucial part in putting together an SEE
from diverse components remains implementation, adap-
tation and integration of new and existing tools. We
have made good experiences with tools providing differ-
ent levels of openness. This ranges from tools specifically
written for PIROL up-to monolithic tools with only in-
sufficient interfaces[3]. We have good results especially
with a graphical editor that could be adapted at the
source code level. A clearly delimited adapter layer suf-
fices for a very close integration.

Most importantly an object oriented meta model writ-
ten in LuagP greatly fosters the separation of concerns of
different tools and the workbench. Thus flexibility of the
SEE PIROL is essentially founded on the specific design
of its repository language LuaP.

10.1. Current and Future Work

We are currently working on specialized language con-
structs for defining connectors that help to integrate ex-
isting tools by automating a mapping between two mis-
matching meta models [22]. This approach also over-
comes a major drawback of basic views according to [19]:
in some cases it is necessary to multiply instantiate a
certain view with regard to a common base structure.

Allowing wildcards in attribute names for guards
(cf. Sect. 5.1) will allow to use guards as advice in the
style of AOP[23], [24].

It will be easy to lift PCTE’s distinction between asso-
ciation (usually: existence links) and object composition
(composition links) to LugP. This powerful feature is
unknown to common object oriented programming lan-
guage.
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Anthony Barnes
School of Computer and Information Science
University of South Australia
Mawson Lakes, SA 5095, Australia
email: 9705532s@camtech.net.au

ABSTRACT

This paper describes work on a project concerned with
practical approaches to software engineering tool
construction. Specifically, this paper reports how
workflow technology, and an emerging standard for
workflow products, can be used to provide a low cost
constructional approach to software engineering tool
developers. Using an example Software Engineering
Environment (PSEE), built on top of a commercial
RDBMS, we demonstrate a mapping from the PSEE onto
the WfMC Process Definition Interchange Process Model.
The resultant workflow process definition can be imported
into a WfMC conformant workflow management system,
thereby enabling the enactment of the software process
model by different workflow management systems.

Keywords
Workflow, process management, tool construction.

1 INTRODUCTION

A software engineering tool is a software product that
provides some automated support for the software
engineering process [1]. This includes: support for
development activities such as specification, design,
implementation, testing, and maintenance; support for
process modeling and management; and metaCASE
technology, used for the generation of custom tools to
support particular activities or processes. There are many
different kinds of software engineering tool variously
known as CASE (Computer Aided Software Engineering),
CAME (Computer Aided Method Engineering), IPSE
(Integrated Project Support Environment), SEE (Software
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Engineering Environment), and CSCW (Computer
Supported Cooperative Work). The development of these
tools is in itself a significant and challenging software
engineering task. Although these tools differ in purpose
and scale, developers of these tools often face similar
constructional issues, such as: selection of host computing
platform and implementation language, conformance with
standards and reference models, choice of repository,
integration and interoperability mechanisms, and user
interface style. The focus of our work lies not in the
application of these different kinds of tool, but in the
engineering of the tools themselves.

The provision of appropriate software engineering tools
plays an important role in the promotion and adoption of
sound software engineering practices. One of these sound
practices is the identification of, and adherence to, suitable
software development processes. For all organisations
involved in software development and for all kinds of
software, the identification and implementation of a
suitable development process is a recognised approach to
improving the quality of the software produced. The use
of an appropriate software process management tool can
assist the implementation, maintenance, and improvement
of an organisation's software development process. There
are many standard development methods and processes
such as JSD, SSADM, OMT, UML/Unified Process, and
there are plenty of commercially available tools to support
them. However, many organisations do not use these
standard methods and would prefer to use their own
particular process or a modified version of the standard
processes. These organisations could benefit from the
provision of flexible and customised process management
tools tailored to the specific requirements of their
particular development processes.

Workflow technology is defined as: "The automation of
a business process, in whole or part, during which
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documents, information or tasks are passed from one
participant to another for action, according to a set of
procedural rules.” page 8 of [2]. Software tools to support
workflow technology are known as Workflow
Management Systems, and many commercial workflow
products are available. There is a growing worldwide
interest in workflow technologies, and quite a demand for
workflow products [3]. The recent upsurge in electronic
commerce has provided additional impetus to research and
development of workflow products [4] [5]. The market for
workflow products is vastly greater than the market for
specialised software engineering tools such as a process
centred software engineering tool. The central idea of our
project is the treatment of software process management as
a specialisation of a more general kind of process
management known as workflow. Our approach is to use
this more general purpose technology, that is workflow
products, as a constructional technology for building the
specialised software engineering tools. The cost of
developing such specialised tools is generally quite high,
and due to the small market for these tools, tool vendors
need to charge very high prices to recover their costs. By
using off-the-shelf workflow technology, we aim to reduce
the cost and time of developing these specialised process
management tools, thus providing a cheap and rapid

approach to the delivery of custom process management
tools to those organisations that could benefit from them.
Furthermore, by conforming to workflow standards [6], we
hope to produce tools with improved integration and
interoperability facilities.

Our methodology in project is described as follows. We
have taken an existing implementation of a software
process management tool, referred to as the PSEE, and
seen if another, functionally equivalent, version of this
particular tool could be quickly and simply implemented
using workflow technology. If this technique is feasible
with the PSEE, then we should be able to use the same
technique to produce a range of custom process
management tools for managing different software
development processes. The first step in this technique is
to write a high level, implementation independent,
description of the PSEE tool in a standardised workflow
description language. This language is supplied by the
WTFMC Process Definition Interchange Process Model [6].
The resultant workflow process definition can then be
imported into a WfMC conformant workflow management
system for enactment of the software process model. Thus,
the nucleus of a software process management tool has
been automatically generated from high level descriptions
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with a minimum amount of work. To generate other
process management tools, with different functionality to
the PSEE, only the high level descriptions, written in the
WfFMC's standard language, need to be modified.

In the remaining sections of this paper we provide: more
detailed background and motivation information about our
work; a brief summary of key workflow and WfMC
concepts; a description of the PSEE and an example of a
software process model translated into a WfMC process
definition. We discuss some of the results and issues
addressed so far in our investigations, and we identify
areas of further investigation.

2 BACKGROUND AND MOTIVATION

The current project arises from the authors’ previous work
in the area of CASE tool construction technologies and
techniques [7,8,9,10]. A number of approaches to tool
development have been explored and several technologies,
including RDBMS’s, stored procedural SQL, CDIF, Java,
and formal specification languages, have been evaluated
for their benefits to tool developers. This work has been
motivated by the desire to discover cost and time effective
development approaches for method engineers who wish to
construct their own specialised custom software
engineering tools.

One of the lessons learned from these investigations was
the usefulness of readily available subsytems, such as an

RDBMS, for implementing both tool repositories and
process logic. Although a commercial RDBMS may not
provide the same performance as a special purpose
database for a CASE repository, the widespread
availability, standardisation, and relative ease of access
and programming of an RDBMS can be a significant
advantage. Similar benefits of an RDBMS for low-cost
implementations of workflow engines have been recently
reported [11]. This report motivated the authors to
examine workflow technology, in particular, the
standardisation activities of the Workflow Management
Coalition (WfMC) [12]. If RDBMS products can be
useful constructional technologies for software engineering
tool developers, and RDBMS products can provide low-
cost implementation of workflow engines, what benefits
might software engineering tool developers find in
workflow technology?

3 WORKFLOW AND THE WFMC

Workflow is the automation of a business process, in whole
or part, during which documents, information, or tasks are
passed from one participant to another for action,
according to a set of procedural rules [2]. A workflow
management system defines, creates, and manages the
execution of workflows through the use of software,
running on one or more workflow engines, which are able
to interpret the process definition, interact with workflow
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participants and, where required, invoke appropriate IT in
the PSEE meta-schema to the entities in the Workflow
tools and applications [2]. Workflow technology was first
applied to document-oriented business processes such as
approval processes in financial domains like banking. The

workflow coordinates the flow of documents between
people, enforcing business rules for routing and deliveries.
Participants access documents and update them according
to their role in the process [13]. Workflow technology has
subsequently been applied to areas such as Enterprise
Resource Planning (ERP), Enterprise Application
Integration (EAI), business component programming, and
electronic commerce.

The Workflow Management Coalition (WfMC) is a group
of companies who have joined together to establish a
common “Reference Model” for workflow mangement

systems [14]. The workflow reference model identifies a
number of major components and a set of interfaces known
as the WAPI - Workflow API’s and Interchange formats.
These interfaces regulate the interactions between the
workflow control software and other system components
including process definition tools, administration tools,
client applications, invoked applications, and other
workflow engines (Figure 1).

In our investigations, we treat the software development
process as a specialised kind of business process, in which
documents, information, and tasks are passed from one
participant to another according to a set of rules known as
the development method. If the software process is
considered as a specialised kind of workflow, then the
software process management tool used to model and
manage this process can be considered as a specialised
kind of workflow management system. Using the WAPI
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interface 1 for Process Definition Interchange, a software
development process can be defined as a workflow process
in the WPDL grammar. Software engineers are
represented as the workflow participants in this process
definition, and their analysis and design tools are the
workflow invoked applications. This process definition

can then be interpreted by a workflow engine that is
WFMC conformant, in order to model and manage the
software process.

4 EXAMPLE PSEE TOOL AND PROCESS
To test the feasibility of the proposed approach, we
selected a particular process management tool, referred to
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as the PSEE, along with a specific software development
process that could be modeled and enacted by this tool.
The PSEE implementation described here is a research
vehicle previously developed at the University of South
Awustralia. Although it does not have all the functionality

of a fully featured commercial process management tool, it
has sufficient modeling capability for this exercise. The
gross architectural features of the PSEE are shown in
Figure 2. Essentially, we have a commercial RDBMS that
is used to implement both a CASE repository and a simple
software process enactment engine. The repository is a
collection of relational tables defined by the schema shown
in Figure 3. This schema, or meta-model, can store
definitions of various process models. These models can
be executed by the process engine, which is implemented
as stored procedural SQL code within the DBMS. The
executing model can invoke tools, and communicate
simple notification messages to/from participating software

engineers. Currently, the PSEE meta-model permits the
definition of process models that are variants of the
waterfall type of process model. Given this limitation, it is
still possible to define quite rich and complex models of
this general type incorporating features such as activity
decomposition into subprocesses, iteration, roles and
agents, artifact (document) usage and classification.

To illustrate how the PSEE meta-model represents a
software process we will take a simple example of a
waterfall process model shown in Figure 4. This is in fact
the DoD Waterfall Model defined in [15]. We will
examine the Design Phase of this process in more detail,
and show how a particular software project, conformant to
this model, is represented in the PSEE repository. Figures
5 and 6 show example data from the Design Phase of a
conformant project with its associated activities, artifacts,
and methods. In the PSEE repository, this data is stored in
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relational tables, and fragments of these table contents are
provided in the appendix.

The WFMC reference model provides a basic process
definition meta-model for workflow process definition at
Interface 1 (see Figure 1). This meta-model identifies a
basic set of object types for the interchange of simple
process definitions. Further object types may be added by
vendor specific extensions. There is also a textual
grammar for the interchange of these process definitions
known as the Workflow Process Definition Language
(WPDL) [6]. Figure 7 shows the entities and relationships
present in the Workflow Process Definition Meta-Model.
Each of these entities has many mandatory and optional
attributes for defining workflow processes of varying
degrees of complexity. This meta-model includes some
entities, such as Participant, Application, and Workflow
Relevant Data, whose scope may be wider than a single
process definition. The meta-model assumes the use of a
common process definition repository to store these entity
definitions.  To allow these common entities to be
referenced across process definitions, and to support the
efficient transfer of data to/from the repository, a
Workflow Model entity and additional relationships are
introduced to this minimal meta-model (Figure 8).

The mapping of the PSEE meta-model to the WfMC
Interface 1 is done in two stages. First, we map the entities
Process Definition and Model Definition meta-models
(Figure 9). The PSEE meta-model is being treated as a
specialisation of the more general workflow meta-models.
We therefore find cases of several specialised PSEE
entities mapping onto one, more general, workflow entity.

In the second stage, we translate the entities and attributes
of the PSEE meta-schema into the WPDL grammar for
import into a WfMC conformant workflow management
system.  This translation has been performed for the
example software project described above. Fragments of
this WPDL workflow description are provided in the
appendix.

5 DISCUSSION AND SUMMARY

The WPDL workflow description of the example project
has been checked through a parser supplied by the WfMC.
The next stage in our investigations is to obtain one or
more workflow management systems that are capable of
importing this description written in the WPDL grammar.
We can then complete the construction of a simple process
management tool based on this technology.

Clearly, the construction of a working process management
tool requires more than simply the definition and
enactment of the process model. For the tool to be useful
it must interact with the participants, that is, the software
developers involved in the process, and it must invoke and
communicate with the software engineering tools used by
the participants.  Other aspects, such as auditing,
performance monitoring, and interoperability with other
process management/workflow environments need to be
considered. Our WPDL workflow description represents
a simple waterfall software process model. Not all process
models are this simple. We have not yet attempted to
represent many of the more interesting features of process
description such as iteration. Demonstrating a syntactic
mapping between a software process model and a
workflow process definition, in itself, does not demonstrate



that the behaviour of the enacted processes will be
equivalent. Once we have constructed the workflow based
software process management system, we can compare the
behaviour, and determine what these differences are. We
can also explore other issues of the tools’ operation such
invocation and notification mechanisms, and examine the
possibilities of interoperation with other CASE and
workflow environments.

Until more comprehensive process management tools have
been completed, it will not be possible to determine if this
really is a low-cost option. We are assuming that the
market for workflow products, which is a more general
application domain than software process management, is
much larger than the market for specialised software
engineering tools. Such economies of scale will hopefully
reduce the purchase cost of a workflow product below the
cost a software process management tool. Typically, these
products cost in the range of $2000-$3000 per user. We
also have to add to this, the development cost of defining
the software process model, translating it into WPDL,
importing the WPDL to a workflow management system,
and configuring the system for support of software process
management.

At this stage, it is difficult to tell if the WfMC reference
model will be a widely adopted or long-lived standard. It
is not uncommon in software engineering, and the IT
industry generally, for standards to emerge and fail to be
adopted. The WfMC standards are continuing to develop,
and the WPDL may be superceded by an XML based
process description language [13]. However, even if the
particular features of the WfMC reference model do not
prevail, the general characteristics of workflow products
and process models are likely to persist for some time, and
our approach to tool construction may still be promising.
In this paper, we have reported upon our initial
experiences with workflow technology and the WfMC
reference model. Over the following months, we anticipate
completion of more workflow-based software tools, and
further reports on these activities will be produced.
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APPENDIX

WORKFLOW PROCESS DESCRIPTION OF THE EXAMPLE SOFTWARE PROCESS IN WPDL GRAMMAR
This Appendix contains only a small sample of the process definition. The complete process definition is much larger and it
can be obtained from the authors upon request. The corresponding relational table definitions and data from the PSEE
repository can also be obtained from the authors.

/1 <Model >
MODEL ' GENERI C_WATER_FALL_MODEL'
WPDL_VERSION "7.0 Beta"
VENDCOR " VENDOR: PRODUCT: RELEASE"
CREATED 1999- 05- 27
NAVE "GENERI C WATER FALL"
DESCRI PTI ON " WPDL- NOTATI ON OF CGENERI C WATERFALL MCODEL"
AUTHOR " ADB"
STATUS "UNDER_REVI SI ON'

EXTENDED_ATTRIBUTE ' Projectld STRING "PRJOOL"

/1 <Workflow Partici pant List>

PARTI Cl PANT ' BATNY002'
NAVE "Nor man Bat es"
TYPE HUVAN

EXTENDED_ATTRI BUTE ' Enai | Address' STRI NG "bat ny002@enus"
END_PARTI CI PANT

PARTI Cl PANT ' LAFPYOO1'
NAVE "Patrick LaFleur"
TYPE HUVAN

EXTENDED_ATTRI BUTE ' Enmi | Address' STRING "I af py001@ upiter"
END_PARTI CI PANT

/1 <Workfl ow Application List>

APPLI CATI ON ' RES001"
NAVE " EMACS"
DESCRI PTI ON "Text Editor"
TOOLNANVE "emacs. exe"

EXTENDED_ATTRIBUTE  'Res_ld" STRING "RES001"
END_APPLI CATI ON

/1l <wWérkflow Process Rel evant Data List>

DATA "Artifact_d ass'
NAVE "Artifact_d ass"
DESCRI PTI ON "Describes artifact classes used in SWLife Cycle"
TYPE ARRAY

OF RECORD
STRI NG ' Cl assNo'
STRI NG ' Nare'
STRI NG ' Type'
STRING ' I nUse'
END
LENGTH [0...14]

DEFAULT_VALUE ( ("A" "PROJECT_ARTI FACTS" "STRUCTURE" "Y")
("B" "FUNCTI ONAL_BL" "STRUCTURE" "Y")
("C" "SYS_REQ SPEC' "STRUCTURE" "Y")
"D' "COVP_SYS_CONFI G | TEM' "STRUCTURE" "Y")
"E" "DEVELOPMENTAL_BL" "STRUCTURE" "Y")
" DESI GN_DOCUMENTS" " STRUCTURE" "Y")
" CODE_UNDER_DEV" " STRUCTURE" "Y")
" CODE_UNDER_TEST" " STRUCTURE" "Y")
"COVP_SW CONFI G_| TEM'" " STRUCTURE" "Y")
" COMP_SW COVMPONENT" " STRUCTURE" "Y")
"COVP_SW UN T" "STRUCTURE" "Y")

YT m

AAAAAAAA
xe—IQ

END_DATA



/Il <insert entity Task_req_conp data here as a conplex data type>
/1 <Insert entity Requirement data here as a conplex data type>
/1 <Workflow Process Definition>

VORKFLOW "WATER _FALL_LI FE_CYCLE'

CREATED 1999- 05- 27

NANVE "WATER FALL LI FE CYCLE"
DURATION.UNIT D

DURATI ON 94

/] <Activity List>
ACTIVITY ' SYSTEM_REQUI REMENTS_PHASE'
NAMVE " SYSTEM REQUI REMENTS PHASE"
DESCRI PTI ON " DEVELOPI NG SYSTEM REQUI REMENTS"
| MPLEMENTATI ON WORKFLOW ' SYSTEM _REQUI REMENTS'
END_ACTI VI TY

ACTIVITY ' SOFTWARE_REQUI REMENTS_PHASE'
NAME " SOFTWARE REQUI REMENTS PHASE"
DESCRI PTI ON " DEVELOPI NG SYSTEM SOFTWARE REQUI REMENTS"
| MPLEMENTATI ON  WORKFLOW ' SOFTWARE_REQUI REMENTS'
END_ACTI VI TY

/1 <Transition Information List>
TRANSITION T_1
DESCRI PTI ON "Fi nish-Start Transition"
FROM ' SYSTEM REQUI REMENTS_PHASE'
TO ' SOFTWARE_REQUI REMENTS_PHASE'
END_TRANSI TI ON

TRANSITION T_2
DESCRI PTI ON "Fi nish-Start Transition"
FROM ' SOFTWARE_REQUI REMENTS_PHASE'
TO ' SOFTWARE_DESI GN_PHASE'

END_TRANSI TI ON

END_WORKFLOW

/1 <INSERT WWORKFLOW ' SYSTEM REQUI REMENTS' HERE>
/1 <INSERT VWORKFLOW ' SOFTWARE_REQUI REMENTS' HERE>
WORKFLOW' SOFTWARE_DESI G\

CREATED 1999-05- 27

NAVE " SOFTWARE DESI GN'

DURATION_.UNIT D

DURATI ON 17

/] <Activity List>
ACTI VI TY ' SOFTWARE_PRELI M NARY_DESI G\
NAME " SOFTWARE PRELI M NARY DESI GN'
DESCRI PTI ON " PRELI M NARY SOFTWARE DESI G\
| MPLEMENTATI ON  WORKFLOW ' PRELI M NARY_DES| GN
END_ACTI VI TY

ACTIVITY ' SOFTWARE_DETAI LED_DESI GN

NAME " SOFTWARE DETAI LED DESI GN'

DESCRI PTI ON " DETAI LED SOFTWARE DESI GN'

| MPLEMENTATI ON WORKFLOW ' DETAI LED_DESI GN
END_ACTI VI TY

/1 <Transition Information List>
TRANSITION T_1
DESCRI PTI ON "Fi nish-Start Transition"
FROM ' SOFTWARE_PRELI M NARY_DESI GN
TO ' SOFTWARE_DETAI LED_DESI GN
END_TRANSI TI ON

END_WORKFLOW

END_MODEL
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Abstract

Several tools and class libraries aim at supporting the access of relational databases from object-oriented applications by
providing some kind of persistence layer. Nevertheless, a user’s exertion of influence is sometimes too low, as the layer
is mostly a black box. That is, the layer possesses a certain functionality, or it does not. Either the performance is
sufficient, or is not. One has to live with the layer as it is, there are no possibilities to improve performance, to include
new features such as advanced querying or transactions, or the other way round, to remove needless functionality.

