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Pro ject Summary

Software systemshave ewlved into problem-solvingtoolsthat are independert of particular problem
domains. With thesetools, a problem solution is transformed into a program in a corverntional
programming language. The consequencef following this path, howewer, is the absenceof problem
domain abstractions in the problem solving process.In addition, this approad leadsto substartial
increasesin software complexity. Our proposal seeksreseart and education funds to support the
dewvelopmert of adomain drivenapproacd to problem solving with a computer systemthat integrates
computer education with domain-ontology engineering. The objectives of the project are to:

Develop a methodology for application-domain structuring using ontology engineeringtools;
this will enablethe designof domain-driven software architecture description languagegSADL)
that capture elemerts of the problem-solving processas expressionsin the natural language
of the problem domain;

Implement SADL interpreters that integrate computing abstractions (usedin SADL expres-
sions) and generatecomputing processeshat executethe algorithms expressedn SADL;

Usethis methodologyto conduct problem solving experimerts in such diverseproblem domains
as Internet Agents, Geograptly, and Hydrology; this methodology will be integrated within
applied computing coursesthrough the developmen of hands-on-exgeriencecoursemodules.

These objectives are accomplishedusing a problem solving methodology in which problem domain
experts use natural languageto expresstheir problem solving systems while computer experts
dewelop tools that map domain expert solutions into computer processes. No programming as
usual is involved. Our methodology is basedon computational emancipation of problem domains,
which consistsof: (1) structure the application domain using an ontology and (2) assaiate domain
conceptsin the ontology with computer artifacts as semarics. Computer artifacts that are used
as semairiics of domain conceptsare created by computer experts; application domain experts use
these artifacts as domain abstraction terms in their problem solving processes.We illustrate this
methodology using languageprocessingas an application domain.

Intellectual merit: The fundamertal idea of this proposalis the developmen of a problem solving

approad in which problem domain experts handle IT conceptsusing their natural language not

vice-versa. This idea s then set as a foundation for computer education that is basedon hands-on
problem solving and problem-domain structuring that is supported by ontology engineeringtools.

This results in a true separation of software systemarchitecture from software systemfunctionality

and a paradigm of componert-based software system developmen basedon composing processes
performed by the component codes rather than composing codes This, in turn, opensthe way for

using natural languageasa logical tool during the processof problem solving with a computer. The

result is domain-expertise reusability along with code reusability.

Broader impact: The problem solving processascarried out using convertional methodologiescan
be seenas a monologueperformed by IT experts. Our researti aims at dewveloping a methodology
for problem solving which can be seenas a multi-part y dialog of problem domain experts and IT
experts. This will lead to an expansion of collaboration among problem domain experts and IT
experts and to new dewvelopmerns in software engineering. The teaching approad we pursueis a
componert of the new problem solving methodology and was partially deweloped in our previous
researt. It provides a framework to create domain-oriented problem solving environments (PSE)
that integrate researtr and education while promoting teaching and learning. PSEs created by
students during their teading/learning period becomethe generators of enhanced PSEs in the
domain of activity in which they are later employed.



1 Project description

The use of computers in science,technology, and ewveryday life, has exploded during the last two
decades. A side-e ect of this explosion has beenthe exponertial growth of software system com-
plexity. Consequetly, the cost of developing, maintaining, and using software systemsfor problem
solving has becomeexorbitant. Among the major causesof this situation seemto be the conven-
tional approadc of computer usagefor problem solving. The current method of computer usage
requiresthat the human logic of problem solving be encaled into a program in computer memory
that is executedas described by the following loop referred to further by program execution loop,
(PEL): while((PC).Opcode 6 Halt) fExecute(PC); PC:= Next(PC)g. Here PCis the program
courter register holding the memory addressof the current instruction of the program, Execute(PC)

performs the operation encaded in the current instruction, and Next(PC) determinesthe address
of the next instruction of the program. Computer systemsset this loop as the foundation for their

usagein problem solving. That is, in order to be performed by a computer, a problem solution,

irrespective of the level of languagerepresetting it, must be mapped into the above loop.