This paper presents an alternative tooling, putting emphasis on highly customisable database layers. An adequate
object-oriented access interface can be designed according to the application’s needs. In order to keep the effort for
implementation low, layers are generated out of an object-oriented design tool. It is shown how a UML mode
describing the persistent data can be used, and how the design tool can be enhanced to allow for generation.
Experiences will stress on the advantages over commercial persistence layers. Flexibility is higher as the functionality
can be fregly designed. And transparency is given such that the structure of tables and the accesses to the database can

be modified, e.g., for tuning the performance.

Keywords: Persistence layer, object-oriented database interface, Rational Rose, generator.

1. Introduction

Nowadays, it is commonly accepted that using object-
oriented technologies in the software development
process possesses advantages with regard to extensibility,
flexibility, and reusability, thereby enhancing the
productivity of programming. The object-oriented
paradigm, through the notions of inheritance and
encapsulation, reduces the difficulty of developing and
evolving complex software systems.

Nearly all applications require a persistent storage of
data in a database system (DBS). From the point of
programming, it is desirable to store and retrieve objects
of the application in an easy manner. Object-oriented
DBSs (ODBSs) pick up this point bringing object-
orientation into database technology. They enhance
object-oriented languages to support database capabilities
like persistence, transactions, and queries in a
homogeneous manner so that the programmer gets the
illusion of just one language. Owing to being a new
database technology, ODBSs have got only a niche in the
marketplace — in spite of their advantages in many
application areas. Enterprises are just advanced to gain
confidence in relational DBSs since robustness and
reliability are gradually accepted. Storing data in
relational databases, lots of applications have been
developed recently. Since any DBS requires a large
amount of administration, nobody will switch to a new
database system without need. Hence, even new
applications will use a system that is already available in

a department or business unit. Replacing a relational DBS
with an ODBS, as an dternative solution, is often
impossible due to the so-called legacy problem [1]: There
isalot of data stored in relational databases. This data is
a necessary input to many decision making processes, and
thus an enormous investment of a company. Migrating
the data in an object-oriented DBS is difficult and risky,
frequently leading to an unacceptable lack of operation.
Consequently, relational DBSs are still the state-of-the-art
for many companies, even if the object-oriented paradigm
is used in programming.

In fact, there is no principle problem to make
relational data accessible from  object-oriented
programming languages. Rdational database applications
can be written by using SQL statements embedded in a
general purpose programming language. Even if an
embedding in C++, SmallTalk and Java is sometimes not
supported, a detour via “Embedded SQL” for C can be
taken. But database vendors are more and more enabling
adirect embedding for C++ and Java, e.g., SQLJ.

Anyway, this approach suffers from the need to
switch between two different languages and to interface
them with extra programming effort. Both languages, the
programming language for implementing application
logic, and SQL for accessing tables in the database, are
strictly separated. This is the so-called impedance
mismatch. The languages follow different paradigms.
While the programming language is procedural, SQL is
descriptive, specifying what data should be retrieved
instead of how this is to be done. Data exchange between



both languages requires special concepts such as host
variables and cursors. Cursors allow receiving the query
result one tuple at a time, and the values of each tuple are
put into host variables, which have only scalar types. The
disadvantages are obvious. The application receves
tuples of atomic values and must convert them to objects.
Hence, the semantic gap is coming to light: The
application maintains complexly structured objects, while
the relational DBS manages simple records in flat tables,
because of different type systems. Objects have to be split
up in order to fit into tables, and the other way round
tuples have to be joined to build objects. This makes the
handling cumbersome and application programs difficult
to write and hard to read.

We accommodate ourseves to the significance of
accessing reational DBSs from the programming
language C++. We propose a layered system [2] that
provides a flexible and homogeneous coupling of both
worlds, solving the problems of impedance mismatch and
semantic gap in an elegant way. The impedance
mismatch is avoided by staying completey in C++.
Database features are encapsulated in predefined classes
and methods. Hence, our proposal hides the specific
coupling mechanisms of relational systems. C++
programs is given the ability to invoke database
functionality in a convenient and comfortable way.

In fact, there are some commercial C++ class libraries
and tools such as RogueWave's DBTools.h++ that
attempt to ease the access of relational databases for C++
applications. Section 2 will discuss some disadvantages
of those tools. Essentially, commercial tools provide
persistence layers that do often not possess enough
flexibility to support specific demands. The other way
round, there are few possibilities to reduce the
functionality to a degree really needed by the application.
Moreover, the layers are black boxes. This is particularly
critical if a lack of performance requires database tuning
since this has to be done in the implementation part
(which is hidden by the tool). A layer implemented by
one's own provides better adaptability and flexibility, but
requires more effort for implementation.

In order to reduce the effort for developing
application-specific persistence layers for a reational
database, we suggest generating the implementation of
the layer. Section 3 will first present a simple persistence
layer with an object-oriented C++ interface, before the
process of generating the implementation is illustrated in
Section 4. To this end, we take benefit from object-
oriented modelling tools.

Section 5 reports on experiences we made with the
generative principle in a concrete project. The main
advantage of our approach is that flexibility and
adaptability are completdy under control. The persistence
layer is customisable with regard to application’s
requirements on database functionality. Performance can
be improved that way.

Section 6 finally outlines some future work we are
planning to do.

2. Persistence tools

Using embedded SQL is the classical way to build
relational database applications. But such a programming
of object-oriented database applications is very complex
due to the impedance mismatch and the semantic gap.
Fortunatdly, there are several products on the market that
promise to make this task easier. However, there are till
some deficits we want to discuss.

There are products such as RogueWave' s class library
DBTodls.h++, the Java database interfaces JDBC (“Java
Database Connectivity”) and SQLJ, or  Microsoft's
palette of interfaces, eg., ODBC (“Open Database
Connectivity”), ADO (“Active Data Objects’), RDO
(“ Remote Data Objects’), DAO (“ Data Access Objects’)
and OLE-DB, partially in combination with the MFC
(“ Microsoft Foundation Classes’). All these interfaces
behave similarly: They encapsulate the concepts of
relational database technology, e.g., transactions, tables,
columns, queries etc. by means of corresponding C++
classes TRANSACTI O\, TABLE, COLUMN, QUERY, or
similar. In fact, the handling of relational databases gets a
C++-like appearance making programming easier, but the
gain with regard to object-orientation is only little.
Applications still have to manage tables and to use SQL
for manipulating data. Even if the syntax may be
different, the concepts of SQL must be known when
querying data. Since a lot of application developers have
not much experience with relational database design and
SQL, those tools will not solve the big problems. But
without doubt this is an important step to achieve
independence of concrete database systems; using the
interface eases a later switch to another database system.

Other tools aim at providing more comfort by
managing C++ objects in relational databases. Those
products start with an object modd * modédling the data
to be stored in the database in an object-oriented manner.
The object modd is then automatically mapped onto
relational tables using some strategies. Moreover, a
database layer is generated that breaks down objects into
tuples accordingly. The layer provides an interface that
allows handling objects of the object moddl. It is possible
to store, retrieve and to delete objects in the database,
independently of how they are represented in tables.
Programming database applications thus becomes easier.
Particularly, the programmer is no longer responsible for
designing tables since the tool does this job implicitly.
Wdl-known tools are Persistence, POLAR (IBL
Ingenieurbiiro), ObjectFactory (RoguewWave), JavaBlend
and TOPLink (The Object People). The high-end of those
tools more or less emulate object-oriented DBSs on top
of relational ones. But they can certainly not compete
with the performance of real ODBSs, which are
optimised to handle complex structures and inheritance

! The term object model” here means the result of modeling
data, i.e, a schema in database speak. It should not be
understood as the modeling language, eg., UML (Unified
Modeling Language) or ER (Entity-Re ationship).



already on the physical storage level. For example, the
typical traversal from object to object is an operation that
is performed very quickly in ODBSs. Doing this with an
object-oriented layer will take much more time as either
several accesses to the database are necessary, or costly
joins must be performed on tables. Subtyping is for free
in ODBSs, but in contrast requires several operations on
the relational database. It is not only the number of
accesses, but also the internal overhead required to
emulate ODBS features, eg., a caching mechanism to
synchronise several copies of database objects in
memory. All these things cause some overhead that leads
to aloss of performance in any case, especialy if object-
oriented accesses are used extensively. The comfort given
by object-oriented accesses is traded for worse perform-
ance. We made some studies that reveal a loss of 40%!

A lot of applications can presumably live with the loss
of performance, particularly, if the profit from faster
application development is taken into account. But if
performance is critical, applications will run into trouble
because tuning the database layer comes up against
limiting factors. For example, it is often not possible to
change the structure of tables afterwards, because the
tools operate in a top-down manner: If the tables are not
adequate due to performance reasons, one has to modify
the object model in such a way that the tool will produce
the desired, more efficient tables. This is very
cumbersome because the internal strategies must be
understood and turned up. Thus, the choice of the object
model depends on achieving certain tables. And even
more worse, any change of tables requires a new object
model, which affects the application heavily! By the way,
this is also a problem for accessing existing “legacy”
tables. Here again, the design of the object modd is
essentially shaped by the tables. Similarly, there is only
little flexibility to modify the (relational) database
accesses because the persistence layer is a black box.
Unfortunately, changing the table structure and
reorganising the accesses possess the best potential for
improving the performance. The full potential for tuning
is only available if the code generated by the toodl is
understandable, and changeable— but it is mostly not.

Finaly, we want to mention some special data re-
engineering approaches [3], which aim at accessing
existing tables. [4, 5] discuss a generative, specification-
based approach. It is based upon a specification that
describes the re-engineering of tables explicitly, i.e., how
tables can be modelled as object classes. Hence this is a
bottom-up approach starting with tables. There are very
flexible mechanisms to remodd relational data in an
object model. A specification is input to a generator that
produces a C++ interface conforming to the ODMG2.0
standard [6] for ODBSs. In other words: The approach
provides an adjustable, object-oriented access to
relational database systems, completely simulating an
ODBS on top. Similarly, the prototype COMan [7] is
working. Both tools are only available as research
prototypes, beyond having maturity for the market.

It is important to note that the newest database
technology of object-relational systems such as Informix
Universal Server with the Universal Data Option and
Oracle8 also do not provide a satisfying solution. Besides
embedding SQL in C++, they integrate object-orientation
in the DBS kernd. This means that tables may now be
complexly structured. A user can define new data types
including operations (in principle classes) that can be
used as attribute domains. Nevertheless, it is not possible
to store C++ objects directly as database objects; there is
gtill a mismatch to C++, as there are two separate worlds
with different concepts for relationships and inheritance.

In spite of the criticism, it should be mentioned that
the tools are useful as they make programming relational
database applications easier. [8] estimates the effort for
developing a persistence layer at 30% of the planned
resources! Nevertheless, there are special situations that
require an enhanced influence on the object-oriented
layer, eg., due to performance reasons. Then it is in-
evitable to establish an own persistence layer between
object-oriented application and relational database.

3. Persistence layer

We now introduce a simple persistence layer for
relational databases. Later on, we will show how to
generate the implementation of the layer. The layer
should satisfy the following requirements:

The interface provided by the layer supports database

functlonahty in an easy manner.

Especially, the relational database technology (tables

and SQL) is transparent.

The principle is in some way schematic and intuitive.

This makes it possible to use the interface by just

knowing the object model.

An object model, i.e., an object-oriented design of the
structure of an application, is a good starting point. The
object model comprises the model of persistent data.
More precisdy, we should use the term “database modd”
to denote the subset of persistent data in the object mode.
The database model may omit single attributes of a class
or complete classes. It is useful to let the database model
be a subset of the object modd. But sometimes there are
good reasons to keep them apart in two separate models.
Then there is a higher independence between application
and persistence, but a need for some mediation that
makes the usage more complex: The database modd is
used to manage data from the database, which then must
be converted in such away that it fits to the object model.

Our approach rdies on a database modd being a
subset of the object modd. The database functionality is
then related to objects of the object modd: Real objects
are stored, retrieved and deleted. Knowing the object
model is enough to use the database interface.

Such a persistence approach can be designed in
several ways. [9] gives a good overview of
object/relational access layers and discusses several
implementation aspects (which affect in turn the design
of the interface). When designing such a layer, there are



different forces: On the one hand, the layer should satisfy
al the needs from a functional point of view. On the
other hand, we should keep the layer as simple as
possible in order to enable generation. Particularly, the
part to be generated should be small.

We here pursue a shadow class concept which is very
practicable in most situations: Each persistent class A
obtains a superclass DBM A; DBM stands for database
management. The DBM shadow class provides al the
methods needed for handling objects in the database:
There are methods to create, find, store, and ddete
objects in the database. Associations between classes are
reflected by methods that allow for traversing from an
object to related ones. Special types of associations such
as aggregations/compoasitions in UML [10] may affect the
semantics of methods. For instance, it is useful to treat
aggregations/compositions as  “complex  objects’:
Fetching an object that has aggregations will also get the
associated parts, and similarly for removals. Hence,
complex objects are managed as awhole.

Let us discuss the principle of the persistence
interface in more detail by means of an example. We
assume the following object modd:

A B
attrl:int 0.1 p1:int
attr2 : string |RelB b2 : string c
cl:int
0.1 RelC 0.. o - float

Figure 1. Sample object model

The shadow class approach enhances the object mode by
several DBM superclasses as shown in Figure 2:

DBM_A DBM_B DBM _C
=
A+ B

Figure 2: Shadow class approach

[ C ]

The signature of the DBM A class declares methods to
handle objects of class A:

cl ass DBM A {

public:
int create();
int store();
int renove();
static A* find(<key>);
static Set<A*>* find(<query>);
/1 for to-1 association Rel B:
B* getRel B();
int setRel B(B*);
/1 for to-n association Rel C
Set <B*>* get Rel C,
i nt addRel C(C*);
int renoveRel C(C*);

protect ed:
vi rtual
vi rtual

int getAttr1()
string getAttr2()

}

DBM B and DBM C possess analogous signatures. The
method create is used to create new objects in the
database, while st or e overwrites existing objects. We
assume that each class possess an identifying property,
i.e, akey attribute or a st of attributes. This key is used
to determine whether an object is new. If an object that
aready exists in the database is created, an error is
issued. The return value detects the success of a method.

The fi nd-method is static as the invocation is
independent of an object. <key> should denote the key
attribute(s) of the class; hence it is guaranteed that at
most one object is returned. More precisdly, it is a pointer
to the object. <query> should denote some kind of
general associative query. In the simplest case, several
attributes may occur as parameters. Then all those objects
are searched that possess the passed values as attributes.
For example, fi nd(String a2) will return al the A-
objects that possess the parameter a2 as value of attr 2.
For advanced query capabilities, SQL-like conditions are
possible. This can ether be done by passing a string to
fi nd, specifying the condition in a query language, or by
means of a Query class that alows constructing queries.
Anyway, the language should rely on the object model in
the sense of an ObjectSQL [11]; relational SQL is no
good choice because it is based upon tables which are
supposed to be hidden by the layer. The result of a query
isrepresented by a Set asit istypically provided by class
libraries, eg., templates RWPtrSlist<T> in
RogueWave's Tools.h++. The collection templates offer
methods to iterate over the result set.

Associations of the object model are reflected by
traversal methods. Invoking get Rel B for a given A-
object returns the B-object that is related to by Rel B. In
case of to-n associations, eg., Rel C, a s&t of objects is
yielded. The methods set Rel B and addRel C can be
used to establish new relationship instances. Due to to-n,
addRel C adds a new instance to the already established
ones, while set Rel B overwrites a to-1 association.
Analogously, r enoveRel Cremoves areationship.

The (pure) virtual get-methods are necessary,
because class DBM A needs to access the attributes of
class A when implementing the methods cr eat e/ st or e.
The protocol is as follows: DBM A only declares a
protected method <datatype> get<Attr>() that
gives the DBM layer access to any attribute <At t r >. The
implementation of the method must be done in class A
Analogously, the implementation of DBM_A: : fi nd hasto
create A-objects and to fill the attributes with values
found in the database. Hence, class A must possess a
constructor to set all the attributes.

Owing to inheritance, using the database functionality
is very easy and intuitive. Here is a sample program:



DBM Transaction t;
t.start();

/'l create an A-object
A* obj A = new A(...);
/1 store object in the database:

obj A->create();

/1 nodify the object in nmenory:

obj A->set Attr2("new val ue");

/1 wite the object back to database

/1l (the object nmust already exist):

obj A->store();

/1 get related B-object (via Rel B):

B* obj B = obj A->get Rel B();

/1l get the related C objects:

Set >C*>* set C = obj A->getRel C();

/'l establish association between obj A, obj C
C* objC = new C(...);

obj A- >addRel C(obj C) ;

/1l query: find all A-objects with name

/1 "Ms. Marple"
Set <A*>* result
A* obj;

/] iterate over result:

while (obj = result->next())

{ ... obj->method() ... }

/1 commit all the nodifications:
t.commt();

in nenory:

= A:find("Ms. Marple");

Obviously, the interface smoothly fits to C++; the
handling is similar to an ODBS. The usage of the
interface is closdy related to the object mode, as the
object-oriented concepts are directly reflected. The
principle is schematic, all objects are handled in the same
manner. Hence, the database functionality is immediately
comprehensible. Transparency is given as the underlying
relational database is invisible. Objects and associations
are handled, no matter whether they are found in one or
more tables. Traversals can be performed without
knowing how to join which tables. Consequently, thereis
a strong independence between application programming
and therelational database.

The DBM classes in total implement a layered system
in the sense of [2]. The generic interface yields enough
abstraction from “physical” database details allowing for
an efficient implementation.

Implementing the DBM classes is very schematic and
straightforward. A sample implementation may look as
follows. We consider the method cr eat e for inserting
new objects in the database. To ease embedding SQL in
C++, we here use the class library DBTools.ht++.
Programming thus becomes simpler and the code is
independent of a specific database vendor.

static const RACString tabNanme("tabA");
/'l table tabA(al,a2) for class A (cf. 4.4)

int DBM A::create()
{
int failure = 0;
RWDBConnecti on* cPtr =
DBM Connect i onMyr : : get Connecti on();
/* get connection to database,
if not already existing */
RWDBTabl e t ab(t abNane) ;

RWDBI nserter ins = tab.inserter();
try
{ I* store atomic attributes of
intabA */
ins << getAttrl() << getAttr2();
i ns. execute(*cPtr);
cache.insert(new Entry
(Key<A>(getAttril()),

obj ect

/'l key

this, /1 pointer to object
NEW /1 status of object
1); /'l reference counter

}

cat ch(const RWnsg& X)

{ DBM_ErrorHandler::set(failure); }
return failure;

}

The code aims at keeping the class-specific part as low as
possible. In fact, this is the part to be generated.
Consequently, connecting to a database and error
handling are put in separate classes
DBM Connect i onMgr and DBM Er r or Handl er.

Handling database errors in DBTools is quite easy.
An error handler can be installed by means of cPtr->
set Err or Handl er (DBM _Er r or Handl er: : handl er) .
Any occurrence of a database error will then invoke the
method DBM Er r or Handl er: : handl er. This routine
analyses the error, converts the DBTools/DBS error into a
DBM error number, and throws a RWwknsg exception. A
cat ch-block catches the exception and lets the variable
failure be set with the DBM error. Doing that way,
errors such as “unique constraint violation” are handled
and changed to “object already exists’. In fact, we let the
database system check for uniqueness of tuples (objects)
by defining primary key constraints.

The piece of code is intuitive and shows the principle.
One point is worth mentioning, a cache that controls the
usage of objects. This is important because an object can
be retrieved several times by multiple find or
get Rel B/ C invocations. A (too) simple implementation
would maintain several copies of this object in main
memory. As a consequence, the copies would evolve
independently of each other. If objects are written back to
the database, then object changes get lost, as the last one
would override all the previous ones, unless there is some
synchronisation mechanism [12]. The cache now cares
for synchronisation in the following manner. Any object
occurs only once in main memory, other pointers refer to
that copy. Hence, all modifications are made to the same
copy, and writing this copy back will include all changes.
Thisimplies that the implementation of f i nd looks in the
cache before fetching an object from the database.

The cache maintains a hash table of all objects
currently fetched from the database. An entry of this list
consists of the object’s key value (encapsulated in a class
Key<A>), a pointer A* to the object, a status (NEW
DELETED etc.) and a counter that counts how often an
object is referenced. Committing a transaction, al the
modified objects in the cache are written to the database.



The example is intentionally kept simple. Class A
possesses only atomic attributes. Complex attributes and
embedded objects (by aggregation/composition) must be
handled similarly. Furthermore, subclasses will require
some additional actions. In case of f i nd, an object of the
most specific subclass must be determined in order to
support polymorphism correctly. In order to set attributes
of the superclass (which are inherited to a subclass), a
table related to the superclass must often be accessed,
according to some mapping strategy.

Please note this is just one proposal for a persistence
layer. We here want to keep the layer simple and
understandable for reasons of a later generation, but also
to show how simple a layer may be. Nevertheless, the
layer can be enhanced in any way to bring it into line
with specific requirements. The reader is referred to
[13,8] that discuss important aspects of designing
scaleable object-persistence layers in more detail.

4. Gener ative approach

4.1 The principle

This section describes how to implement a generator
that produces persistence layers such as the one
discussed. In order to keep the effort for development as
low as possible, we integrate the generator in an object-
oriented design tool. This has the advantage that the
graphical user interface, especially for moddling the
structure, can be used. There is no need for developing a
user interface of its own for the generator. The generator
can focus onits real task, generating code.

All the wdl-known abject-oriented design tools are
extensiblein a certain sense. They possess

a repository that maintains al the information about

existing object models (e.g., in .cat-filesin ROSE),

an interface to access the meta-data in the repository,

an opportunity to define additional properties for

object models, and

means to implement and run scripts within the tool.
Th&se are technical prerequisites to integrate a generator
in a tool. The procedure of implementing a generator can
then be done stepwise. We here focus on Rational ROSE
to give the discussion more technical depth. The ideas
can betransferred directly to other design tools, too.

1. Starting point is a database modd (as part of the
application’s object modd) specified in ROSE by
means of UML (* Unified Modding Language’) [10].
UML allows for an object-oriented modeling of the
application structure. Moreover, dynamic aspects can
be described by sequence diagrams etc., but this not
relevant here. We are interested in moddling the
structure since the resulting ROSE mode is a superset
of the persistent objects. It does not matter whether
the database model is subset of the object mode or
whether is apart fromit.

2. The ROSE modd is enhanced with additional
“properties’. Those properties can be attached to

ROSE concepts to carry additional information, which
is needed by the generator and must be supplied by
the user of the generator. Examples are markers for
the persistent classes, their persistent attributes, key
attributes, what attributes are used for querying (in
find) ec. Furthermore, properties may represent
mapping strategies, how to map set-valued attributes
onto tables, i.e., how to handle subtyping and so on.
Properties are organised in new folders (named
“tools” in ROSE) that occur in ROSE specification
windows (cf. the tool “ CODE” in Figure 3).

3. Generators are implemented in a script language
similar to VisualBasic Script. The script language
includes special classes and functions to access the
repository, i.e., to get information about the modelled
classes, their attributes and associations, inheritance
hierarchies and so on. Using this meta-data, SQL
statements can be generated that install tables in the
relational database. Information about key attributes
and mapping strategies can be obtained by querying
the generator-specific properties.

4. Taking each persistent class of the ROSE modd, a
generator can produce the corresponding DBM class.
The sa of all DBM classes together with some
predefined classes constitute the persistence layer.

5. In order to have a complete description of all the
software, the moddl of the DBM classes can be
generated and inserted into the repository. That is, the
DBM part does not need to be moddled with the
design tool manually!

Subsections 4.3 to 4.6 will explain how to perform the

steps 2 to 5. The repository of ROSE is the central part

for the steps. The essentials of the repository and its

meta-modd are summarised beforehand in Section 4.2.
Having developed the generators, usage is as follows

from an end user’s point of view. It is first necessary to

mark the persistent classes in the ROSE modd, and to
indicate the persistent attributes and associations. Classes
are specified in a*“ Class Specification” diagramin ROSE.

The diagram possesses a property that can be switched to

“persistent”. Alternatively, the user can click on

persistent classes in ROSE before starting the generator.

The generator then takes the chosen classes into account.
Similarly, the user has to indicate what attributes and

associations of a class become persistent. To this end,

newly defined properties are used. Figure 3 displays the
attributes of class A in the “Attributes’ folder of the

“ Class Specification” window (left). Sdecting “attrl”, a

“Class Attribute Specification” diagram appears. This

window possesses a new folder “ CODE” ; being activated

it presents the new properties for interactive modification.

Hence, the user can mark “attrl” as a key by filling in

“yes’ for the“ Key” property. Any attribute is assumed to

be persistent by default, but this value can be overwritten.

Similarly, special strategies for handling multi-valued

attributes and subtype hierarchies can be managed.

Analogously, the * Class Association Specification” is to

be handled by means of the folder “ Relations’.
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Figure 3: Class attribute specification

Having enriched the ROSE modd in that way, the
ROSE script implementing the generator can be sdected
in the main menu and executed. Consequently, enhancing
an object mode with generator-specific information is
completely integrated in ROSE!

4.2 The Meta-model of ROSE

Design tools possess a repository, which contains the
information about all the object models. The organisation
of this meta-data is done according to a meta-model. The
meta-model of ROSE exposes all the UML concepts by
corresponding meta-classes such as d ass, Attri bute,
Associ ation, Operation, Role, and Paraneter,
reflecting the concepts directly. Hence, the meta-class
Cl ass maintains all the classes of a ROSE mode as
instances. Every meta-class possesses a method Nane to
determine the name as a string: Having an instance
aClass of Class (i.e, a class of the modd),
ad ass. Name computes the name of that class. Traversal
functions relate meta-classes. A function Attri butes
computes the attributes of a class. Similar functions can
be used to determine the associations of a class
(Associ ati ons), the roles of an association (Rol es),
the superclass(es) etc.

Each concept possesses a corresponding collection
class ... Collection, eg., AttributeCollection
maintains a collection of Att ri but e instances. Thisis
because some functions return a collection. For example,
aCl ass. Attributes returns  an Attribute-
Col | ection, which contains all the attributes of
ad ass. Those collection types have Get At (i nt) and
Count functions to iterate over the collection:

FOR i %1 TO aC ass. Attri butes. Count
for any attribute of the class:
SET anAttr = aCl ass. Attributes. GetAt (i %

NEXT i %

The meta-model comprises all ROSE-specific concepts,
even those that have an organisational purpose such as
packages and categories. They are used to modularise and
partition large ROSE models. Hence, an object modd can
be split into several categories, each one modelling a part
of the software system. It is sensible in our caseto put the
DBM classes in a category of its own.

The repository is the central point to get information
about object models. Particularly, there are means to ask
the settings of generator-specific properties. The
properties are an elegant way to enhance an object model
with additional information, which is not purdy related to
modelling, but rather to generating code.

4.3 Definition of new properties

As mentioned in Subsection 4.1, the generator needs
additional information to control generation. ROSE can
be extended by properties that can hold additional input.
Adding generator-specific properties to ROSE is done by
means of the meta-class Def aul t ModePr operti es.
Having an object modd loaded in ROSE, the following
lines will introduce a new property “Persistent” for the
“ Class Attribute Specification” diagram.

DI M prop AS Def aul t ModeProperties
SET prop =

RoseApp. Current Mbdel . Def aul t Properties
prop. AddDef aul t Property

("Attribute", "CODE', "default",
"Persistent","String", "yes")
The first parameter of AddDef aul t Property

determines the concept to be enriched, here “Attribute’.
Any property must belong to a folder in the diagram. We
name the folder “CODE’. Any further call of
AddDef aul t Proper t'y with the same folder name adds
a property to the already existing folder. The next
parameters define the new property “Persistent” of type
“String”; the property is initialised with the value of the



last parameter “ yes’. This value can in fact be modified
by the user, if ghe sdects the “Class Attribute
Specification” and clicks on the “ CODE” todl.

4.4 Generating tables

A first generator will show the principle of how to
create SQL scripts for setting up tables. Mapping object
classes onto tables can be done according to several
mapping strategies [5,9,14]. Frequently, each class A will
result in a base table t abA that is able to hold all the
atomic attributes of the class. Multi-valued attributes will
be stored in an additional table with a foreign key
referring back to the base table Associations require
foreign keys. The following tables are adequate for the
introductory object modd in Figure 1.
tabA (attrl integer, attr2 varchar,
primary key attrl);

tabB (bl integer, b2 varchar,
attrl integer, prinmary key bl,
foreign key attrl
referencing tabA attrl)

tabC (cl integer, c2 float, attrl integer,
primary key cl1, foreign key attrl
referencing tabA attrl)

Tablet abAtakes all the atomic attribute of class A. Using
the value of the “ Key” property, attribute at t r 1 becomes
a primary key: There cannot be two tuples in the tables
with the same at t r 1-value. Both tables t abB (for class
B) and t abC (for class C) possess a foreign key attr1
that refers to table t abA. The foreign keys express the
associations of B and C with A. Since table t abC can
contain several entries with the same attr 1-value,
several C-objects are related to the one A-object in t abA
that possessesthisat t r 1-value.

The literature discusses several mappings for handling
associations, multi-valued attributes, and subtype
hierarchies. Hence, we want to refer to this work, eg.,
[5,4,9].

A generator now produces a text file that contains
corresponding CREATE TABLE statements. In fact, the
repository of ROSE must be accessed to get the
information about class names, attributes, keys etc. The
basic principleis easy.

SUB Mai n()

DI M cl asses AS O assCol | ection
DIMad ass AS d ass

DiMattrs AS AttributeCollection
DIManAttr AS Attribute

DI MtabNane AS String
OPEN "create.sql" FOR OQUTPUT AS #1
SET cl asses =
RoseApp. Current Mbdel . Get Sel ect edCl asses()
for any class marked in the ROSE nodel
FOR i% = 1 TO cl asses. Count
SET aCl ass = cl asses. Get At (i %
tabname = "tab" + aC ass. Nane
PRI NT #1,"create table " + tabname + "("
SET attrs = aC ass. Attributes
for any attribute of ad ass

FOR j% =1 TO attrs. Count

SET anAttr = attrs. GetAt(j %

I F anAttr. Type <> "int" AND
anAttr. Type <> "float" AND ...
handl eConpl exAttr (anAttr)

ELSE PRI NT #1, anAttr.Name + " " +

mapType(anAttr. Type) + ","

THEN

END I F
NEXT | %
handl eAssoci ati ons(ad ass)
print Pri maryKey(ad ass)
PRI NT #1, ");"
NEXT i %
CLOSE #1
END SUB

Thereis aloop over all classes that the user has selected
in the current model. An inner loop gets information
about the attributes of the current class. A function
mapType is responsible for transforming C++ data types
into SQL types. Complex attributes, i.e, those with a
domain Set <T>, require special treatment by a function
handl eConpl exAttr. Those attributes can be
recognised by their type (anAttr. Type). Furthermore,
functions handl eAssoci ati ons and pri nt Pri mary-
Key are needed to handle associations (e.g., by foreign
keys) and to define primary keys. These can be
implemented similarly. Associations are obtained by
ad ass. Associ ati ons yielding an Associ ati on-
Col | ection. Having an Associ ati on instance, the
roles (Rol es, Rol el, Rol e2), the cardinality of a role
(Cardinality) etc. are accessible. Depending on the
cardinality, a foreign key or a reationship table can be
installed. Du to space limitations, we cannot show the full
implementation. Particularly, subclass hierarchies are
completely left out. But an adequate handling can be
incorporated easily. [4] discusses several strategies to
map hierarchies on tables with pros and cons, eg., a
vertical, a horizontal, a flag-based strategy and a
complete materialisation. Functions Get SubCl asses/
Get Super O asses help to get the corresponding meta-
information.

There are several strategies for handling complex
attributes and subtype hierarchies. Instead of
implementing one fix strategy, it is more flexible to let
the user choose one. This can be done by means of the
property “Strategy” (cf. Figure 3). Implementing a
generator, we are then concerned with accessing those
generator-specific properties. This can be done as follows
for agivenanAttr:

DI M aPr op AS Property
DI M propset AS PropertyCol | ection

SET propSet = anAttr. GetProperties
FOR k%1 TO propSet. Count
SET aProp = propSet. Get At (k%
I F aProp. Name = "Strategy" THEN
... act according to aProp.Value ...
END I F
NEXT k%



Thanks to the script language, the value of the generator
can be increased with a graphical user interface. All the
features of VisualBasic Script are usable. For example,
boxes can be displayed asking for a database system (for
which CREATE TABLE statements are to be generated),
the names of output files can be chosen in pull-down
menus, and so on.

4.5 Generating a ROSE model for the DBM classes

The persistence layer consists of several DBM
classes, which all should become part of the ROSE model
for documentation reasons. We assume that a category
DBM has aready been established in ROSE. The
following script puts al the DBM classes in this
category:

DI M t heDi agram AS C assDi agram
DI M t heDbnCat AS Cat egory
DIMallCats AS Cat egoryCol | ection

' search DBM cat egory
SET all Cats =
RoseApp. Current Mbdel . Get Al | Cat egori es
FOR i %1 TO al | Cats. Count
IF all Cats.get At (i % .Name = "DBM' THEN
SET theDbnCat = all Cats. Get At (i %9
END I F
NEXT i %
create new DBM public class di agram ( PCD)
SET t heDi agram = t heDbnCat . AddCl assDi agr am
("PCD_DBM. I nterface")
create a DBM cl ass DBM A for each class A
SET cl asses =
RoseApp. Current Model . Get Sel ect edd asses
FOR i %1 TO cl asses. Count
SET aCl ass = cl asses. Get At (i %
dbnCl assNane = "DBM_ " + ad ass. Name
SET dbnCl ass =
t heDbnCat . AddCl ass(dbnCl assNane)
t heDi agr am AddCl ass(dbnCl ass)
establish a subclass relationship
SET t hel nhRel ati on = aCl ass. Addl nheri t Rel
("inherits front, dbnC ass)
t heDi agr am AddC ass(ad ass)
find-met hod (anal ogous for others)
SET theQp = dbnC ass. AddOper ati on
("find", aCl ass.Name + "*")
SET t heParam = t heOp. AddPar anet er
("key", <datatype>,1)
t heOp. AddProperty("Operati onKi nd",
"Static")
NEXT i %

At first, a new public class diagram (PCD) is created.
This diagram will contain the DBM classes. Then again,
al the classes sdected in the ROSE mode are treated.
For each class adl ass, a DBM class is created in the
PCD. All the methods such as find are added by
invoking the function AddOper at i on, passing the name
of the method and the return type Calling
AddPar anet er, the parameters are defined with a name,
adatatype, and a position. Each Oper at i on instance has
a pre-defined property “Oper at i onKi nd” that can be set

to make the method static. Similarly, a property
“virtual” can be set for the get methods. The original
classad ass is then inserted into the diagram to make it
visible; the class is not duplicated by ROSE! The class is
needed to establish the inheritance relationship between
ad ass anddbnd ass.

Starting the generator creates the DBM class in ROSE
automatically. It can be modified afterwards within
ROSE, e.g., adding further f i nd-methods.

4.6 Generating the persistence layer

The previous sections have already presented the
basics of generation. A generator for the persistence layer
can be implemented analogously. In principle, the code
sketched out in Section 3 must be written into a file. All
the generic parts such as class and attribute names must
be filled in by accessing the repository. The following
procedure generates the code for the cr eat e-method.

SUB print Creat e(dbnCl ass AS d ass,
aCl ass AS d ass)

PRI NT #1, "int + dbnCl ass. Nane +

"::create()"
PRI NT #1, "{"
PRI NT #1, int failure = 0;
PRI NT #1, RWDBConnecti on* cPtr =

DBM Connect i onMgr : : get Connection();"

PRI NT #1, RWDBTabl e tab(t abNane) ;"

PRI NT #1, RWDBI nserter ins =
tab.inserter();"

PRI NT #1, try"

PRI NT #1, " {"

txt = " i ns"

FOR j% =1 TO aCl ass. Attributes
txt = txt + " << anAttr.Nane + "()"

NEXT j %

PRI NT #1, txt + ";"

PRI NT #1, i ns. execute(*cktr);
PRI NT #1, cache.insert

(new Entry(Key<"+ aC ass. Nane +">" +
"(" + handl eKey() + "),this, NEW1);"
PRI NT #1, " I
PRI NT #1, cat ch(const RWknsg& x)"

PRI NT #1, " {" DBM_ErrorHandl er::
set(failure); }"
PRI NT #1, return failure;
PRI NT #1, "}"
END SUB

Information about both classes is needed: ad ass
provides the attributes to build the get methods. The
dbnCl ass is necessary since new methods might have
been included in addition to the automatically generated
ones, e.g., f i nd-methods with other parameters.

5. Experiences

The presented approach has several advantages over
commercial tools with regard to flexibility.
The persistence layer can be brought into line with
specific requirements and needs. The layer is
customisable on several levels, in accordance to the



required functionality:

First, the modelling concepts can be restricted. For
example, one can think of prohibiting subtyping in the
database modd, since this is difficult to handle and
may cause a lack of performance. But the easier
handling is dearly paid by the fact that subtype
hierarchies cannot be made persistent as they are.
Moddling is forced in those cases to introduce a
simpler database model beside the original object
model. This database model models the persistent part,
simple enough to get handled. A transformation
between both models becomes necessary.

Next, the interface can be enhanced or simplified,
e.g., by introducing advanced transaction control or
omitting  explicit  transactions, respectively.
Sometimes, there is no need for explicit transaction;
each method can be treated as a transaction of its own.
In case of complex objects, which are fetched as a
whole from the database [14], the transaction contains
all those operations that are necessary to perform the
method consistently.

We can also think of reducing the functionality of
the persistence layer. The caching of objects is a
possible candidate, if there is no danger of
synchronisation.

Hence, the approach can be very simple, but it can
also support a full implementation of the ODMG
standard for ODBSs [6] on the other extreme. The
more complex the modeling concepts and the
interface are, the more complex will be the
implementation, and consequently the generator.

Since we implement the persistence layer, we are able
to understand how it works. This gives us the
flexibility to modify the code afterwards, eg., for
tuning the layer. In contrast to commercial tools, the
layer is no longer a black box!
The approach is extensible to access existing tables.
This requires a data re-engineering in the generator for
producing the DBM classes, as now reverse strategies
[3] must be specified.
We are using the approach with Siemens AG in a huge
project in the field of telecommunication. The project
possesses some important characteristics, which form a
fertile soil for the generative approach:

() There are several work packages implementing the
overall system functionality. The developers are
mostly  unfamiliar  with reational  database
technology, with table design and SQL. That is the
reason why a work package DBM (“ Database
Management”) has been installed with the goal to
centralise database competence and to release other
work packages from database aspects. Hence, DBM
can take the part of implementing generators. Each
work package then gets a very comfortable, easy-to-
use interface for handling objects. It is obvious that
application developers do not need to care about any
database aspects except invoking DBM methods.
This accelerates the productivity of programmers.