1.1 Social context of the pro ject

Sinceits very infancy, computer technology has beenseenas a collection of tools that are designed
to solve problems in a given application domain (AD) *. The computer based problem solving
processrequires AD experts to formalize their problemsin computer terms. The e ort put forth

so far toward making this processeasierfor AD experts has generated a rich and well-de ned

information technology (IT) domain that is populated by computer artifacts suc as programming

languagesand program generationtools. It is ironic that the successof this approac has led to

the dewelopmert of current computer technology whose complexity overwhelms computer experts

themselhes. Nevertheless,the usageof current IT for problem solving still requires AD experts

to manipulate IT domain conceptsand tools rather than AD conceptsand tools. To further help

this process,increasingly complex IT tools are generated,thus increasing software complexity to a

level where only with formidable di culties can AD experts manageto dewelop their application

systems. Among the side e ects of this situation are the lack of e ciency in application system
dewelopmert, poor performancein computer utilization, and even threat to the future ewlution of

computer technology itself. To handle software system complexity researt funding agencieshave
promoted the creation of the sciene of design[Fre04; the computer industry, [IBM ], suggeststhe

dewvelopmert of autonomouscomputers; academicreseart), [GHR94, HRGB00, PMJ * 05], suggests
the dewvelopmert of domain-oriented Problem Solving Environments (PSE) to bring computation

into people'slives OXYGEN [MIT ] (without asking if people'slives can digest it); the software

industry, [BSR03 Bax, Big98, Nei80, SK97, Cor] suggeststhe automation of program developmen

and implementation. It isimportant to note, however, that this e ort is directed toward the handling

of the symptom (software tool complexity) not the cause(problem solving process). Therefore, the

only reasonableresult that can be expectedis even more complexity.

To understandthe di erence betweenour researt toward handling software complexity through
application driven software developmernt and previousresear®, we look rst at three researd direc-
tions that have the samegoal: problem solving methods (PSM) [FEMR96, FM01, FMvH * 03, CM04]
deweloped in the arti cial intelligence community, model driven architectures (MDA) [SK97, Fra,
GBI™* 04, Coo04, BGK * 06] deweloped in the software engineeringcommunity, and domain-speci ¢
languages(DSL) [SLCG99, GM03, CCMW, vDKV] deweloped in the academiccommunity.

1An application domain is any eld of human endeasor where computers may be usedto solve problems.



Problem solving methods provide reusablearchitectures and componerts for implemerting the
reasoning part of knowledge-basedsystems. Since these architectures and componerts manipu-
late computer artifacts, the term \problem-solving" as usedin PSM is a synorym to the term
\program-developmen" usedin IT. That is, the goal of PSM is to dewelop automated methods
to generateprograms that solve given problems. Model driven architectures [SK97] are currently
usedin software engineeringas a genericterm for describing the use of models within the software
engineeringprocess. Models are computerized represenations [Coo04 whoseelemeris correspnd
to elemens or conceptsin the problem domain. Modeling technology deweloped in recen years,
sudh asUni ed Modeling Language(UML), usesasrepresenation elemeris IT representationsnot
AD concepts Domain-speci ¢ languages[vDKV] are designedso that they can more directly rep-
resert the problem domain being addressed. That is, domain-speci ¢ languageshelp IT experts
handle application domain conceptsrather than help AD experts handle computer technology. In
summary, PSM, MDA, and DSL have beendeweloped with the goal of helping the problem solving
process.But sincethey operate with computer abstractions, not with AD abstractions, they cannot
fully bridge the semartic gap betweenIT and AD. Therefore, these researth can make computer
artifact developmen easierand more e cien t. But note, computer artifact developmert is not the
objective of problem solving within a given problem domain.