(b) The schematic, model-based persistence approach
makes sure that there is a strong de-coupling of
application programming and persistence. The
database aspects are closdy related to an object
model and thus easy to understand. Developing and
generating the persistence layer can be done in
paralled to the real application development. This
reduces the development times of working packages.

() There are more than 100 persistent classes in the
system. Consequently, the effort for implementing a
generator is modest on a per-class calculation.

(d) Somework packages have very specific requirements

on the database. For example, some do not need
transactions as each method is consistent in itself by
means of a transaction per method mechanism.
Others require very specific queries in the sense of
CMIS filters (* Common Management Information
Service’), which ae very popular in
telecommunication standards. We could directly
support corresponding query classes in our layer.
Another group of work packages performs an internal
caching of data to speed up access in real-time. They
read the data of a class completely in an internal
cache. Using a commercial tool would have doubled
caching, leading to aloss of performance.
To satisfy these various needs, several persistence
approaches have been developed, grouping the
required functionality. This emphasises the good
adaptability of the generative approach.

(e) Database competence is also necessary as there are
several  applications  with  hard  performance
requirements. Hence, it is inevitable to have potential
for tuning database tables and accesses. However, the
interface should be stable for applications.

Consequently, the advantages of our approach come to
light. Do commercial persistence tools support the points
(a) to (c) to some degree, they lack of flexibility with
respect to (d) and (€). We are reporting on experiences we
made for point (€).

We had a work packages that caches more than
100000 complex objects during start-up of the system in
order to guarantee accesses in main memory speed. This
took about 3 hours using the generated implementation;
firmly too long to be acceptable. Indeed, commercial
tools would not have behaved better. Consequently,
tuning the layer was necessary. We re-designed the tables
(not the database model), and reorganised the accesses
and their order of execution. The interface gave us
enough potential for tuning database and accesses without
affecting the application. That is, the interface to the
database was as before, but the implementation of the
interface changed completely. Tuning the system, i.e., re-
implementing the layer manually, finally brought up
results in the area of 3 minutes. The essential advantage
in this respect was that the code is understandable and
thus modifiable. Certainly, this action breaks the round-
trip engineering as any modification of the modd must be
ether adapted in the current implementation, or the



generated code must again be reiimplemented. But
having such gains in performance does worth it anyway.

The approach is obviously suited if the amount of
work for implementing the generators is not too high. We
spent four person weeks for designing the various
persistence layers in accordance to requirements. The
effort for developing the generators tool took about three
person weeks. Certainly, these numbers depend on the
skill of the people who design and implement.

6. Conclusions

In this paper, we demonstrated how to generate
object-oriented persistence layers for relational database
systems with modest effort. The approach consists of
integrating code generators in Rational ROSE. Taking a
ROSE modd, a persistence layer is automatically
generated. The usage is easy as persistence can be
modelled as part of a ROSE modd. The paper discussed
in detail how such a generator can be implemented.

In contrast to commercial tools that also provide or
generate persistence layers, our approach has the
advantage that it is highly customisable: The persistence
layer can betailored to the real needs of an application.

In spite of causing expenses, the approach is a good
alternative to commercial tools if

special requirements are to be fulfilled (e.g., advanced

guery mechanisms)

the functionality and the overhead of the persistence

layer must be scaleable

a high performance of database accesses is required

demanding for extensive tuning

the number of persistent classesis large.

Future work is dedicated to enhance the generator to
allow for data re-engineering, i.e, accessing existing
tables in a relational database. Here, the focus lies on
building real object-oriented views for relational data.
Hence, it isimportant to have flexible strategies to bridge
the gap between an object mode of an application and
the tables. Otherwise, an application would be forced to
adjust its object modd to what is achievable by
remodelling, which might be not enough. We developed
an approach that is based on powerful syntactical
specification language [4]. This language allows one to
remodd tables in several ways. It has the drawback that
remodelling has to be done by writing down
specifications. We fed the need for a graphical support
[5]. Consequently, we think of integrating the powerful
re-engineering strategies in ROSE.
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Abstract

This paper describes work associated with the development of a requirements visualisation tool. Our work builds on the
strength of existing executable formal specification systems in that a software model can be described using an
executable specification language as the basis for the construction of a prototype system. In addition, it employs a
visualisation tool based on graphical dynamic animations so as to facilitate a flexible and customisable user validation
approach that distances the visua representation away from formality. In this context, this paper firstly details the issues
and principles associated with visual animation of an executable specification system that underpin and influence the
development of our software tool. Secondly, it describes a generic mechanism that facilitates visualisation of
specifications. Thirdly, the architecture design of our tool is outlined, together with the design decisions that were made.

Finally, our experience as aresult of exploitation of our tool will be highlighted.

Keywords: Requirements, Visualisation, Animation, Prototyping, Formal Specifications, Validation

1. Introduction

Requirements validation through feedback with users
is of paramount importance in producing a high quality
software requirements specification document. We argue
that an eclectic approach that offers an effective
combination of formalism and pragmatism may
encourage software developers to move towards software
engineering practices necessary for software systems that
satisfy user requirements. This approach involves the use
of an executable formal specification for the construction
of software prototypes, which can be used to validate
software requirements with users at an early stage
through feedback.

However, executable formal specifications are often
ineffective in the user validation process [1]. An
executable formal specification has traditionally been
used as an effective tool specifically for developer
validation; that is the developer can, via specification
execution, either individually or in a peer review format,
explore the consequences of the specification. However,
its use in user validation is often not user orientated. This
is exacerbated by the fact that the execution behaviour of
a prototype may not always be comprehensible to users
due to the abstract nature of notations supported by these
specification languages and by the way their execution
behaviour is presented to users. This may in turn render
the requirements validation process ineffective.

Use of requirements visualisation as an animation
technique has the potential to facilitate the
communication between the stakeholders. The use of a
visual technology supported by a human-centred process
to €licit and validate software requirements allows
complex concepts and information to be presented in
ways that are easier to understand. It is evident from the
literature that human processing can clearly benefit from
pictoria information and growing body of research work
continues to support this view [2]. Application of
visuaisation techniques to requirements engineering
requires the use of a process with an appropriate tool
support which maps abstract formal representations to
concrete representations that can readily be understood by
users. Unlike a programming language trandator, the
translation between the two representations should be bi-
directional so that users can directly interact with a
software system.

Literature is relatively sparse about software systems
using a visua technology to animate a formal
specification. Cooling [3] attempted to visualise
requirements specifications based upon VDM. To do this
a separate script'was developed from VDM that derives
the visualisation and animation. The script itself contains
both a model of the system and the visualisation detail.
Evans [4] described a system in which Coloured Petri
Nets were integrated with the forma specification
language Z to specify and visualise concurrent systems.
The Teamwork/EDS [5] system was designed to execute



and visualise real-time structured analysis specifications
based on SA/RT graphical notation. Mosel-Meta-Frame
[6] is an approach that provides simulation and
visudisation of hardware circuits. The system uses
directed graphs as a visual formalism to support analysis
and verification. Visualising the behaviour of
telecommunications systems is the focus of the approach
described in [7]. Coloured-Petri-Nets were used as the
specification formalism, but are augmented with a more
abstract visual representation to support user interaction.
The CheckOff-M environment [8] facilitates the
verification of application specific integrated circuits
through visualising their behaviour. This approach
employs the symbolic timing diagram as a visud
formalism to specify and depict the dynamic behaviour of
model of integrated circuits.

Although the above approaches offer powerful
visualisation capabilities, the resulting visuaisations are
till developer oriented in that they simply shift the issue
of incomprehensibility from the formal and textual
notation to the potentialy cryptic visual form. Our work
is consistent with the systems described above. It builds
on the strength of the executable forma specification
systems in that the system model can be described using
an executable specification language as the basis for the
construction of a prototype system. In addition, it
employs a visualisation tool based on graphical dynamic
animations so as to facilitate a flexible and customisable
validation approach that distances the visua
representation away from formality. The remainder of
this paper details the development of such a visualisation
tool. Firstly, the issues and principles associated with
visual animation of a specification system that underpin
and influence the development of our tool will be
outlined. Secondly, specifics of our tool in terms of its
architecture and its components descriptions will be
described, together with design decisions that were made.
Finally, our experience as a result of exploitation of our
tool will be highlighted.

2. Issuesand principles

This section describes a set of general issues and
general principles that are pertinent to the development of
a visualisation tool to support requirements validation
with users. These issues and principles associated with
them form the basis of the detailed requirements of atool
described in this paper. They have been derived from a
synthesis of the analysis of the existing tools identified in
the previous section and general software engineering
principles and software quality factors are detailed next:
It should be noted that these do not preclude other very
important software quality goas such as reliability,
robustness, etc.

Provision for different types of representations. The
type of representation employed in the visualisation
process may have two attributes. Direct representation
types provide a redlistic presentation of an object or
system under consideration, which is close to its real-

world counterpart, such as a video-clip or a photographic
image. This type of representation is best used when
trying to communicate highly detailed information where
a diagram could possibly hide some of the content. On
the other hand, abstract representations provide an
abstract image of the underlying information, and thus
provide an appropriate mechanism to emphasise certain
details while hiding others. Examples of abstract
representations, are charts, graphs or diagrams that show
relationships between information. The exact ratio of
direct representations to abstract representations is
ultimately a choice for the developers and users, but we
suggest that, in practice, it could be dependent upon the
nature of a software system being validated and the
sophistication of users who validate it. From our
perspective, a software tool should for requirements
visualisation should have the potential to provide support
for both types of representations for effective
visualisation and validation.

Provision for visual representations familiar to the
users domain. From the comprehension point of view,
merely seeing an image of an object is not enough for
comprehension. To be useful, the image itself must be
presented in some potentially meaningful way. In order to
understand what facilitates the ease of comprehension of
a representation the following issues need to be
examined: (a) general characteristics of images that make
them amenable to comprehension; (b) the abilities of
humans to understand visual representations; (c) the
cognitive processes that may occur in the brain to make
this understanding possible. Note that proper treatment of
these issues is beyond the scope of this paper. From our
perspective, it suffices to state that in order to facilitate
and enhance userscomprehension, a software tool should
have the potential and produce representations that are
expressed using visual cues from the users own domain,
which can be tailored to match their sophistication. A
software tool should also support a wide range visual
techniques (such as multimedia support) to achieve this.

Provision for animation. This issue is concerned with
capturing the process of depicting dynamic and static
behaviour and may be addressed in terms of a generic
animation model. The level of animation has two
attributes. Static refers to an unchanging still image, such
as diagrammatic notations. This form of representation is
useful when attempting to convey relationships between
objects, and for analysing the structural properties of
systems, processes or data Dynamic implies a
continuously changing set of images that correspond to
some execution process undergoing successive change.
This is wuseful when depicting, analysing, and
understanding dynamic processes. It is widely accepted
that effective validation is performed when the users
observe a dynamic representation of the system’'s
requirements [9]. In this context, the notion of
“animation” (in the graphical sense) becomes a prominent
issue. In order to reflect the dynamic nature of a process
or activity, an appropriate representation should use a



dynamic component, i.e. the representation should appear
to change so as to present the change in the execution
behaviour of the prototype. In contrast, should a
particular aspect of a prototype’'s execution behaviour
remains constant, then this should also be reflected in the
representation. Hence, a software tool should provide
support for the visualisation of both the static and
dynamic aspects of a prototype.

Provision for maintaining the integrity of
visualisation. Integration of informa and formal
techniques brings its own problems. A notable one is that
use of visualisation as an informal technique has an
undesirable side effect in that ambiguity and
misinterpretation may be introduced into the validation
process. This is due to the possibility of applying
arbitrary visualisations in inappropriate contexts. The
creation of avisualisation is a subjective process. It is not
possible to produce formal semantics for informal
visualisations  represented by  video-clips and
photographic images, etc, and there are no defined
semantic rules or trandations that can force a visud
representation to possess one and only one meaning with
respect to elements in a specification. From a more
philosophical perspective, it could be possible to argue or
reason about the semantics of a particular representation
as opposed to ancther, as perceived by an individual, but
this would be beyond the realms of software engineering.
This issue does not necessarily invalidate the usefulness
of the application of visualisation to regquirements
validation. However, it has to be addressed, at least
partially, to minimise its potential negative impact upon
the outcome of the validation process.

Provision for  maintainability.  During the
requirements validation process, initial requirements of a
software system undergo a number of changes as a result
of users feedback. These changes will inevitably ater the
structure and content of an executable specification on
which a prototype is based. Consequently, it is inevitable
that visual representations associated with the
specification should also be changed. Considering the
number of iterations during user validation and the
importance of timeliness in a prototyping activity, it is
important that a software tool should support rapidity so
as not to impede on productivity and that it should be
flexible enough to enable modifications to the existing
visualisations to be carried out without undue difficulty.
In order for a software tool to be flexible, it should
provide comprehensive facilities for creating and editing
visual representations with ease. The provision of such
facilities necessitates the consideration of appropriate
interaction styles.

Provision for reuse of visual representations.
Although reusability is arguably difficult to achieve and
that examples of software reuse in practice are rather rare,
it is clearly an important technique for reducing software
production costs. The notion of reusability is highly
relevant to requirements visualisation since during the
process of creating and editing visual representations, a

large number identical visual images are often shared by
different applications within a domain (i.e. vertical reuse,
such as images of books in different library applications)
as well as by applications within different domains (i.e.
horizontal reuse, such as images of people, bank notes,
machines, etc., in library or ATM applications). Hence, a
software tool that provides support for visual component
reuse can be beneficial to this process. Equally
importantly, a software tool should also provide a
mechanism for the effective retrieval of components
within a reuse repository to facilitate productivity and
rapidity during the process of creating and editing visual
representations.

Provision for interoperability. For the purposes of our
research, it is assumed that a software tool for the
visualisation of requirements will work in conjunction
with an executable specification system that exists as a
separate  entity. Hence, interoperability becomes
prominent issue. The interaction is necessary for a
visuaisation tool to intercept and subsequently visualise
the results of computations associated with a
specification, thus necessitating some form of a software
communication link. At a low level of abstraction, this
link needs to take into account of any underlying
operating system and environment in which the two
software tools co-exists as well as taking into account of
necessary communication protocols through which the
communication takes place. At a higher level of
abstraction, it is necessary to define the behaviour of how
visua representations can redisticaly reflect the
elements and computations associated with a
specification and how the communication link can
facilitate this.

3. A generic visualisation mechanism

Our visudlisation technology alows software
developers, or visuaisers, to choose an appropriate
representation for data elements (i.e. factors in an
expression) in a specification, and the results of applying
an operation to these data elements (i.e. the result of
executing an expression), and create dynamic and/or
static animations. It provides a generic visualisation
model to capture and describe the process of visualising
the static and dynamic behaviour of a specification. It is
based upon the notion of a state, and is described in terms
of visualising the state of a system before the execution
of aportion of a specification under investigation, and the
modified state (if execution changes the state) after the
execution.

In this context, visualisation of the formal
specification is a composition of appearance (i.e. direct or
abstract) and the corresponding dynamic components.
This visualisation is then related to the specification
concerned so that during its execution, the visualisation
tool will be able to ‘play’ its corresponding visually
animated representation for user validation. To achieve
this, visualisations are attributed with an identifier. Each
expression to be visualised, i.e. ones that modify the



system state, can be augmented with a visual identifier to
facilitate its visualisation. Note that incorporating a visual
reference to the specification does not necessarily bias it
towards a particular implementation since the
visualisation process takes place after the specification
has been written. The resulting specification is then
processed by the run-time visualisation engine of our
tool.

4. Tool description

This section describes the design of our visualisation
tool. The design is presented in terms of the capabilities
of the tool and how the key principles that have been
introduced in the previous section are fulfilled. In
addition, the design description is augmented with the
design alternatives that were considered during the design
process and the design decisions that were ultimately
made. The organisation of this section is as follows:
Firstly, the architecture of the tool will be given.
Secondly, an integrity mechanism that maintains the
consistency between a specification and its corresponding
visuaisation will be described. Finaly, an integration
strategy will be outlined to describe how an executable
specification system can be integrated within our tool to
provide appropriate visualisations.

4.1 The architecture

As shown in Figure 1, the software tool is a collection
of interrelated software components that comprise of:

i). appearance component editor

ii). dynamic component editor
iii). visualisation editor

iv). visual component repository
V). visualisation engine

Figure 1 describes the relationships between these
components and the broader context of how the toal is
used in conjunction with other software tools to achieve
the objective of requirements visualisation. The direction
of arrows indicates that the lower component provides
support for the services provided by the upper
component. The main rationale for designing the tool in
terms of a number of sub-componentsis now given.

From our perspective, a visualisation is essentially
made up of two components as detailed in the previous
section. These are: appearance (i.e. direct or abstract) and
behaviour (i.e. static or dynamic). The responsibility for
creating these components was assigned to individual
software components (i.e. appearance component editor
and dynamic component editor) to support separation of
concerns. Furthermore, in order to compose the products
of these tools into a visualisation, which can later be
associated with a specification for animation, a third
component was developed (i.e. visualisation editor). In
addition, a repository was developed to support a
classification of visualisations and its components (i.e.
visual component repository). This classification has the
potential to facilitate component reuse and increase

Visualisation Engine
(run-time support for
visualisation)

Expression Processor

External
Communications Kernel

A Specification Execution
Engine

Visual Component
Repository

Visualisation Editor

N

Appearance Dynamic
Component Component
Editor Editor
AN ‘
COTS for Internet and
multimedia other graphics Hardware
support libraries

Figure 1. The components of the visualisation tool and their relationships.



productivity during the process of constructing
visualisations. Finally, a software component that acts as
an interface between a specification execution system and
the tool’'s other components was developed (i.e
visualisation engine). This provides support for
establishing communication, data exchange and co-
ordination of specification execution and its visualisation,
thereby providing an abstraction to a specification
execution system. Details of these components are
elaborated next.

The Appearance Component Editor

This component was required to provide a
straightforward means of expressing appearances that
should comprise of a range of possible visua cues,
colours, and textual components. Resulting appearance
components must be given a unique identifier by a
creator/designer. The system enforces the uniqueness of
this identifier. Equally importantly, this editor supports a
type domain to associate appearances with appropriate
types to maintain integrity. The role of appearance
identifier and appearance types will be elaborated in
Section 4.2.

A number of potential formats for this editor were
postulated, ranging from text-based command line forms
to fully interactive direct-manipulation style formats. The
final design decision was based upon the concept of
enabling a visual representation to be expressed in way
that  promotes  correspondence  between  the
developer's/designer’s conceptual view of the desired
representation and the actual view while editing. To this
end, it was decided to use ‘graphics to describe graphics
as an interaction and editing style, as this method enables
the appearance to be viewed and evaluated immediately.
The final result is an editor that enables an appearance’s
individual visual cues to be expressed separately, in a
graphical manner, whilst at the same time giving the
creator an opportunity to see the appearance as awhole.

The editor is capable at present of supporting basic
geometric shapes, text elements, photographic images,
and icons. These can be, if required, provided for by an
importation mechanism, whereby other commercial-off-
the-shelf (COTYS) software packages, such as professional
image editing and manipulation tools, are used to capture
and enhance images. These are saved in files and
imported into the appearance editor as separate visual
cues. The design of the appearance editor makes
provision for importing image files that are of the popular
‘bmp’, ‘gif’, and ‘jpg’ formats. Other image formats
could be accommodated by providing a suitable translator
to read and convert the files into a form that is
appropriate for the appearance editor.

The Dynamic-Component Editor

This tool is concerned with providing support for the
dynamic components of a visual representation that may
or may not have already been created. Hence, an
appearance and its animation behaviour are independent,

in that dynamic components are polymorphic and can be
applied to any appearance.

This particular editor must facilitate a range of
dynamism, stretching from the static view to the
graphically animated form. To represent static
visualisations, this editor can be used to describe the on-
screen locations of appearances. At run-time, an
appearance can be rendered at the location given. To
represent dynamic visual forms, the tool allows the path
of an appearance to be described in terms of a sequence
of nodes, and at run-time, the appearance can be animated
smoothly along this path to depict the movement of
objects in a scenario. Motion-components must be
attributed with a unique identifier. The role of dynamic-
component identifier will be elaborated in Section 4.2.

The design of this editor is based upon a direct-
manipulation style user interface. This enables locations
to be specified and paths to be described by creating and
dragging nodes on a ‘canvas — the canvas representing
the screen onto which appearances will be rendered.
Figure 2 shows the conceptua design of this interface,
and illustrates the placement of the path and its associated
nodes.
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Figure 2. The conceptual design of the motion component
editor user interface.

The Visualisation Editor

This component of the visualisation tool is
responsible for combining together individual appearance
and dynamic components of a representation, that were
developed using the tools already described to form
visualisations. This is achieved by making references to
identifiers that refer to appropriate appearance and
dynamic components. Similar to the appearance and
dynamic component editors, a complete visuaisation
containing its appearances and dynamic components are
must be given a unique identifier, which enables it to be
referenced by an expression within a specification.



One of the key design decisions made when
formulating the visualisation editor was to develop atype
domain for the creation of a visualisation. The type
domain as a whole incorporates the structure of
expressions that can be found in specification languages.
This domain could easily be populated with types to
match the type of expressions in a new specification
language. Using a syntax-directed editor, the structure of
avisualisation is constrained by the type of expression in
a specification language to be visualised.

Component Repository

As shown in Figure 3, arepository to store the visual
components that are created during the visualisation
process is aso provided by the tool. This repository has
separate ‘containers’ in which to store the different
categories of components that pertain to the visualisation
of a requirements model, i.e. the entire set of
appearances, motions, and expression-level
visualisations.

In addition to providing storage for these basic
components, the repository offers a classification
mechanism through the use of ‘applications’. These can
be likened to directories in a file system, whereby
components that are related, by virtue of being applied to
a particular validation project, can be partitioned.
Applications must also be given a unique identifier, just
as other visualisation components, and classification of
visudisation components is performed by attributing
them with the appropriate application identifier. The role
of application identifier will be elaborated in Section 4.2.

The Visualisation Engine - A Vehicle for Tool Integration

This component, which is essentialy a run-time
system, facilitates visualisation of expressions within a
specification. It is made up of two sub-components, as
shown in Figure 1. These are the expression processor
and the communication kernel respectively.

The expression processor receives the string
representing a given specification. It processes the string
by traversing it in arecursive manner. To achievethis, for
each expression, it communicates with the specification
execution engine to request that it be evaluated. In
addition, if the expression is associated with a
visualisation identifier, then the components of the
expression, and the result, are visualised by retrieving the
corresponding visualisation from the repository.

To facilitate the communication between the two
tools, a design decision was made to implement the link
as a client-server architecture to provide support for a
wide range of applications, ranging from hosting both
visuaisation tool and a specification execution system in
the same operating environment, to a distributed
architecture whereby the tools could communicate via the
I P protocol across awide area network.

At present, the communication link relies upon the
DDE protocol to facilitate data transfer within the same
operating environment. In order to integrate a particular
specification execution system, the following procedure
needs to be followed. At the specification language end,
the syntax of the language needs to be modified slightly
to incorporate visudlisation identifiers. At the
visualisation-engine end, an expression processor needs

Repository Specification
1
Application
Visualisation Appearance Motion
A 1 A 1 v 1
Visualisation ID Appearance ID, Motion ID
Data type
) Application ID 1

Figure 3. The entities and relationships that exist in the visual component repository and between specifications.



to be implemented to accommodate the syntax and
structure of the notation. This can be manifested as a
plug-in component to the visudisation engine. In
addition, the communication protocol must be
implemented (if it does not already exist) to incorporate
any protocol supported by the specification execution
system.

4.2 An integrity mechanism

Referring back to Section 3, the association between an
expression in a specification and the corresponding
visualisation via the visualisation identifier mechanism
we create a disengagement mechanism between the
visualisation and specification. This has the benefit that
our visualisation tool can be applied, theoretically, to any
executable specification environment that bases its
execution upon expressions. However, the main
drawback of this approach is that it is possible to create a
semantic disengagement between the specification and
visuaisation. In order to partially address the issue raised
in Section 2 associated with integrity, a design decision
was made to implement a constraining mechanism to
restrict the application of visualisations to inappropriate
contexts. This comprises of two complementary aspects.

First, a constraining mechanism was devel oped, based
upon the use of applications (described in Section 3.2). A
developer or senior user can partition relevant
appearance-, dynamic-, and visualisation components into
a suitable application, in order to specify a context in
which the components can be used by future developers
or users. This places limits on the choice of components
that can be applied in a particular validation project. A
prerequisite is that the given specification incorporates an
attribute that signifies the application.

Second, a type system was developed to constrain the
association between the factors of an expression and
visual representations (i.e. appearances). A prerequisite is
that the given executable specification language should
support a type mechanism. If not, it may be necessary to
extend the syntax if the language to support one, which
would aso require modifications to the visualisation
engine. Appearances are attributed with a type, that
corresponds the type domain of the specification
language, by the appearance component editor. Upon
creating an appearance, a devel oper/senior user can attach
an appropriate type. This appearance can then only be
applied to factors in an expression that are of the same

type.

5. Exploitation

Our visualisation tool has been exploited to support a
formal specification animation environment called ZAL
(or Z Animation in LISP) [10]. ZAL is a LISP-based
animation environment, which provides extensions to
LISP to form an animation environment. A close
correspondence between the Z notation and the ZAL
notation is preserved. The hallmark of ZAL isto view it
as a generic animator which models Z constructs rather

than any particular specification; the subset of Z that can
be animated is that for which equivalent constructs have
been developed in ZAL. Our tool was used to provide a
generic visualisation model to capture the process of
visualising dynamic behaviour of aZAL specification. As
far as the ZAL system is concerned, the model is based
upon the notion of a state and is described in terms of
visualising the present state of a system before the
execution of a ZAL specification and the modified state
of the system after the execution of the specification.
Thus, a visualisation of a ZAL specification involves the
fabrication of a composition containing all the
representations and the corresponding dynamic
components for the states of the system.

A number of standard examples (such as a book
lending library system [11] and an automated teller
system [12]) and a very large case study of a real-time
safety-critical application (a water level monitoring
system) [13] have been specified, visualised and
validated. Preliminary results of thiswork was reported in
[14] and [15]. In addition, together with the ZAL system,
our visudisation tool was made avalable to
undergraduate students and a number of M Sc students for
use and evaluation, but as yet has not been used on a real
industrial project.

For effective user validation, our tool is at present
supported by a usage oriented process to capture both
functional requirements (i.e. what a software system
should do) and software usage aspects (i.e. how the
system should behave from the users' point of view). It
should, however, be noted that this does not preclude the
use of other processes and methods since our tool is not
process specific. With the aid of our tool, the users can
judge and comment on a scenario being animated within
the context of a use case with which it is associated. A
visual scenario allows different possible choices to be
investigated in the context of an entire system. More
importantly, visualisations of scenarios can effectively be
used as a catalyst to provoke debate to help dicit
additional knowledge to evolve the requirements, thereby
contributing to the overall specification rather than just to
the clarification and validation of a set of requirements.
Figure 4 illustrates the visualisation of a water level
monitoring system (WLMS) [15]. The scenario
demonstrates that if the water level drops below the
designated safety limits then the alarm will sound. The
values on this visualisation, such as “Allok” (i.e. all
devices are operating properly), “Operating” (i.e. the
WLMS is operating normally) and the water level in the
main reservoir, are the inputs to the ZAL specification
representing the WLMS system, and the “Alarm is
Audible” warning message is the result of computation
performed by the ZAL execution engine.

Changes in input values are at present carried out at
the specification level to give the users an opportunity to
explore different possibilities (such as what if the water
level is within the designated safety limits, but the device
that monitors the water level has failed?) to validate such
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Figure 4: Visualisation of awater level monitoring system.

scenarios and possibly uncover situations that have not
been previously thought of so that the requirements can
be evolved.

6. Concluding discussion

This paper described an eclectic approach that
involves the use of an executable formal specification for
the construction of prototypes to validate software
requirements with the users. Our research is part of an
ongoing effort to move towards quality requirements. Our
experience suggests that employing formal notations
during the software validation process cannot always be
effective due to the users inability to understand the
formal specifications and their execution behaviour. We
have therefore advocated the integration of visualisation
techniques to the formal specification based software
development process to make formal notations more
accessible to the novice user stakeholders.
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Abstract

One of the most important features of software tools for domain-specific modeling is automatic output generation. Since
the existing techniques for specifying output generation in customizable modeling and metamodeing environments
suffer from some weaknesses analyzed in this paper, a new approach is proposed. The analysis is based on the
observation that the output generation is a process of transformation of a modd from the source domain into the model
from the target domain. If the domains are at distant levels of abstraction, the mapping is difficult to specify, maintain,
and reuse. Therefore, the proposed approach introduces one or more intermediate domains. Assuming that the source,
target, and intermediate domains are conceptually modeled ( metamodded) using the object-oriented paradigm, the
proposed approach uses extended UML object diagrams for specifying the mapping between them. The diagrams
specify instances and links that should be created by the transformational process. The proposed extensions are the
concepts of conditional, repetitive, and sequential creation. These concepts are implemented using the standard UML
extensibility mechanisms. Several examples from different software engineering domains are presented in the paper.
They prove some important benefits of the approach: the specifications are clear and concise, easy to maintain and
modify. Besides, the approach leads to better reuse of domain models and to remarkably shorter production time.

Keywords: object-oriented modding, Unified Modding Language (UML), object diagram, metamodding, model

transformations

1 Introduction

Modding is a central part of all the activities that lead
up to the deployment of good software, as of any other
engineering system [ 4]. Each modeling domain lies upon
another model that defines (1) abstractions of the domain;
(2) their properties and reationships; (3) their semantics
and behavior in the modd; (4) ther visual appearance
(notation) and behavior in the supporting tool. The latter,
underlying modd is called the metamode of the
considered modeling domain. Therefore, metamodding is
the process of defining the metamode of the considered
modeling domain. 'Meta’ should be treated as a reative
reference, not as an absolute qualification: each modeling
domain has its underlying metamode, which is specified
by abstractions of another meta-metamodd, etc. [ 11].
This paper is focused to the modding domains that can
be metamodeled using the usual object-oriented paradigm
[4], as opposed to some other paradigms, such as
grammar-based specifications.

Apart from ther important roles in specifying,
documenting, and visualizing systems, the purpose of
modding tools is most often system construction [ 4],
where ‘construction' means producing output from the
system specification that may be interpreted by a certain
external environment to provide the desired system's
behavior. The examples of output include, but are not
limited to: documentation, source code in a certain
programming language, database scheme, hardware

description, or any other formally defined structure. It
may be observed that the output generation is actually a
transformation of the user-specified modd from the
domain of his interest into the modd from another target

domain. (Precisdly, this is actually generation of another
modd, but the term transformation is used in this context
more often.) The problem of specifying output generation

may exist in three different contexts. (1) In fixed, non-
customizable domain-specific modding tools, where the

source and target domain metamodds, along with the
mapping between them are fixed at the time of the tool

development (as the problem of designing the output

generation feature). (2) In customizable modeling tools,
where the metamodds are fixed, but the mapping is
customizable by the user. For example, a modeling tool

such as a CASE tool may offer interfaces to the built-in
metamodels (eg., the UML metamodd, a metamode of

the target programming language, the reational

metamodd, etc.), and the user may specify the mapping.

(3) In fully featured metamodeling tools, where the user

can specify both the metamode's and the mapping.

This paper discusses the problems of the techniques
for specifying output generation implemented so far in
the existing (meta-) modding tools, and proposes a new
approach that deals with the problems. The approach has
two mgjor contributions.

First, very often the source and the target domains are
at distant levels of abstraction, and the mapping is
difficult to specify, maintain, and reuse. Therefore, the
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Figure 1. Demonstrational example Code generation for state machines. () A sample state machine
(b) An excerpt from the generated code. (¢) The metamodel.

proposed approach introduces one or more intermediate
domains. In other words, it simplifies complex and
cumbersome transformations of a modd into another
representation by doing the transformation in multiple
steps. This has the advantage that each step becomes
simpler and that existing transformation can be reused.

Second, it uses extended UML object diagrams to
specify visualy the mapping between the domains. The
diagrams specify instances and links that should be
created by the transformational process. The proposed
extensions are the concepts of conditional, repetitive, and
sequential  creation. These concepts are implemented
using the standard UML extensibility mechanisms.
Consequently, the specifications are clear and concise,
easy to maintain and modify, and lead to shorter
production time.

The paper continues as follows. Section 2 revedls the
motivation for this work and defines the problem
precisdy using a simple demonstrative example. Section
3 briefly discusses the reated work. The idea of our
approach is presented in Section 4. Section 5 shows
several examples that illustrate the applicability and
efficiency of the approach. The paper ends with
conclusions.

2 Motivation and problem statement

The problem and the proposed solution will be
demonstrated using a simple example from the fidd of
telecommunication software development. The goal is to
develop a simple modding tool that generates C++ code
for state-machine modds. The code generation for state

machines should be completdly customizable the user
should be able to change the code generated from the
same modd if he needs another execution modd due to
performance, concurrency, distribution, or other
requirements.

The example is shown in Figure 1. It is assumed that
the desired code is obtained using the State design pattern
[6]. It is also assumed that the user has specified a state
machine named FSM as shown in Figure la. For this
example, several classes are generated in the output C++
code. The first is named FSM and is the interface class
whose behavior is specified in the mode by the given
state machine. It contains operations that correspond to
the events of the state machine The second class is
abstract and is named FSMstate. It contains one
polymorphic operation for each event. Finally, one class
derived from FSMst at e is generated for each state It
overrides the operations that represent those events on
which the state reacts. These operations perform
transitional actions and return the target state. Other
details may be found in [ 6]. The metamodd of the
domain (state machines) is shown in Figure 1c. (Thisis a
simplified version of the metamodd for state machines
from [14].)

Now, the code generation strategy to be applied to
each state machine should be specified. Let us consider
two possible approaches. A straightforward oneis to hard
code the output generation scheme in an operation (e.g., a
member function of the class StateMachine that
implements the state machine abstraction in the modeling
tool). The operation should read the data from the modd



instances (i.e. to navigate through the modd and read
attribute values) and produce the textual output following
the C++ syntax and semantics. An excerpt of such
operation that generates the beginning of the declaration
for the class FSMSt at e may be:

/] Cenerate base state class:

out put <<"cl ass "<<(this->nane+"State")<<"{\n";
out put <<"public:\n";

out put <<" "<<(this->nane+"State")<<"(";

out put <<(t hi s->nanme) <<"* fsm:myFSMfsm{}\n";
...

The drawbacks of this approach are obvious:

(1) The process of specifying is extremdy tedious, time-
consuming, and error-prone.

(2) The user must deal with the complexity of the target
domain (C++ syntax and semantics).

(3) The built-in general-purpose and reusable C++ code
generator isnot used at all.

(4) Any modification is very difficult to apply because
the code is not clear and comprehensible.

(5) Thecodeis not reusable.

(6) The user must deal with the technical details such as
the correctness of the output stream, opening files ( .h and
.cpp files must be created in C++), etc.

The core reasons for the listed drawbacks may be
revealed by the following observation. The output
generation process may be viewed as a cregtion of a
target modd from the source modd. The source modd is
the model explicitly specified by the user in the modeling
tool and consists of instances of state machines, states,
events, and other abstractions from the source domain.
The target modd is the textual output, i.e. the generated
C++ source code whose metamodd is implicitly assumed
by the user (C++ syntax and semantics). The code of the
given operation is actually a specification of the mapping
between the two domains. Since the two domains are at
distant levels of abstraction, their direct mapping by the
hard-coded special-purpose generator has all these
drawbacks.

This mapping between two distant domains has the
same disadvantages as the process of object-oriented
programming in the target programming language (e.g.
C++) without previous modeiing at a higher leve of
abstraction (eg. with UML). This is because the
programming language leve of abstraction istoo far from
the leve of abstraction that is suitable for the developer's
way of thinking. For our example, instead of directly
generating the textual output, it may be reasonable to
create an intermediate modd based on a metamodd of a
higher leved of abstraction, such as a subset of UML,
which includes abstractions supported directly by a
common object-oriented programming language (class,
operation, attribute, etc.). Because the general-purpose
C++ code generator from UML modes may be built in
the tool, it may be reused for the generated intermediate
modd. Hence, theidea is to create needed instances from
the intermediate domain using the built-in  UML
metamodel, and then to invoke the built-in code generator
to produce the output:

voi d StateMachine:: generateCode () {
/'l Tenporary package for the internedi ate nodel:
Package& pck = Package::create();

/1 I nternmediate nodel :

/! Base state class:

Cl ass& baseState = Cl ass::create(pck);
baseState. name = this->nanme+"State";

/] Base state class constructor:
Met hod& baseSt at eConstr =

Met hod: : cr eat e(pck) ;
baseSt at eConstr. nane = this->nanme+"State";
Li nk: : creat e(Menbers: : I nstance(),

baseSt at e, baseSt at eConstr);

/...
/1 Code generation:
pck. gener at eCode() ;

1
This code excerpt shows the creation of instances for

the class FSMBtate and its constructor. It creates
instances of UML abstractions Class and Method, using
the built-in UML metamodd interface. Then, it sets the
values of their attributes. Finally, it creates links between
these instances. All these instances are packed into a
temporary package for which the output is generated in
the end.

This approach remedies most of the drawbacks of the
first approach. In the first place, it diminates the
impendance-matching problem between the source and
target domains by introducing an intermediate level. By
doing this, the process of output generation is split into
two steps, where each step is much easier to specify than
before. Besides, the second step is supported by the built-
in and reusable code generator. Thus, the first-step
mapping specification is completely reusable for other
target languages, provided that genera-purpose code
generators from UML are available However, the
specification of the operation body is still tedious and
error-prone. Besides, the code may be very complex and
difficult to manage. Since it is actually a specification of
the process of creating instances from the intermediate
domain, where both source and intermediate domains
may be formally defined by their metamodds, this
specification may be provided in ancther formal way. The
ideais to use a visual specification, preferably one that is
compatible with the UML standard. This is the subject of
this paper.

3 Overview of the Related Work

Due to the fact that the process of domain-specific
metamodeling can be formalized, the need for tool
support of this process has been recognized for long [ 2,
11, 13]. This need was firss met in the domain of
automatic programming environment generation [ 10]. By
the maturation of numerous software-enginesring
methodologies and notations, especially of object-
oriented ones, which all have been developed with the
perspective of CASE tools support, the fidd of meta-
CASE research has evolved [ 2, 11]. However, we do not
constrain our discussion here on the fidd of software
modding, CASE, and meta-CASE tools, athough it is



our major fidd of interest with a strong research
background. The results of our work may be applied to
metamodeling domains other than software systems. That
is why we use the term "metamodding environment"

rather than the term "meta-CASE tool."

There are a number of approaches addressing a
similar problem using structural transformations of
grammar-based modds and various rule-based techniques
[7, 8, 9]. Their goal is to transform a user-defined
structural model written in a domain-specific language
into another structural mode in ancther target language.
Although the goal is similar to the one presented here
(transformation of modds), there are a number of
differences. First, although their principles may be
generalized to more abstract terms, they primarily deal
with textual models (or, more generally, with strings of
entities). Second, their 'metamodels are expressed with
grammars, where the entities are defined hierarchically
(using sub-ertities), and where recursion is the main
difficulty, instead of the object-oriented paradigm that is
used here. The main purpose of the supporting
environments in that case is to build an interna
representation (derivation treg) from the user-defined
mode (textual program) by parsing it, and then to
transform this internal representation into the target
internal representation. Thus, the internal structure of the
modd is inherently a tree. In the modding environments
that use object-oriented paradigm for metamodding,
there is no need for the parsing phase, because the user
explicitly creates the instances of abstractions and their
links. Therefore, the model representation is a graph of
objects (instances of classes) connected with links
(instances of associations). This is why the approach
presented here may be considered as a more general
structural transformation.