Another important advance in software developmen that is pertinent to our project is the
realization that software complexity can be better handled by dewveloping and studying software ar-
chitectures that separatesoftware descriptionsfrom software implementation. Barry Boehm[Boe9q
in his foreword for the book [SG9q identi es the correct relationship between software architecture
and the application oriented problem solving processwhen he obsenesthat \the biggest problem
in software engineeringis the shortageof intermediate abstractions that connectthe characteristics
of the systemsusers(AD experts) needto the characteristics of systemsthat software engineers(IT
experts) canbuild". That is, software architecture allows usto seethe shortageof abstractions that
connectthe AD to the IT domain, but it doesnot tell us precisely how we are to bridge this gap.
Howewer, aswe shall seefurther, looking at the problem solving processfrom the perspective of the
architectural aspect of software systemsthat solve AD problems, one can seethat this gap can be
bridged by a computational emancipation of the application domain. When seenas an OXYGEN
user technology this may indeed allow the end-userto do more with less[Zue].

1.2 Problem form ulation and an example solution

Our conjecture is that in order to break the vicious circle that generatessoftware complexity we
needto rethink the problem solving process.We needto abandonthe requiremert that AD experts
manipulate computer abstractions and allow them to manipulate AD speci ¢ abstractions using AD
speci ¢ languages.This can be achieved only when computing education joins funding agenciesthe
computer industry, academicreseart, and the software industry for the developmert of a computer
supprted problem solving approach basel on the human logic of the problem domain and on the
appropriate domain-driven problem solving methalology. Ontology engineeringis the neededlink
becauseit can be usedto bring the computational power of the computer to the computer end-
user. An ontology provides the abstractions AD experts needto expressnaturally their problems
and solution algorithms while computer artifacts assaiated as semarics with the conceptsof the
ontology allow IT experts to dewvelop software that maps AD systemsinto computer processeghat
implement them. Thus, this project initiates a software developmeri methodology where:

AD experts handle AD abstractions to create AD-systems (solutions to AD applications).

IT expertsdevelop IT-systemsthat automatically map AD-systemsinto equivalent IT-systems.



The framework for the designand implementation of such application driven software consistsof:

1. Developmert of ontology engineeringtools and description logic languages. AD experts use
these tools and languagesto create the AD ontology and IT experts use description logic
languagesto assaiate ontological terms with computer artifacts as meaning.

2. Developmert of domain driven software architecture description languages(SADL) that use
conceptsof the AD ontology and provide them with interpreters that map SADL expressions
into software systemsthat implemernt the systemsdescribed by sudch expressions.

3. Implementation of this processwithin various application domains. This can be done by
adopting a hands-on computer technology approad to teaching where AD expert use AD
ontologies and AD software tools to tead their studerts.

Hence,an application-domain driven problem solving methodology requiresus to perform two tasks:
(a) computationally emancipate the problem domain and (b) dewelop software systemsthat map
domain-orierted algorithms into processegperformed by the computer.

1.2.1 Computational emancipation of problem domain

By computational emancipation of an AD we mean two things: rst, it meansthat a particular
AD is provided with a domain oriented computational structure and second,it meansthat the
computational structure of the domain is provided with IT semartics. The rst step of the processof
computational emancipation of an application domain can be achieved by structuring the AD using
an ontology; the secondstep consistsof providing the conceptsof the ontology with IT semartics
that have computational meaning. This is strongly related to the problem-solving processin the
application domain. To illustrate the conceptof computational emancipation we considerlanguage
processingasan application domain. Though thereis no\correct" way for the developmert of an AD
ontology [NM] there are many useful guides. A language processingontology can be represerted
using an appropriate T-box of a Description Logic [BCM™* 05 or as a class hierarchy [NM]. For
simplicity we proceedhere using an appropriate tree, Figure 1. The leavesof this tree represen the
vocabulary of the ontology, interior nodesrepresern conceptsconstructedin terms of other concepts,
and the arrows and the dotted lines represen relationships betweenthe conceptsin the ontology.
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Figure 1. Languageontology



We assumehere that the computational meaning of the conceptsusedby the domain ontology
are universal algorithms that solve classesof problems, are characteristic to the domain, and are
mathematically proven correct. The problem solving processtransforms theseassumptionsinto the
following characterization of the computational meaning of the AD concepts:

1. Computational meaning assaiated with an ontology node are stand-alone computation pro-
cessedurther referred to as components Note, data are computation processeshat leave
their input unchanged.