The rule-based approaches allow the user to specify
the differences beween the source and the target
grammars (‘'metamodels) and a supporting tool may help
in generating the modd transformer but with some
intervention of the user [ 7]. The approach presented here
dlows the user to specify the mapping, and the
transformer is generated without any intervention of the
user. Furthermore, defining a grammar for a certain
domain and specifying the mapping between the
grammars may be a difficult task because it requires more
sophisticated work than defining (in meta-environments)
or just understanding (in customizable modeling
environments) the metamodds specified in  object-
oriented terms. It is evident that some domains may be
metamodeled with much less effort using the object-
oriented paradigm instead of grammars. This includes
most modding methods with visual notations. For such
cases, the proposed approach is definitely superior.
Consequently, the proposed approach may be treated as a
complement to the grammar-based  structura
transformations, more suitable for object-oriented
metamodels.

A research field also rdated to metamodeling is the
fidd of visual programming languages (VPL) [ 1, 5, 17].
However, the underlying metamodels of VPLs are also
grammars [5] or other formal modes. Consequently,
VPL metaenvironments have the same characteristics as
the grammar-based environments described previoudly.
In an automeatically generated VPL environment, the user
chooses a graphical dement and puts it onto a diagram
rather arbitrarily. The task of the tool is to check the
correctness of the diagram when the translation operation
is explicitly invoked, considering the underlying
grammar. Then, it should parse the grammar eements
and develop an internal representation analogous to the
derivation tree in classical compilers. On the other side,
in object-oriented modding environments, the user is
usually explicitly constrained in designing diagrams, and
the contents of the diagram is determined at the time of
its construction. The user creates and manages explicitly
model (semantic) dements, while visua dements are
only views to them. Besides, the problem of the modd
transformation, which is the subject of this paper, is not
considered as an important onein thefidd of VPLs.

Automatic generation of CASE tools has been an
attractive discipline for years, and a lot of extensible
CASE and meta-CASE tools, both commercial and
academic ones, are available at the moment [ 18, 19, 20,
21, 22, 23, 24, 25]. A magjor commonality (and a
wesakness also) of all existing meta-CASE tools that is of
greatest interest to our work is the output generation
facility. All these tools provide programming interfaces
to their metamodels through which the user may access
the modds in the generated CASE tools to produce the
output. However, output generation is always specified
using a scripting language that is proprietary and vendor-
specific. Hence, the first hard-coded output generator
strategy described in the previous section is available to
the user. As they often offer a flexible interface to their
metamodels, the user may create an intermediate model
as described in the second approach in the previous
section. Nevertheless, this intermediate modd may be
created only using the same scripting language, and there
is no other opportunity for doing this at a higher levd of
abstraction (e.g., visually). None of these tools promotes
domain mapping as an explicitly supported strategy
available to the user. As a conclusion, to the best of our
knowledge, we are not aware of any other approach that
is closdy related to the one presented in this paper.

4 Domain mapping specification

The idea of the domain mapping (Figure 3) is to
cregte an intermediate metamodd and a specification of
the mapping from the source to the intermediate domain.
A modd transformer is automatically generated from the
mapping specification. It is used to creaste the
intermediate modd from the user-defined source modd.
Finally, the built-in code generator produces the ultimate
output. The benefit is because each of the transformations
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Figure 3: The idea of the domain-mapping strategy in the
context of the demonstrational example. The transformation
from the source into the target domain is split into two (or
generally more) steps in order to cope with the complexity of
the mapping specification.

Figure 4. A simple part of the object diagram for

the domain mapping specification of the

demonstrational example. The diagram shows

only the gpecifications for the base class

FSMst at e and its members that are generated by

default. The diagram belongs to the context of the

state machine accessible through the fsm
identifier.

baseState ; Class

name = fsm.name+"State"

<<ForEach>>
BaseStateSignals

{
ForEach = ev,

OfType = Event,
InCollection = fsm.hEvents

}

: members

source modd and their attribute values, using the
navigation through the source modd. The links are
instances of associations from the intermediate
metamodd.

: formal
parameter

baseStateSignal : Method

name = ev.name

type = fsm.name+"State*"
kind = return
defaultvalue ="

isQuery = False
isPolymorphic = True
isAbstract = False

body =" return this; "

Figure 5: "ForEach" concept for repetitive object

specification. The diagram shows only the
specification for the base class FSMSt at e and its
member functions generated for the state maching's

events. It beongs to the context of the state
machine accessible through the f smidentifier.

is much less complex that the direct transformation, and
is thus easier to specify, maintain, and reuse.

The specification of the domain mapping should be
formal and preferably graphical. Since it is actualy a
specification of a set of instances of the abstractions
(classes) from the intermediate domain that should be
created, UML object diagrams may be used. An excerpt
for our example is shown in Figure 4. It is assumed that
the diagram is defined for one instance from the source
model, which is referred to by a certain identifier in the
diagram. For this example, it is an instance of the type
StateMachine, referred to by the identifier fsm The
diagram specifies the set of instances of classes from the
intermediate metamodd that should be created for each
StateMachine instance f smfrom the source modd. The
diagram specifies also the values of ther attributes, along
with the links between them. The attribute values are
defined as expressions that refer to the instances from the

A standard object diagram is not sufficient for the
mapping purposes. There is aso a need for repetitive
object creation. For our example, one method in the base
state class should be created for each event that the
machine reacts upon (see Figure 1). For this purpose, we
use a stereotyped package with the stereotype ForEach.
The example is shown in Figure 5. ForEach package
represents iteration through a collection of instances from
the source modd and creation of a st of intermediate
domain instances for each of them. It contains three
tagged values:

- ForEach: An identifier that is introduced into the
scope of this package. It may be used inside the scope of
the package to refer to the current dement of the
iteration.

- OfType The type of the current dement. The
iteration is type-sensitive, in the sense that only the
edements of the specified type from the collection are
processed, and the others are ignored (in the case that the
eements are polymorphic). The type is from the source
metamodd.

- InCallection: An expression that evaluates to a
collection of the instances from the source modd to
iterate.

When a link connects an instance inside a package
and another outside that package, then each repetitive
instance created by the iteration will be linked to the
outer instance. For the expressions that are used to define
attribute values or collection in a ForEach package, any
formal language for navigation through the source mode



baseState : Class

name = fsm.name+"State"

: members

baseStateSemaphore :
Attribute

{Cond = fsm.isSyncronized}

name = "sem"
type = "Semaphore"
inivitalValue = 1

Figure 6: Conditional object cregtion. The diagram shows
only the specification for the base class FSMst at e and its
data member (a semaphore) generated for synchronization,

only if the state machineis "synchronized."

may be used. For example, Object Constraint Language
(OCL) may be used [15] if the tool is capable of parsing
these expressions or the programming interface of the
modd is OCL-compliant. The other option is the
scripting language used in the tool.

Another needed concept is conditional creation. An
instance, a link, or a ForEach package may be tagged
with a condition that is a Boolean expression again in the
scope of the source modd. If the expression evaluates to
False when the intermediate modd is being created, the
conditional instance or link is not created, or the package
is ignored. A simple example is shown in Figure 6. The
example assumes that the StateMachine type in the
source metamodd has a Boolean attribute named
"isSynchronized." If the value of this attributeis True, the
generated state machine code should be mutualy
exclusive in a concurrent environment. This is achieved
by an attribute of type Semaphore that is generated in the
base state class and the corresponding wait/signal
operations in al publicly accessible operations (not
shown in the picture).

Since ForEach packages actually represent loops in
the process of intermediate modd generation, they may
be nested. An example is shown in Figure 7. For our
example, a derived class should be created for each state.
This is specified with the outer ForEach package. For
each of the events this state reacts upon, an operation
should be generated in this class (specified with the
nested package).

A ForEach package introduces a scope of the
expressions. The rules for the scope nesting are identical
as in the traditional procedural programming languages.
An expression may use identifiers from the scope in
which it is defined, as well as from its enclosing scopes.
A ForEach identifier is local for its package, and hides
the same identifiers from the enclosing scopes.

It has been mentioned that the presented
specifications beong to the context of one instance from
the source modd. A certain identifier ( fsm in our
example) refers to this instance. However, we generalize

baseState ; Class

name = fsm.name+"State"

<<ForEach>>
DerivedStateClass

supertype

ForEach = st,
OfType = State,
InCollection = fsm.states

}

: generglization

subtype

rive . Cl

name = fsm.name+"State"+st.name

<<ForEach>>
DerivedStateSignal

{

ForEach = tr,

OfType = Transition,
InCollection = st.hSource

: members

Param : Parameter rivi ignal : Meth
name =" name = tr.myTrigger.name
type = isQuery = False

fsm.name+"*" isPolymorphic = True
kind = return isAbstract = False
defaultValue =" body = "fsm()->" + tr.name + "();\n" +

L "return &(fsm()->state" +

tr.myTarget.name + ");\n"

: formal parameters—,

Figure 7: Nesting of " ForEach" packages. The diagram
shows a part of the specification for the derived state
classes and their member functions for the events.

this context in the following way. The whole mapping is
specified following the UML style of hierarchically
organizing modds in packages. Thus, the mapping
specification is actually another modd, represented with
a package hierarchy, where each package may, but need
not be a ForEach one, and may own instances, links, and
other packages. (Ordinary packages serve as grouping
eements only and map into the same grouping of the
elements of the generated model.) Besides, following the
UML diagrammetic style, it is allowed that the contents
of one package are defined by several diagrams to
enhance readability and clearance. Therefore, all the
diagrams shown in figures 4 to 7 belong to a ForEach
package with the InCollection value referring to a tool-
manipulated collection of al instances of the given type
in the source modd (for our example, something like
St at eMachi ne: : get Al | | nst ances()).

The generated modd is organized as a hierarchy of
packages, where each package is an unordered collection
of the dements it owns by default. More precisdy, the
ordering of the dements in a package is implicitly
determined by the order of their creation; by default, the
ordering of creation is not defined. Sometimes, however,
an explicit ordering of the dements is needed. This
ordering may ensure a proper sequential traversal through
the mode dements; for example, if a sequential structure
(e.g., text) is to be further generated from that modd. If
an eement X is to be created after an dement v, it may be
considered dependent on y. This relationship is specified



table : Table

fields primaryKey : Field

name = cls.name

name = "ID"

Table

+name : String <<ForEach>>
OwnedAttributes

type = "AutoNumber”

<<ForEach>>
BaseClasses

{
ForEach = attr,

OfType = Attribute,
InCollection = cls.myMembers

* }

 fields|

fields

{
ForEach = gen,

OfType = Generalization,
InCollection = cls.supertype

}

Field

,—: f\e\ds—ll

+name : String field : Field

— foreignKey : Field

+ type : String
name = attr.name

(a) type = attr.type

{ Cond = gen.inheritFieldsFromCommonTable }
name = "ID"+gen.supertype.name
type = "Long"

(b)

<<ForEach>>
InheritedAttributes

{
Cond = ! gen.inheritFieldsFromCommonTable,
ForEach =attr,

OfType = Attribute,

InCollection = gen.supertype.getAllMembers()

field : Field

name = attr.name
type = attr.type

Figure 8: Example: Generation of the relational database scheme from a UML class modd. This example focuses on
inheritance. The source domain metamodd is UML (not shown here). (&) The target domain metamodd (relational).
(b) The domain mapping spe cification. Operation get Al | Menber s() returns the collection of all owned and inherited

members of a GeneralizableElement (Typein this case).

in the mapping diagram with a dependency from x toy,
stereotyped as <<sequence>> [ 4]. Consequently, y will
precede x in a traversal of the dements of their enclosing

generated package.

From the diagrams formally specified as shown
above, the source or the scripting code for the modd
transformer used at the modding level may be generated
automatically. For our example, the code is shown in the
appendix, and the details are reported esewhere [ 12].
The algorithm for generation of such code is as follows.
For a package, the algorithm is: first introduce implicit
sequence dependencies from links to the instances they
connect, then sort topologically the owned eements
according to the seguence dependencies, and then
generate code for each of the elements (recursively for its
nested packages). If the package is a ForEach one, the
specified iteration will be performed, and one package in
the generated modd will be created for each iterated
element. Each instance generates statements that will first
create an object of the specified type and then set its
attributes to the specified values, using the programming
interface of the modeling tool.

The approach of the domain mapping may be
generalized to arbitrarily many intermediate domains.
The idea is that a tool may generate several intermediate
models as different levels of modeing abstraction, using
the domain mapping specifications. The process of
cregtion of intermediate modds may be viewed as a
descent down the abstraction leves. The tool may allow
the user to make changes in each intermediate mode,
prior to generating the next one, if the user is not satisfied
with the automatically generated modd. By using
different domains for intermediate models, it may be
expected that a better understanding of the problem and
more complete modeling may be achieved. On the other

side, other more abstract domains may be built on top of
aready designed domains, and the transformation may be
easily specified using the mapping from the new domain
into the already implemented lower-level one. Thisis one
of the directions for the future work.

5 Case study and evaluation

The example of the modding tool for state machines
has been implemented as a final project for the B.Sc.
degree at the University of Begrade The specification
had about 30 instances and seven ForEach packages. The
implementation of the code generation part, using domain
mapping, and a built-in C++ code generator, took about
ten hours, including testing.

Apart from this example, two more are presented here
(these are just small excerpts of much more complex
examples from practice). The second example is the
problem of transforming object-oriented class modd into
the relational database modd. This is a common task in
object-oriented programming when persistence of objects
is accomplished by a relational database. Here, the source
domain is UML. The target domain is the code that may
be used to define database tables and fidds, eg., SQL
declarations. However, the direct mapping from the class
modd into the textual SQL declarations is difficult to
specify. Therefore, an intermediate domain is introduced,
with the metamode shown in Figure 8a. It is a simplified
version that encompasses tables and fidds only. It is now
easy to specify generation of SQL declarations from this
intermediate domain, because it is amost (if not
completely) one-to-one mapping. In this example, the
accent is on inheritance, as the most difficult task in this
process. It is assumed that the user is offered two
strategies of implementing inheritance in relational tables.
The first one assumes that a derived class has its own
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domain metamodd. (¢) The domain mapping specification.

independent table, with all inherited attributes copied into
its own table. In this approach, an object is represented
with a single record in the table that represents its class.
In the second approach, a derived class has a table
without inherited attributes, but its records are dependent

on the records from the table that represents its base class.

In this second approach, an object is represented by a set
of records in the tables that represent its own class and its
base class. We assume that the user may chose one of the
approaches for each generalization in the class modd, by
setting the Boolean attribute of the generalization named
"inheritFiddsFromCommonTable" This attribute should
be added to the UML metamodd as a tagged value of
generalization. If this fidd is st to True, the second
approach is chosen. In both approaches, the table should
have a primary key (of type "AutoNumber" and named
"ID"), and the sa of the fields for the attributes of the
class. In the first approach, the table should have the
fidds for all attributes from the base class, for each
inheritance relationship tagged with
inheritFiddsFromCommonTable = False. In the second
approach, the table should have only a foreign key (of
type "Long" and named "1D"+<baseClassName>) to link
it to the base class table The corresponding mapping
schemeis shown in Figure 8b.

The third example shows a case when UML is not
used as any of the domains. It is taken from one of our
projects with database-centric  web  application
devdopment. A method and infrastructure for rapid
application development have been developed. A very
small part of the idea is presented here, just to illustrate
the usage of metamodding and domain mapping. In this
approach, application is modded by the navigation
through web forms. From one web form, the user can
choose a command, which performs some actions in the
database on the server and displays another web form.
The commands are implemented as radio button options
in the web form, and a " Submit" button that posts the data
from the form to the server. A very small part of the
source domain metamodd is shown in Figure 9a. This
domain should be mapped into the standard HTML
textual output. However, this mapping is complex
because the source domain has other concepts not shown

here. Therefore, an intermediate modd is introduced that

may be mapped oneto-one to the target domain. It

contains abstractions such as an HTMLPage or an
HTMLContral (text box, list box, radio button, etc.). This
metamodd is shown in Figure 9b. As in the previous

example, generation of HTML from the intermediate
domain is straightforward. The mapping scheme for this
example is shown in Figure 9c. The author implemented

the complete prototype tool in only three days, including

metamodeling, code generation, and testing.

In practice, the following method for defining
intermediate domains and mapping specifications is
proposed. After the source domain is defined and well
understood, the most important task is the design of its
metamodel. All common principles of object-oriented
analysis and design may be applied to this process [ 3].
Then, the desired target output is informally specified and
supported by an example. For this purpose, a simple yet
descriptive example from the source domain is
developed. Then, the desired code for this example is
generated manually. The result of this process
corresponds to the example shown in Figure 1.
Afterwards, an intermediate domain that will make the
output generation less complex is found. It should be very
close to the target domain, so that the desired output may
be easily generated from it. If it is till conceptually far
from the source domain, other intermediate domains
should be built upon it, etc. We have successfully found
such a domain in al the cases. Reuse of aready
developed domain modes is of much help. For example,
if the target output is C++ or any other object-oriented
programming language code, we use a UML subset as the
intermediate domain. Another useful and reusable
example is the relational domain. The metamode of the
intermediate domain should be built, too, if it is not
dready available Finally, the domain mapping is
specified using the following procedure. The developer
goes through the sample output, and tries to find out of
which dement in the intermediate modd that part of the
code is an outcome. It is then specified in the mapping
object diagram. The procedure is applied iteratively and
incrementally. This procedure is much easier than the
hard-code approaches, because the dements of the target



output that originate from the same source mode element
may be spread all over the target modd. For instance, in
our first example, the events of a state machine produce
operation declarations in many separate classes.
Therefore, it is easier to go sequentially through the
generated output and build incrementally the domain
mapping object diagram as the need for each of its
dements arises. Other possible heuristics and a more
formal approach to this process will be investigated in the
future work.

The research team from the University of Belgrade
has successfully used the described approach in several
other large projects. All the examples confirmed the
expectations on possible benefits of the strategy. The
specifications of output generation are clear and concise,
easy to maintain, modify, and reuse. They are
hierarchically organized, visually presented (using
multiple consistent diagrams), and thus cope well with a
potential complexity of the mapping. It is possible to
build the mapping specifications incrementally and
iterativdly, and to test them using only partialy
developed object diagrams. (Such incremental testing of
partially defined mappings is not available in other
techniques.) The process of specification is less tedious
and eror-prone. As the most important benefit, the
development of output generator is shortened a lot. For
instance, the first example (state machines) was started by
using the conventional hard-coded approaches. It took us
several weeks only to specify, without testing and
debugging that were extremedy difficult. By using the
domain mapping strategy, we have reduced the working
time to the order of hours. Production time will be
shortened even more when a considerable repository of
domain models and their transformers to various versions
of the target implementation is created. In that case, user-
defined models and transformers may be reused for
different versions of the target implementation by using
different transformers of the intermediate domains from
the repository. Besides, as already stated, the mapping
from the higher-levd domains into the reusable
intermediate domains may be defined with less effort
than before.

Neverthdess, there are some weaknesses of our
approach recognized so far. Although the specification
supports conditional, sequential, and repetitive instance
cregtion, it does not support recursion. Namely, one of
the most important features of the traditional approaches
that traverse the modd structure and invoke operations
for the modd eements is that these operations may be
recursive. This issue is particularly important when
generating recursive structures, what is sometimes needed
in textual output. In the examples we have studied so far,
we have not encountered the need for recursion.
However, the solution exists, but the future work will
investigate this issue more deeply and will try to find a
way for specifying recursion that best fits the definition
of the existing concepts.