2. The behavior of a computational processis completely de ned by its input/output perfor-
mance.

3. The interaction betweencomputational processess achieved by an appropriate combination

of one or more of the medanisms: calling patterns, sharing appropriate data or procedures,
messagingsystems.

4. Composition of computational processess performedby Iters that map the output generated
by a componert into the input expected by another componert.

The goal of computational emancipation of an AD is to allow AD experts to usecomputer tech-
nology as a problem solving tool dedicatedto their AD without requiring the AD expert to dewelop
IT represenations. Assumingthat the computational emancipation of the AD has beenperformed,
the AD conceptsare already assaiated with computations performed by the problem solving tool,
the computer. We illustrate the useof computational emancipationin languageprocessingwith the
following problem: developa languageprocessor which takes arithmetic expressionsas input and
returns the valuesrepresentel by theseexpressionsas output. In view with this problem, the second
step of computational emancipation of the languageprocessingdomain would extend the language
ontology in Figure 1 with the ontology in Figure 2. In other words, the tool (i.e., the computer) is
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Figure 2: Front end ontology

seenhereby the AD expert asan extensionof the brain performing the processesepresened by the
AD conceptsand thus it helpsthe AD expert to manipulate her problem domain more e cien tly.
Consequetly the problem solver in a computationally emancipatedAD manipulates AD terms that
represert computation processeghey understand and which are performed by the tool (the com-
puter) exactly asarithmetic computations are performed by the brain. Thus, AD computations are
expressedusing the natural languageof the AD expert. The solution formulated by the language
expert to the above problem, which is given in Figure 3, illustrates this.

Here the languageprocessingexpert usesin her solution only two ontology supported processes,
a scannerand a parser. The input to the scanneris a text that represens an arithmetic expression
and the output is a sequencef tuples token;value; positioni represertiing the lexemesdiscoveredin



Evaluator:
Input: arithmetic expression of type text;
Output: arithmetic value of type number;
Intermediate  Form:
IF1 of type streamOf(Token, Lexene, Post ion);
IF2 of type abstract syntax tree;
Run: IF1 = scanner(lnput); IF2 = parser(IF1); Output = evaluate(IF2);

Figure 3: Expressionevaluation

the input. The parsermapsthe arithmetic expressioninto an abstract syntax tree whoseleavesare
labeled by tokensand their values,and whoseinterior nodesare operations usedin the arithmetic
expression. For illustration purposethis parser walks the abstract syntax tree and evaluates the
expressionit represers.

1.2.2 Mapping domain algorithms into computation pro cesses

The software technology that IT domain experts needto dewvelop, in order to make this approac to
problem solving feasible, consistsof domain-speci c interpreters. Each interpreter takesa problem
solution produced by an AD expert and maps it into a computer processthat implemens this
solution. This interpretation is basedon a few new ideaswhich can be summarized as follows:

1. The solutions dewveloped by AD experts cortain two typesof terms: (@) terms preser in the
AD ontology (such as nite automata) and (b) terms that are not preser in the AD ontology.

2. Terms preser in the AD ontology are directly interpretable as computer processes.Terms
that are not preser in the AD ontology are treated as operators of processcompositions, are
speci ¢ to the interpreter itself, and are implemented by the interpreter.

3. The result of the computation performed by the interpreter composing processesmplicitly or
explicitly presen in the expert solution can be one of:

(a) the expressionof a persistent processthat is assaiated with a new ontology term (such
as Evaluator) thus performing ontology exmnsion;

(b) atransient processthat interprets the expert solution thus solving the problem, suc as
the processthat evaluatesthe expressionin Figure 3;

(c) avalue produced by the processgeneratedby the interpreter, suc as the number gen-
erated by the processthat evaluatesthe expressionin Figure 3.

That is, the PEL (program execution loop) that sets at the basis of problem solving by current
methodology is now performed by a virtual processorthat operateson the domain ontology where
the PC registeris replacedby the URI, and N ext(P C) selectsthe application domain term that rep-
reseris the next processin the user solution. This loop is further referredto as solution evaluation
loop (SEL). Contrasting PEL and SEL we obsene that while PEL operateson hardware architec-
ture SEL operateson problem-domain architecture, represened by the computational emancipated
ontology. SEL represens the natural interaction of AD expert with her universeof discourse.

To understand the structure of the interpreter that maps AD solution algorithm into the value
of its input, we must obsene that the interpreter consistsof two transformations:

1. A translator that maps the algorithm supplied by the AD expert into an IT dependen lan-
guagecalled here the Software Architecture Description Language(SADL).



2. The interpreter itself that maps SADL-expressionsinto the computations they represer.

Here we focus on SADL and its mapping into computations that the SADL expressionsrepresett.

1.2.3 A software architecture description language
The SADL we usehere as a proof of conceptis organizedinto three levels of structuring:

1. The lexical elemerts of the languageare the AD conceptsand AD operators. The semairics of
AD conceptsusedin SADL are the IT computation artifacts assaiated with them in the AD
ontology. The sematrtics of AD operators are computations speci ed by the SADL interpreter.

2. The secondlevel of SADL is the computation processwhich is either speci ed by the signature
of the computation artifacts usedin the AD ontology, or are operators that compose such
processesn SADL.

3. The third level of SADL is the system, which consists of sequetial and parallel process
compositions of one or more SADL processeghat implement an AD solution algorithm.

SADL's sematrtics are takenfrom Acme [GMWO0O] and the web servicedescription language(WSDL)
[CCMW]. We restrict the fundamertal conceptsSADL handlesto three: component, which hasthe
samemeaning as componert in Acme, lter , which hasthe avor of a connectorin Acme without
concernsabout ports and roles, and systemwhich hasthe samemeaningassystemin Acme. SADL
builds further on Acme by adding operators that allows SADL to expressthe control ow among
the componerts of a SADL system. SADL's syntax is taken from XML and is speci ed as follows:

1. SADL lexical elemerts are the conceptsusedin the natural languageof the AD expert.

2. A SADL processis represertied by an XML elemen whoseattributes identify the nature of
the computation performed.

3. A SADL systemis a sequenceof XML elemerts that describe a composed processand rep-
resens one of: the computer code that implemens a new concept of the AD ontology, the
computer processthat implement a user solution, the value produced by a computer process.

The SADL approad to processdescriptions is also usedin languagessuch as BPEL [ACD™ 03],
METEOR-S [POV], and WSDL-S [AFM *]. Howewer, since SADL operates on the AD ontology,
its interpreter doesnot needthe ability to seart the web, simply becausethe URI of its processes
are provided in that ontology. In addition, SADL processesnay be composedinto larger processes
that may be presenedin the AD ontology.

The domain basedproblem solving interpreter (SADLI) is the virtual processormperforming AD
algorithms. To create an example of the SADLI in action we use here the following XML elemerts:

1. < sadl > scope < =sadl >
Semantics: informs the interpreter of a SADL de nition.

2. < component name="string" location="URI" =>
Semantics: createsa processin the current scope whosenameis speci ed by the attribute name

3. < filter name="string" location="URI" =>
Semantics: createsa lter in the current scope whosename is speci ed by the attribute name

4. < system name="string" > scope < =system >
Semantics: de nes a new SADL systemwhosenameis speci ed by the attribute name.



5. < create what="string" name="string" type="string" val="string" =>
Semantics: createsa computing object of the nature determined by the attribute what.

6. < execute input="string"  output="string"  process="string" =>
Semantics: instructs the interpreter to executethe processidenti ed by the attribute process

7. < translate var="string" lter="Iter" =>
Semantics: instructs the interpreter to perform a ltering on the value of the variable specied by
the attribute var using the lter specied by the attribute Iter .