Another issue that may be improved is the visual
specification. It is very often the case that a lot of
instances and links must be specified in the domain
mapping model, in order to describe formally the creation
of an instance of a composite abstraction (e.g., a class and
a sat of its members in Figure 4). If that abstraction has a
compound symbol defined in the accompanying notation,
it may be much easier to use that symbol instead of the
set of instances and links. It is possible to incorporate this
feature in our approach, while completely preserving the
described semantics.

6 Conclusions

The problem of specifying output generation in the
context of modding environments has been studied in
this paper, and a new approach, called domain mapping,
has been proposed. The approach is based on the
observation that the automatic output generation is a
process of creating a modd in the target domain from the
modd in the source domain. If the domains are at distant
levels of abstraction, the mapping is difficult to specify,
maintain, and reuse This is why one or more
intermediate domains are introduced. The mapping is
specified using UML object diagrams that show the
instances from the intermediate domain that should be
created by mapping. The diagrams are extended with the
concepts of conditional, repetitive, and sequential
cregtion. These concepts are implemented using the
standard UML extensibility mechanisms.

Several case studies from different  software
engineering domains have been presented. All the
examples have proved the major benefits of the approach.
The specifications are clear and concise, thus easy to
maintain and modify. The domain mapping strategy leads
to a better reuse of domain modds and to a remarkably
shorter production time.
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Appendix
The generated C++ code for the modd transformer
(an except for the diagram in Figure 7).

For Each/EndFor Each are C++ macros that implement
type-sensitive iteration.

/ /| Tenporary package for the internedi ate nodel:
Package& pck = Package::create();
// | nternediate nodel :
For Each(fsm St at eMachi ne, St at eMachi ne: : get Al l I nstances())
/| Generated for objects:
/] Object: baseState
Cl ass& baseState = Cl ass:: create(pck);
baseState. nane = fsm nanme+"State";

/'l Generated for ForEach packages:
/'l Package: DerivedStated ass
For Each(st, State, fsm st ates)
/'l Generated for objects:
/1l oject: derivedState
Cl ass& derivedState = O ass::create(pck);
derivedState. nanme = fsm nanme+" St at e" +st . nane;

/'l Generated for ForEach packages:
/'l Package: DerivedStateSignal
For Each(tr, Transi tion, st. hSource)
/1 Generated for objects:
/1l bject: derivedStateSignal
Met hod& deri vedSt at eSi gnal = Met hod: : creat e(pck);
derivedSt ateSi gnal . name = tr. nyTrigger. nane;
derivedStateSignal.isQuery = Fal se;
derivedSt ateSignal.isPolynorfic = True;
derivedSt at eSi gnal . i sAbstract = Fal se;
derivedSt ateSignal . body = "fsm()->" + tr.name + "();\n" +
"return &fsm()->state" + tr.myTarget.name + ");\n");
/1l bject: derivedStateSignal Param
Par anet er & deri vedSt at eSi gnal Param = Par anet er: : creat e(pck);
deri vedSt at eSi gnal Par am nane "
derivedSt at eSi gnal Param type = fsm name+"*";
deri vedSt at eSi gnal Par am ki nd Ret ur n;
derivedSt at eSi gnal Param def aul t Val ue = "";

/'l Cenerated for ForEach packages:

/1 Generated for |inks:
/1 Link: <unnaned> of Association: nenbers
Li nk& 1ink02 = Link::create(Menbers::Instance(),derivedState, derivedStateSignal);
/1 Link: <unnanmed> of Association: formal paranmeters
Li nk& 1ink03 = Link::create(Formal Paraneters::|nstance(),
deri vedSt at eSi gnal , deri vedSt at eSi gnal Param ;
EndFor Each(tr)

/1 Generated for |inks:

/1 Link: <unnamed> of Association: generalization

Li nk& 1ink01 = Link::create(Generalization::Instance(),derivedState, baseState);
EndFor Each(st)
/| Generated for |inks:

EndFor Each(fsm
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ABSTRACT
This is an experience report detailing design decisions
made in building a special purpose CASE tool.

STP is a CASE tool designed to facilitate automatic
transformation of the source code supporting a set of
related object-oriented applications. It uses reverse en-
gineering to permit visualization of the object system
by means of a simple arc and node graph. It allows for
specification of desired transformations by manipulation
of the graph. Submitted transformations are checked to
make sure they do not introduce typing errors. The user
may also request checking for possible changes in behav-
ior for existing programs. Transformations are carried
out correctly, updating both definitions and their usages
throughout the program text. Regeneration facilities al-
low the revised source files to be printed out.

Building STP required a number of design decisions re-
lating to the programming languages and platforms to
be used, the means for reverse engineering existing sys-
tems and the modeling both in terms of underlying data
structures and the visual representation of the object
system. STP also has its own language for specifying
transformations, a pattern for this language had to be
developed. Also, there was a need for some uniformity
in the way many of the processing tasks are carried out,
in the end, the Visitor Design Pattern [5] was employed.
The purpose of this paper is to describe those design de-
cisions, and give the rationale for the choices that were
made.

Keywords
CASE tool, reverse engineering, transformation pro-
gram.

1 Introduction
This work is largely motivated by experiences working
with evolution issues with Java programs. It is the con-

Draft of paper submitted to ICSE 2000.

tention of [15] that it is possible to build a tool to
carry out extensive transformations of the source code
of an object-oriented program, both safely and correctly.
The theoretical interest was to determine what nec-
essary preconditions must be satisfied by a proposed
transformation. At the same time, it was felt neces-
sary to demonstrate the practical feasibility of such a
tool by actually constructing a prototype. The proto-
type, named Schema Transformation Processor (STP)
has been expanded to include many of the features of
a CASE (Computer Aided Software Engineering) tool,
including modeling, code generation and reverse engi-
neering. Building STP required a number of design de-
cisions which are the subject of this paper. The rest of
the paper is as follows: Section 2 gives an overview of
STP, the next sections outline the design decisions that
were made in the hopes of providing insight for other
CASE tool builders, finally Section 10 has a progress
update and an outline of future work on the project.

2 An overview of STP
STP (Schema Transformation Processor) is a transfor-
mation tool under development for programs written in
Java. The approach is described at length in [15]. The
goals of STP are as follows:

1. Facilitate visualization of an object system using a
simple model.

2. Allow the easy specification of changes to the
model.

3. Automate checking to make sure that changes do
not impair the type soundness of the system, or the
behavior of existing programs.

4. Provide for broad changes such as flattening classes,
which would expand into sequences of lower-level
changes such as moving individual fields and oper-
ations.

5. Facilitate adding new capabilities to existing sys-
tems by means of the Visitor Design Pattern [5].
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Figure 1: A screen shot from an STP session. The black
nodes represent classes. The hollow arrowhead pointing
to Crew indicates that Officer is a subclass of Crew.
Name and captain are single-valued fields of Crew and
Boat respectively. Sails and Crew are multiple-valued
fields of Boat, as indicated by the ”[]” in their labels.

3 Using STP

STP runs as a Java menu-equipped graphical applica-
tion, or in batch mode as a console application. It has
its own language, CSL (Change Specification Language),
see Section 8, for specifying transformations.

STP can:

e Import a set of Java source files.

e Extract class graph information and display it using
nodes and arcs.

e Display dialog windows for nodes and arcs.

e Display a fully functional text editor for source Java
files and CSL files.

e Check preconditions prior to carrying out transfor-
mations.

e Apply transformations correctly, for example if a
name is changed, the change is made wherever the
name is used. STP sufficiently understands scop-
ing rules and expression syntax to determine where
changes should be made.

e Generate transformed Java source files.

Preconditions have been associated with each transfor-
mation supported by the system. In STP, the various
transformations are represented by classes. In the cur-
rent version, preconditions have been hard-coded into
checking methods belonging to these classes. Future

versions may allow the user to augment these precon-
ditions using logical expressions. There are two types
of preconditions. Weak preconditions are designed to
protect the the type integrity of the object system, so
that programs can continue to be compiled, strong pre-
conditions are designed to protect existing programs, by
ensuring that they can not only be recompiled, but also
that they will behave as before. Since it is not feasible
to check if two blocks of code have the same behav-
ior, strong preconditions preclude the replacement of
one method body by another. Such replacements might
occur, for example, when a method renaming hides or
unhides an inherited method. See [15] for a complete
discussion of the preconditions that apply to each trans-
formation.

Figure 1 shows a screen from a small STP session. In
addition to the above capabilities, STP can also be used
to generate Java source files in the first place. In Insert
mode, the user clicks on the graph to add new class
nodes, and drags with the mouse to add new arcs repre-
senting inheritance relationships, fields and operations.
Using dialog screens, the new nodes and arcs are anno-
tated with information such as name and multiplicity.
STP then generates source files according to user prefer-
ences as to constructors, getters, setters, collection types
for implementing multi-valued fields, etc. This capabil-
ity is being extended to also generate C++ header and
source file code.

Another feature of STP is to provide support for adding
on new capabilities to existing systems by describing
paths of navigation to be used by the new functions, and
then automatically augmenting class definitions with
methods supporting the navigation. Such navigational
paths are called itineraries and are more fully described
in [15]. Using STP a designer can describe an itinerary
by clicking out its path in Attach mode.

The following sections will outline the many design de-
cisions that were made in building STP.

4 Choice of a programming language
Java was chosen as the programming language for build-
ing STP for the following reasons:

1. The initial systems to be transformed are written
in Java. Writing STP in Java as well demonstrates
a kind of boot-strapping.

2. The necessary tools are readily available and easy
to use in the Java environment. The graphical com-
mands generally work the same on different plat-
forms, such as Microsoft Windows and X-Windows.

3. An excellent compiler compiler, JavaCC [13] is
freely available. The use of JavaCC is described
later omn.



4. The Java Serialization Standard [8] provides a
means for objects to be saved, including recursively
saving associated objects. This is used to advan-
tage in STP to save models being worked on and
reload them later on.

5 The visual representation of the class graph
STP uses a simple method known as an IOM Graph
for visualizing class hierarchies and associations. IOM
stands for Implementation Object Model, so-named be-
cause the model conforms closely to the programming
language implementations. For example, binary associ-
ations are modeled at a lower level of abstraction simply
as pairs of fields.

The IOM Graph uses only three constructs, namely cir-
cular nodes, directed arcs and labels. Filled circles rep-
resent types, arcs represent IS-A and HAS-A relation-
ships as well as operations and attributes. IS-A arcs are
from the subclass to the superclass (the target), and are
indicated by having hollow triangles for arrowheads. For
other arcs, the source is the class defining the field or
operation, and the target is the node representing its
type. Arcs are circular segments drawn through three
points, the center of the source and target nodes, and a
third point in between, which is the center of a hollow
circle providing a clicking target for the arc itself, and
an anchor for the arc label. Arcs were chosen rather
than lines because often nodes have more than one link
between them. Lines would overlap, but arcs can be
shown separately by dragging their middle circles.

The labels are important, operations are distinguished
from fields by labelling them using parenthesized pa-
rameter lists. Multiple-valued attributes and HAS-A
links are additionally labelled by appending "[]” to their
names.

It is reasonable to question the need for a new object
model, when both OMT [12] and UML [1] are avail-
able and widely used. However, OMT and UML are
both (1) too rich in describing semantic artifacts such
as aggregation, and (2) too abstract in describing asso-
ciations between classes, in that the implementation of
such associations is not indicated. IOM provides all in-
formation needed to describe the STP transformations,
with a minimum of clutter. This allows more classes
to fit on a single screen, facilitating visualization [14].
Also, the arrows in IOM graphs can be highlighted to
show itineraries (navigational paths). Figure 2 shows
the IOM Graph equivalent of a UML object model.

A problem with any visual representation of an object
model is that models of substantial systems become
cluttered and hard to read. STP offers some partial so-
lutions. For example, the user can express a preference
as to which types of constructs to show, turning on or

off the display of attributes, operations, etc. Scrolling is
also offered. Even so, consider that the building of STP
itself requires more than 250 separate classes, and the
limitations of visualization become clear. What would
help would be a zoom-in, zoom-out capability, similar
to the idea of exploding a process in a data flow dia-
gram [3]. However, this would require some notion of
modularization of an object-oriented systems with mod-
ules larger than a class yet smaller than an application.
Currently there is no agreement on the semantics of such
a modularization.

6 Using parsing plus reflection for reverse en-
gineering

Reflection refers to the ability to analyze the capabili-
ties and structure of classes. Java provides support for
reflection at run-time using the Java Virtual Machine.
It is also possible to do a static analysis of Java class
files by loading them using the Class.forName() method.
By successively loading the classes which comprise an
existing system, and using the operations available to
java.lang.Class, such as getSuperclass(), getFields() and
getMethods(), and then by using accessors available to
java.lang.reflect.Field and java.lang.reflect.Method, it is
possible to reconstruct the system of classes and associ-
ations. However, the source code is not recovered, mak-
ing reflection inadequate for reengineering which works
by modifying it.

STP uses a combination of parsing and reflection to re-
cover design information. Parsing is used for code which
is subject to eventual modification. The parsed code
is analyzed to recover the desired design information.
Later, modifications can be applied directly to the code
contained in nodes of the abstract syntax tree.

JavaCC [13] was chosen for the parsing task. It com-
bines both a lexer and parser description in a single
file. The actions associated with each production are
used to create objects, whose properties are set by the
right hand side of the production. Another advantage of
JavaCC is the availability of grammars for all versions
of Java, as well as for other languages such as C++. An
earlier version of STP used Lex and Yacc [6].

It is possible to reconstruct Java source files from class
files, using tools such as Mocha [4]. Java class files actu-
ally store the original names of classes, fields, operations
and other named constructs as strings [7]. Providing the
source files have not been deliberately obfuscated, suf-
ficient design information can be recovered to construct
the IOM. This is useful in cases where the original Java
source files are not available. See Figure 3.

Reflection is used for library code. Although this code
will not be modified, visualization of the system requires
that its structure be exposed as well. Library classes
are included if they are specifically imported. When
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an import statement contains a wild card as in ”im-
port java.util.*;”, only classes actually utilized in the
program are reflected.

One reason for reflecting imported classes is to help re-
solve method invocations inside expressions when the
parameters involve imported fields or the return values
of imported methods. The types of the parameters must
be determined so as to properly resolve the method calls.

7 Internal data structures and algorithms
STP relies on two principal data structures:

1. An Abstract Syntax Tree (AST) representing the
parsed source files.

2. The Implementation Object Model (IOM), which is
an internal representation of the class graph. Its
main constructs are classes, inheritance relation-

ships, fields and operations and its visual represen-
tation is the IOM Graph.

The AST is constructed by parsing the Java source
files. First, an object system representing the gram-
mar of Java 1.2 was built. A separate grammar class
was created for each non-terminal in the EBNF gram-
mar. The class has fields for the items on the right hand
side (RHS) of its defining production. When the RHS
consists entirely of an alternation, an abstract class was
used, with the classes representing the alternatives in-

heriting from it. Otherwise, if the RHS contains an
alternation, as well as other items, fields for all the al-
ternatives are provided. When a repetition appears on
the RHS, a vector field is used.

Here are three examples showing the class definitions
corresponding to Java grammar productions:

1. Forlnit := LocalVariableDeclaration | StatementEx-
pressionList

class ForInit{
}

class LocalVariableDeclaration extends ForInit {

}
class StatementExpressionList extends ForInit {
}

2. PrimaryExpression := PrimaryPrefix ( PrimarySuffix
)*

class PrimaryExpression{
private PrimaryPrefix primaryPrefix;
private Vector primarySuffix;

}

3. BlockStatement :=
Statement

” .

LocalVariableDeclaration

class BlockStatement{
private LocalVariableDeclaration
localVariableDeclaration;
private Statement statement;

}

The parser is provided with actions to construct an ab-
stract syntax tree from the source file. The nodes are
objects of the non-terminal classes as defined above. In
accordance with the Visitor Design Pattern [5], each



grammar class is also provided with a visit method, fa-
cilitating a depth-first traversal of the AST carrying an
object of class Visitor. Visitor, in turn, has before and
after methods for each grammar class. An example is:

void before(LocalVariableDeclaration host)

Concrete subclasses of Visitor can override these meth-
ods to do tasks at nodes visited using the host parameter
for access. One such visitor has the task of construct-
ing the IOM. In traversing the AST it extracts defini-
tions of IOM constructs such as classes, fields and oper-
ations, and inserts them as nodes into the IOM model.
The IOM nodes are provided with pointers into their
definitions in the AST. Definitions may refer to types
from imported files. Information about these types is
extracted directly from the zip or jar files containing
the imports. Where a wild card import statement is
used, such as import java.io.*; only the types actually
used in the program are added to the IOM.

class A{

private double d;

public double getD(){
return d;

}

}

class B{
private A @
&public double getAd(){
return a.getD();

Named Construct

declaration

AL

A::getD()

}

class C extends A{
\public foo(){
return 3*getD();
}
}

Figure 4: A Named Construct with pointers to its decla-
ration and usages in the program. (Actually the point-
ers are into the abstract syntax tree built by parsing the
program.)

The next step is to determine the usages of each of the
IOM constructs by examining AST nodes representing
method bodies and initializations. A specialized Usage-
TraceVisitor does this task. This visitor is aware of the
name scoping and inheritance rules, and the expression
syntax of the language so that it is able to make correct
determinations of which constructs are used in expres-
sions. Each node representing a usage is augmented
with a pointer to the IOM node representing its defini-
tion. In turn the IOM node is provided with a pointer to
the usage. This enables transformations such as renam-
ings to be carried out correctly. Figure 4 shows pointers

from an IOM node into its declaration and usages in the
AST.

From a design point of view, one problem with Java is
that it relies heavily on heterogeneous collections such
as Vector and Hashtable, even when they store objects
of only one type. In the IOM, fields of collection type are
better represented as multiple valued fields of the under-
lying type. This is easily done when the original code
contains arrays, or in the case of C++, templates. Since,
as of this writing, proposals for templates [9, 10, 2] have
not yet been adopted into the Java standard, the next
best thing is to use type inference [11] to discover the
underlying types of the collections. This inference can
be done by examining the types of objects inserted into
particular expressions, and the downcasts used when
extracting objects from them. Solving the set of type
constraints thus obtained can often determine the un-
derlying type of collections. This capability is planned
for STP, currently the STP user must manually infer
the base types in order to redirect arcs from collection
classes to ones which are more meaningful.

8 A language for specifying transformations
STP is based on a set of primitive transformations,
which are stated in terms of the IOM Graph. Lower
level primitives are summarized in Figure 5. The mean-
ings of Add, Drop, Rename and Retarget are clear. Re-
mult means to change the multiplicity of a field, Dele-
gate and Reclaim refer to moving a class member along
the HAS-A network, Lift and Lower refer to moves up
or down the IS-A hierarchy.

Primitives are represented as both commands and ob-
jects. For example, the primitive command "RETAR-
GET HAS-A x SOURCE A NEW TARGET C” illus-
trated in Figure 6 may be represented as an object of
class RetargetHasa.

Aside from the lower level primitives, there are also a
few upper level primitives such as Factor and Flatten,
which expand to a number of lower level Lift and Lower
primitives respectively, depending on the current state
of the IOM Graph.