8. < output var="string" =>
Semantics: instructs the interpreter to output the value of the variable speci ed by the attribute var.

With theseelemerts the SADL expressionof the AD solution in Figure 3 is shown in Figure 4.

<sadl>
<system name="evaluator">
<component name="scanner" location="file://FrontE ndntol ogy/ scanner” />
<component name="parser" location="file://FrontEn dOriolo gy/parser" />
<fiter =~ name="scanner2parser" location="file://Front End@tol ogy/sca n2parse” />

<create what="variable" name="input" val="stdin" />
<execute input="input"  output="mid" process="scanner" />
<output var="mid" />
<translate var="mid" filter="scanner2parser" />
<output var="mid" />
<execute input="mid" output="output" process="parser" />
<output var="output" />
</system>
</sadl>

Figure 4. SADL Example

To illustrate the computation performed by SADLI we considerthe input 29 + 4/2 whenit inter-
prets the SADL expressionin Figure 4. The scannerreturns the XML le in Figure 5.

<stream>

<int val="29" line="1" word="1" />
<operator val="+" line="1" word="2" />
<int val="4" line="1" word="3" />
<operator val="/" line="1" word="4" />

<int val="2" line="1" word="5" />
<newline val="\n" line="1" word="6" />
</stream>

Figure 5: The output

Figure 6 shows the XSLT Iter usedto translate the le generatedby the scanner(Figure 5) into
the le in Figure 7 expectedby the parser. There already existsan XSLT translator (xsltpro c) that
providesthis translation functionality. Thus, the san2parse lter is passed,alongwith the sanner
output, to the XSLT processor. The parser processtakes the result of the XSLT Iter as input,
generatesits internal represertation, evaluatesit, and deliver a numerical result. An appropriate
lter mapsit into what userexpectsto see.See[RCO06] for further details of SADL and SADLI.



<xsl:stylesheet  version="1.0"
xmlns:xsl="http://www.w3.org /199 9/XSL/Tra nsfor m">
<xsl:output method="xml"

omit-xml-declaration="no" indent="yes" />
<xsl:template = match="/stream">
<tokens>

<xsl:for-each  select="*">
<xsl:element name="{name(.)}">
<xsl:value-of  select="@val" />
</xsl:element>

</xsl:for-each>

</tokens>

</xsl:template>

</xsl:stylesheet>

Figure 6: XSLT Iter

<tokens>
<int>29</int>  <operator>+</op erator> <int>4</int> <operator>/</op erator> <int>2</int>
</tokens>

Figure 7: Parserinput

1.3 Objectiv es of this prop osal

The main objective of this proposal is the dewelopmen of a problem solving methodology, and
software tools to support it, that allows end-usersto solve their problemsthrough the application of
domain-conceptsand abstractions, not madine represerations. The scope of the researd implied
is larger than we can claim in a proposal. But, as we have demonstrated already [RCO06], this
can be accomplishedincrementally, engagingin this project multi-disciplinary forces,at both ends,
researt and teaching. Hence,our goalsare to:

1. Develop the methodology for the computational emancipation of application-domains as il-
lustrated in Section 1.2. This requires ontology engineeringtools and the design of SADL-s
that can capture problem-solving processeaising the natural languageof a problem domain.

2. Implement SADL interpreters that integrate computing abstractionsusedin SADL expressions
and generatecomputing processeshat perform the algorithms expressedy SADL expressions
and allow SADL incremertal expansion.

3. Usethis methodologyto conduct problem solving experiments in sud diverseproblem domains
as Internet Agents, Geograply, and Hydrology; integrate this problem solving methodology
within computing education by dewveloping and teaching hands-on-exgeriencecourses.

The rst objective of this proposalwill be achieved by creating experimertal ontologies of prob-
lem domainsimplied in this proposal. For this purposewe will start with a seminar on description
logic to be o ered by the Pl in Spring 2007, followed by a short courseon hands-onontology devel-
opment using existing ontology developmert tools sud as Protege[HKR* ]. We will setthe basis of
computational emancipation of the problem domain using XSLT lIters givenin the TICS system
[RKS™, Rus03]. This activity will be reproduced and extendedin all the domains of interest, cre-
ating mini-ontologies of these domains while experimenting with this problem solving model. The
secondobjective of the proposalwill be achieved by identifying speci ¢ problem-modelsto be solved
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within the framework created by the rst objective. This will be a corntinuous and incremertal ac-
tivit y carried out by the participants in this project while building upon previous experience. The
third objective will be achieved by creating hands-onteaching experiments where instructors and
students share ontology dewvelopmert tools to perform computational emancipation of the domain
of instruction and to expressproblems and solutions using appropriate SADL-s. The mapping of
SADL expressionsinto computer processeswill then be carried out, rst manually, as part of the
teaching/learning process,and then by appropriate interpreters that automate these mappings.

The major challenge of this project results from a recognition that the current approad to
software system design hides systemscomplexity by encapsulatingin the system designboth the
system architecture (the structure) and system function (the process),and neglectsthe system
ewlution determined by the incremental extension of problem domain speci cation[Ra j06]. Here
we are creating an infrastructure for the problem solving processin which a problem and its solution
algorithm are expressionsin the natural language of the problem domain, processeerform the
algorithm provided by a SADL interpreter, and software ewolution is accomplishedby the open-
endednature of the computational emancipation of the problem domain. This allows computer end-
usersto manipulate symbols that represen problem domain abstractions while the systemsoftware
manipulates processedhat perform the functions of the symbols manipulated by computer users,
and the system ewlveswith the problem domain. We will use Acme and WSDL as models of the
SADL. Howeer, we expect that researt progresswill lead to other models, that are better suited
to the problem solving process.

We will use our own problem solving ervironment provided by the TICS system (T ecnology
for Implementing Computer Software) to designand implement problem-domain oriented SADLs
and their interpreters. TICS is a framework for languagedesign,implementation, and use. Hence,
we will accomplishthe objectivesof this proposalin the following sequenceof steps:

1. Expand our current problem solving ervironment provided by the TICS systemwith toolsthat
support the computational emancipation of problem domains and provide them as teaching
and learning tools.

2. Develop a generic software architecture description language SELScript modeled by SADL
and implement it in TICS. SELScript will be automatically instantiated into SADL.

3. Develop interpreters that map SELScript expressionsinto processeghat perform the algo-
rithms encapsulatedin these expressions;by instantiating SELScript into a SADL thesein-
terpreters will be automatically instantiated into SADLI.

4. Provide TICS, SELScript, and SELScript interpreters asreseart, teaching, and learning tools
to be usedin the processof integrating researt and teacing.

1.4 Integrating research and teaching

A teading/learning approad that supports the computational emancipation of application domains
hasbeendeweloped by the Pl asthe hands-on-machineapproad. For this to succeedstudents need
unrestricted and unlimited accesdo a powerful computer alongwith softwaretoolsthat cansimulate
and carry out the activities preseried in the teaching process.Using this approad students create
programming ervironments dedicatedto their elds of interest at the beginning of the class. These
environments are then improved and extended by hands-on-madiine problem solving. At the end
of the teaching period theseervironments becomemajor tools for solving target classeof problems
in the domain of interest.
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Among many other things, student contributions to education through the dewelopmert and
use of educational tools provide a bene cial feedba& on the software technology itself. With the
TICS project, the Department of Computer Scienceat The University of lowa, has a long history
of achievemerts in this area. The TICS researt group consistsmainly of students who used our
parallel machines during their classesfollowing the hands-on-machineapproad, and succeededn
designing and implemernting teading tools that allowed us to successfullyuse this approac for
various classesacrossseweral generationsof students. Thus, the TICS researt group has created
a problem solving ervironment populated by speci cation rules, tools, componerts, and lters that
allow students to dewvelop processeghat solwve their problems using subprocesseshat represer so-
lutions to subproblemsprovided by componerts available in TICS ervironment. This methodology
has been successfullyapplied in such coursesas Parallel Programming, Genetic Algorithms, Com-
piler Construction, and System Software. Currently, we are expanding the area of such coursesby
adding Internet ProcessingEnvironments and System Architecture Speci cation Languages. That
is, the researt aspect of this project concernsthe integration of our experiencewith the hands-on-
machine approad with resear® on software system design,implementation and use.