The Lower Level Primitives are as follows:

1. Changes to classes

(a) ADD CLASS ClassName
(b) DROP CLASS ClassName

(¢) RENAME CLASS OldClassName
NAME NewClassName

NEW

2. Changes to attributes
(a) ADD ATTRIBUTE attributeName SOURCE
ClassName TARGET attribute Type

(b) DROP ATTRIBUTE
SOURCE ClassName

attributeName



Figure 5: Construct Update-Ty

pe Matrix

Construct | Add | Drop | Rename | Retarget | Remult | Delegate | Reclaim | Lift | Lower
Class X X X

Attribute X X X X X X X X X
Operation | X X X X X X X X
HAS-A X X X X X X X X X
IS-A X X

(c) RENAME ATTRIBUTE oldAttributeName (b) DROP OPER-
SOURCE ClassName NEW NAME new at- ATION operationName SOURCE ClassName
tributeName PARAMETERS ( typel, type2, ...);

(d) RETARGET ATTRIBUTE attributeName (c) RENAME OPERATION
SOURCE ClassName NEW TARGET new at- oldOperationName SOURCE ClassName PA-
tribute Type RAMETERS ( typel, type2, .. ) NEW NAME

(e) REMULTIPLY ATTRIBUTE attributeName newOperationName
SOURCE ClassName NEW MULTIPLICITY (d) RETARGET OPER-

(011)
3. Changes to the HAS-A Hierarchy
(a) ADD HAS-A has-

aName SOURCE SourceClassName TARGET
TargetClassName MULTIPLICITY (0| 1)

(b) DROP HAS-A has-aName SOURCE Source-
ClassName

(c) RENAME HAS-A oldHas-aName SOURCE
SourceClassName NEW NAME newHas-a
name

(d) REMULTIPLY HAS-A has-aName SOURCE
SourceClassName NEW MULTIPLICITY (O |

1)
BEFORE AFTER
int B y int
A
X y
boolean [¢ boolean

Xy =====>((B) x).y

Figure 6: HAS-A A:x is retargeted from B to C, a
narrowing of the target. The primary expression x.y

is transformed to compensate by including an upcast to
B.

(¢) RETARGET HAS-A has-aName SOURCE
SourceClassName NEW TARGET NewTar-
getClassName

4. Changes to operations

(a) ADD OPERATION operationName SOURCE
ClassName PARAMETERS ( typel, type2, ...
) TARGET typeName

ATION operationName SOURCE ClassName
PARAMETERS ( typel, type2, ... ) NEW
TARGET newType

5. Changes to the class hierarchy

(a) ADD IS-A SubclassName SuperclassName
(b) DROP IS-A SubclassName SuperclassName

6. Moving a field ! or operation

(a) DELEGATE FIELD fieldName SOURCE

SourceClassName USING HAS-A has-aName

(b) DELEGATE FIELD fieldName SOURCE

SourceClassName USING OPERATION op-
erationName

(¢) RECLAIM FIELD fieldName SOURCE

SourceClassName USING HAS-A has-aName

(d) RECLAIM FIELD fieldName

SOURCE SourceClassName USING OPERA-
TION operationName

(e) DELEGATE OPERATION operationName

SOURCE SourceClassName PARAMETERS
(typel, type?, ... ) USING HAS-A has-aName
DELEGATE OPERATION operationName
SOURCE SourceClassName PARAMETERS
( typel, type2, ... ) USING OPERATION op-
erationName

(g) RECLAIM OPERATION  operationName

SOURCE SourceClassName PARAMETERS
(typel, type?, ... ) USING HAS-A has-aName

RECLAIM OPERATION operationName
SOURCE SourceClassName PARAMETERS
( typel, type2, ... ) USING OPERATION op-
erationName

LA field is either an attribute or a HAS-A



(i) LIFT FIELD FieldName SOURCE Class-
Namel TO ClassName2

(j) LIFT OPERATION opera-
tionName SOURCE ClassNamel PARAME-
TERS ( typel, type2, ... ) TO ClassName2

(k) LOWER FIELD FieldName SOURCE Class-
Namel TO ClassName2

() LOWER OPERATION opera-
tionName SOURCE ClassNamel PARAME-
TERS ( typel, type2, ... ) TO ClassName2

The commands have a uniform syntax. There is an ac-
tion verb followed by the object type followed by its
name and source class. Finally, the modification pa-
rameters are indicated.

9 Carrying out the transformations

Following the parsing of the source files, the construc-
tion of the IOM and its annotation by the UsageTrace-
Visitor, the system is ready to receive transformation
commands. The user opens a new CSL file to en-
ter wanted transformations, or loads an existing one.
Most commands including renamings, insertions of new
classes and members and deletions can be specified by
interacting with the graphical IOM using the mouse,
or by typing into the dialog boxes that are brought up
by double or right mouse clicks. The appropriate CSL
commands (see Section 8) are generated into the CSL
file. The user indicates a preference as to whether the
transformations are to be carried out under both weak
and strong precondition checking or only under weak.
The user then gives the transform command.

Preconditions for each type of transformation are
checked in the IOM by traversing it using specialized
IOM visitors. If the preconditions are satisfied, the
transformation is carried out by additional IOM visi-
tors, which follow pointers from the affected IOM con-
struct to both its definition and all its usages in the
AST. Both the IOM and the AST are updated, and the
graphical IOM is refreshed on the user screen. Transfor-
mations can be applied one-at-a-time or in batch. When
a suite of transformations is applied, each individual
one is checked within the context established by apply-
ing the preceding ones. This is the reason for updating
the IOM. The present version of STP lacks support for
transactions. However, the user can simulate such sup-
port simply by keeping a back copy of the system, and
reverting to it if one or more transformations in a suite
fail.

Finally, the user can generate the altered source files
using a specialized printing visitor which traverses the
AST. The current prototype preserves the original com-
ments by attaching them to AST nodes, however they
may be moved slightly in the regenerated files.

The whole procedure is illustrated in Figure 7.

10 Conclusion

Building a CASE tool requires a number of decisions
as to the modeling language used, the look and feel of
the user interface and the types of existing design and
programming tools which are best suited to speed the
development. This paper reported on the construction
of a CASE tool whose primary purpose is to demon-
strate the feasibility of an automated software evolution
approach. The tool is a prototype, that is to say that
functionality has taken precedence over speed of execu-
tion, robustness and handling of exceptional cases.

As of this writing a working version of STP has been
produced which has the capability of parsing substan-
tial Java 1.2 (or earlier) programs, displaying the un-
derlying class model in graphical form, carrying out au-
tomatic transformations, and generating revised source
code. It will require further testing and debugging to
assure smooth and consistent operation of these tasks.

Future directions for STP include:

1. Reverse engineering starting with binary class files.

2. The use of type inference to discover the base type
of collection classes.

3. Automatic updating of serialized files in concert
with the transformation of the object system which
saved them. This will allow transformed systems to
reload instances stored by earlier versions.

4. The expansion of the tool to work with object sys-
tems created by other languages such as C++.
Some C++ generation is already available.

5. Provision of an alternative user interface employing
industry standard UML [1].
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Abstract

APT (Automated Prototyping Tool-Kit)
is an integrated set of software tools that
generate source programs directly from
real-time requirements. The APT system
uses a fifth-generation prototyping
language to model the communication
structure, timing constraints, I/O control,
and data buffering that comprise the
requirements for an embedded software
system. The language supports the
specification of hard real-time systems
with reusable components from domain
specific component libraries. APT has
been used successfully as a research tool
in prototyping large war-fighter control
systems (e.g. the command-and-control
station, cruise missile flight control
system, patriot missile defense systems)
and demonstrated its capability to
support the development of large
complex embedded software.

Keywords: APT, Automated
Prototyping, Real-Time Systems,
Command and Control, Formal Methods,
Evolution, Reuse, Architecture,
Components, PSDL

1 INTRODUCTION
Software project managers are

often faced with the problem of inability
to accurately and completely specify

requirements for real-time software
systems, resulting in poor productivity,
schedule overruns, unmaintainable and
unreliable software. APT is designed to
assist program managers to rapidly
evaluate requirements for military real-
time control software using executable
prototypes, and to test and integrate
completed subsystems through
evolutionary prototyping. APT provides
a capability to quickly develop
functional prototypes to verify feasibility
of system requirements early in the
software  development process. It
supports an evolutionary development
process that spans the complete life-
cycle of real-time software.

2 THE AUTOMATED
PROTOTYPING TOOL-KIT (APT)

The value of computer aided prototyping
in software development is clearly
recognized. It is a very effective way to
gain understanding of the requirements,
reduce the complexity of the problem
and provide an early validation of the
system design. Bernstein estimated that
for every dollar invested in prototyping,
one can expect a $1.40 return within the
life cycle of the system development [1].
To be effective, prototypes must be
constructed and modified rapidly,
accurately, and cheaply [8]. Computer
aid for rapidly and inexpensively



constructing and modifying prototypes
makes it feasible [10]. The Automated
Prototyping Tool-kit (APT), a research
tool developed at the Naval Postgraduate
School, is an integrated set of software
tools that generate source programs
directly from high level requirements
specifications [7] (Figure 1).

It provides the following kinds of
support to the prototype designer:

(1) timing feasibility checking via
the scheduler,

(2) consistency checking and
automated assistance for project
planning, configuration

management, scheduling,
designer task assignment, and
project completion date
estimation via the Evolution
Control System,

(3) computer-aided design
completion via the editors,

(4) computer-aided software reuse
via the software base, and

(5) automatic generation of wrapper
and glue code.

The efficacy of APT has been
demonstrated in many research projects
at the Naval Postgraduate School and
other facilities.
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Figure 1. The APT Rapid Prototyping Environment




2.1 Overview of the APT Method

Generate initial

Modify
requirements
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requirements
¢ Reusable DBMS
Construct / modify Software
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i Generate target | !
: source code '
' Execution !
i # Support |
| Demonstrate System
i Prototype i

Figure 2. Iterative Prototyping Process in APT

There are four major stages in the APT
rapid prototyping process: software
system design, construction, execution,
and requirements evaluation and/or
modification (Figure 2).

The initial prototype design starts with
an analysis of the problem and a
decision about which parts of the
proposed system are to be prototyped.
Requirements for the prototype are then
generated, either informally (e.g.
English) or in some formal notation.
These requirements may be refined by
asking users to verify their completeness
and correctness.

After some requirements analysis, the
designer uses the APT PSDL editor to
draw dataflow diagrams annotated with
nonprocedural control constraints as part
of the specification of a hierarchically
structured prototype, resulting in a
preliminary, top-level design free from

programming level details. The user may
continue to decompose any software
module until its components can be
realized via reusable components drawn
from the software base or new atomic
components.

This prototype is then translated into the
target programming language for
execution and evaluation. Debugging
and modification utilize a design
database that assists the designers in
managing the design history and
coordinating change, as well as other
tools shown in Figure 3.

2.2 APT as a Requirements
Engineering Tool

The requirements for a software system
are expressed at different levels of
abstraction and with different degrees of
formality. The highest level
requirements are usually informal and



imprecise, but they are understood best
by the customers. The lower levels are
more technical, precise, and better suited
for the needs of the system analysts and
designers, but they are further removed
from the user's experiences and less well
understood by the customers. Because of
the differences in the kinds of
descriptions needed by the customers
and developers, it is not likely that any
single representation for requirements
can be the “best” one for supporting the
entire software development process.
APT provides the necessary means to
bridge the communication gap between
the customers and developers. The APT
tools are based on the Prototype System
Description Language (PSDL), which is
designed specifically for specifying hard
real-time systems [5, 6]. It has a rich set
of timing specification features and
offers a common baseline from which
users and software engineers describe
requirements. The PSDL descriptions of
the prototype produced by the PSDL
editor are very formal, precise and
unambiguous, meeting the needs of the
system analysts and designers. The
demonstrated behavior of the executable
prototype, on the other hand, provides
concrete information for the customer to
assess the validity of the high level
requirements and to refine them if
necessary.

2.3 APT as a System Testing and
Integration Tool

Unlike throw-away prototypes, the
process supported by APT provides
requirements and designs in a form that
can be used in construction of the
operational system. The prototype
provides an executable representation of
system requirements that can be used for
comparison during system testing. The

existence of a flexible prototype can
significantly ease system testing and
integration. When final implementations
of subsystems are delivered, integration
and testing can begin before all of the
subsystems are complete by combining
the final versions of the completed
subsystems with prototype versions of
the parts that are still being developed.

2.4 APT as an Acquisition Tool

Decisions about awarding contracts for
building hard real-time systems are risky
because there is little objective basis for
determining whether a proposed contract
will benefit the sponsor at the time when
those decisions must be made. It is also
very difficult to determine whether a
delivered system meets its requirements.
APT, besides being a useful tool to the
hard real-time system developers, is also
very useful to the customers. Acquisition
managers can use APT to ensure that
acquisition efforts stay on track and that
contractors deliver what they promise.
APT enables validation of requirements
via prototyping demonstration, greatly
reducing the risk of contracting for real-
time systems.

2.5 A Platform Independent User
Interface

The current APT system provides two
interfaces for users to invoke different
APT tools and to enter the prototype
specification. The main interface (Figure
3) was developed using the TAE+
Workbench [11]. The Ada source code
generated automatically from the graphic
layout uses libraries that only work on
SUNOS 4.1.X operating systems. The
PSDL editor (Figure 4), which allows
users to specify the prototype via
augmented dataflow diagram, was



implemented in C++ and can only be

executed under SUNOS 4.1.X
environments. A portable
implementation of the APT main

interface and the PSDL editor was
needed to allow users to use APT to
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Figure 4. PSDL Editor of APT Release 2.0

The new graphical user interface, called
the Heterogeneous Systems Integrator
(HSI), is similar to the previous APT.
Users of previous APT versions will
easily adapt to the new interface. There
are some new features in this
implementation, which do not affect the
functionality of the program, but provide
a friendlier interface and easier use. The
major improvement is the addition of the
tree panel on the left side of the editor.
The tree panel provides a better view of
the overall prototype structure since all

build PSDL prototypes on different
platforms. We choose to overcome these
limitations by reimplementing the main
interface (Figure 5) and the PSDL editor
(Figure 6) using the Java programming
language [2].

~| HSl Designer Mode \ o

Prototype Edit Databases Exec Support Help

—» EDIT
EXEC HE Heterogeneous Systems Integrator
£ TRANS
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Figure 5. Main Interface of the new APT
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Figure 6. PSDL Editor of the new APT

of the PSDL components can be seen in
a hierarchy. The user can navigate
through the prototype by clicking on the
names of the components on the tree
panel. Thus, it is possible to jump to any
level in the hierarchy, which was not
possible earlier.

3 A SIMPLE EXAMPLE:
PROTOTYPING A C31
WORKSTATION



To create a first version of a new
prototype, users can select “New” from
the “Prototype” pull-down menu of the
APT main interface (Figure 7). The user

of the new prototype (say “c3i_system”)
and the APT PSDL editor will be
automatically invoked with a single
initial root operator (with a name same

will then be asked to provide the name as that of  the prototype).
E%‘:HSI Dezigner Mode |
Prototype Edit Datahases Exec Support Help
—» EDIT
E:?Ei FﬂfD ] t
il ratoXr
=
COMP Enter Prototype Hame :
|c3i_5vstem |
| OK H Cancel |

Figure 7. Creating a new prototype called C31_System

APT allows the user to specify the
requirements of prototypes as augmented
dataflow graphs. Using the drawing tools
provided by the PSDL editor, the user
can create the top-level dataflow
diagram of the c3i_system prototype as
shown in Figure 8, where the c3i_system
prototype is modeled by nine modules,
communicating with each other via data
streams. To model the dynamic behavior
of these modules, the dataflow diagram
is augmented with control and timing
constraints. For example, the user may
want to specify that the
weapons_interface module has a
maximum response time of 3 seconds to
handle the event triggered by the arrival
of new data in the weapon_status data
stream, and it only writes output to the
weapon_emrep stream if the status of the
weapon_status_data is damage,
service_required, or out of ammunition.
APT allow the user to specify these
timing and control constraints using the
pop-up operator property menu (Figure

9), resulting in a top-level PSDL
program shown in Figure 10.

To complete the specification of the
c3i_system prototype, the user must
specify how each module will be
implemented by  choosing  the
implementation language for the module
via the operator property menu. The
implementation of a module can be in
either the target programming language
or PSDL. A module with an
implementation in the target
programming language is called an
atomic operator. A module that is
decomposed into a PSDL
implementation is called a composite
operator. Module decomposition can be
done by selecting the corresponding
operator in the tree-panel on the left side
of the PSDL editor.

APT supports an incremental
prototyping process. The user may
choose to implement all nine modules as
atomic  operators  (using dummy



components) in the first version, so as to
check out the global effects of the timing
and control constraints. Then, he/she
may choose to decompose the
comms_interface module into more

;a PSDL Editor : c3i_system_psdl

detailed subsystems and implement the
sub-modules with reusable components,
while leaving the others as atomic
operators in the second version of the
prototype, and SO on.
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OPERATOR c3i_system
SPECIFICATION
DESCRIPTION
{This module implements a simplified version of
a generic C3I workstation.}

END
IMPLEMENTATION
GRAPH
0 s 0 m=
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navigatlon Sy3ten SENS

DATA STREAM
-- Type declarations for the data streams in the graph go here.
CONTROL CONTRAINTS

OPERATOR comms_links OPERATOR weapons_interface
PERIOD 30000 MS TRIGGERED BY SOME
weapon_status_data
OPERATOR navigation_system MINIMUM CALLING PERIOD 2000 MS
PERIOD 30000 Ms MAXIMUM RESPONSE TIME 3000 MS
OUTPUT
OPERATOR sensors weapons_emrep
PERIOD 30000 MS IF weapon status data.status
damaged
OPERATOR weapons_systems OR weapon_status_data.status
PERIOD 30000 MS service_required

OR weapon_status_data.status
out_of ammunition
END

Figure 10. Top-level Specification of the c3i_system




To facilitate the testing of the
prototypes, APT provides the user with
an execution support system that
consists of a translator, a scheduler and a
compiler. Once the wuser finishes
specifying the prototype, he/she can
invoke the translator and the scheduler
from the APT main interface to analyze
the timing constraints for feasibility and
to generate a supervisor module for each
subsystem of the prototype in the target
programming language. Each supervisor
module consists of a set of driver
procedures that realize all the control
constraints, a high priority task (the
static schedule) that executes the time-
critical operators in a timely fashion, and
a low priority dynamic schedule task that
executes the non-time-critical operators
when there is time available. The
supervisor module also  contains
information that enables the compiler to
incorporate all the software components
required to implement the atomic
operators and generate the binary code
automatically. The translator/scheduler
also generates the glue code needed for
timely delivery of information between
subsystems across the target network.

For prototypes which require
sophisticated graphic user interfaces, the
APT main interface provides an
interface editor to interactively sculpt the
interface. In the c3i _system prototype,
we choose to decompose the
comms_interface, the
track database manager and the
user_interface modules into subsystems,
resulting  in  hierarchical  design
consisting of 8 composite operators and
twenty-six atomic operators. The user
interface of the prototype has a total of
14 panels, four of which are shown in
Figure 11. The corresponding Ada

program has a total of 10.5K lines of
source code. Among the 10.5K lines of
code, 3.5K lines comes from supervisor
module that was generated automatically
by the translator/scheduler and 1.7K
lines that were automatically generated
by the interface editor [9].

4 CONCLUSION

APT has been used successfully as a
research tool in prototyping large war-
fighter control systems (e.g. the
command-and-control station, cruise
missile flight control system, missile
defense systems) and demonstrated its
capability to support the development of
large complex embedded software.
Specific payoffs include:

(1) Formulate/validate requirements
via prototype demonstration and
user feedback

(2) Assess feasibility of real-time
system designs

(3) Enable  early testing and
integration of completed
subsystems

(4) Support evolutionary  system
development, integration and

testing

(5) Reduce  maintenance  costs
through systematic code
generation

(6) Produce high quality, reliable
and flexible software
(7) Avoid schedule overruns

In order to evaluate the benefits derived
from the practice of computer-aided
prototyping  within  the  software
acquisition process, we conducted a case
study in which we compared the cost (in
dollar amounts) required to perform
requirements analysis and feasibility
study for the c3i system using the 2167A



process, in which the software is coded
manually, and the rapid prototyping
process, where part of the code is
automatically generated via APT [3]. We
found that, even under very conservative
assumptions, using the APT method

mission control software system, the
command and control segment (CCS),
we estimated that there would be a cost
saving of 12 million dollars. Applying
this concept to an engineering change to
a typical component of the CCS software

resulted in a cost reduction of $56,300, a showed a further cost savings of
27% cost saving. Taking the results of $25,000.
this comparison, then projecting to a
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Figure 11. User Interface of the c3i_system
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