1.5 Intellectual merit of the prop osed activit y

Computing artifacts handledin this proposalare abstractions characteristic to the problem domain,
represened by tuples hsyntax; semantics; ontologyi where syntax is the architectural expression
handled by the user, semantics are the universal resourceidenti ers, URIs, of the stand-alone
software artifacts implementing the tuple, and ontology are the URIs of the terms in the ontologies
where they belong. This represenation allows us to seethe computing objects we manipulate in
three-ways: architectural, asblue prints represened by syntax; macdine operational, represerted by
semartics URIs; and human logical, represerted by ontological URIs. The separationof architecture
(structure) from the function (the code implemerting the tuple) and from the logic (ontology of the
universeof discourse)characterizesall other engineeringdisciplines where objects manipulated are
similar represenations, Hblue print; sensorial ;logici. Therefore, we expect that the computing
artifacts we manipulate will advance knowledge on software engineeringacrossall eld of endeaor
where computers are used as problem solving tools. Speci cally, our approac provides a logic
foundation to componert-based domain-orierted software developmen by blue-print composition
at the architecture level, processcomposition at the implementation level, and logical proof at
the ontological level. Consequetly, this approadc allows us to control software complexity by
reusing expertise encapsulatedin such artifacts. In addition, blue-print composition supports the
advancemen of natural languageasa machine-comnunication tool and opensmany possibilities for
reproducing software artifacts and thus teaching them by experimentation rather than by textb ook.
The experiencewe gained with the TICS systemis a guaranee of success.

1.6 Broader impacts of the prop osed activit y

The problem solving process, as carried out using corverntional methodology, can be seenas a
monologueperformed by IT experts. Our researf1 aims at developing a methodology for problem
solving which can be seenas a multi-part y dialog of problem domain experts and IT experts. This
will lead to an unprecedened expansion of collaboration among problem domain experts and IT
experts and to new and unexpecteddevelopmerts in software engineering. The processmanagemen
systemwe discusshere hasthe potential to embed PSEswithin computer networks by locating and
sharingresources.PSEsof a domain ontology can be usedasthe sematrtics for network clusters,thus
creating the mathematical infrastructure for reasoningabout the computation activity performed
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by a computer network. In addition, this proposal preseris a new methodology to foster integration
of researtr and teaching. The benets of this integration go beyond the academic institution

promoting it. Following the researt, teaciing, and learning approacd discussedin this proposal,
students dewelop their own problem solving ervironments as they learn. These ernvironments are
then further ported into the students' work-areasin the institutions where they are hired. Our
previous experience shows that students’ PSEs grow into problem solving ervironments in the
respective institutions. This ensuresan ewlutionary processof discovery and understanding fostered
by the processof problem solvingitself. Moreover, sincethe processs grass-ramts oriented it provides
an equal opportunity for advancemer.

2 Steps toward the new problem solving metho dology

The four step methodology followed by a human while solving a problem, as explained by Polya
[Pol73], implies: (1) understand the problem, (2) make a plan to dewvelop a solution, (3) carry out
the plan, and (4) look bad at the completedsolution. This methodology is not much di erent when
software systemsare used as tools for problem solving [RR95]. Howewer, the current experience
with software tool generation pertains mainly to the program generationtools that force problem
manipulation (i.e, application dewelopmer) into the IT domain. Therefore, we are still observing
an expandable gap between computer applications and tools that support computer application
dewelopmert. Sincethere is little experiencewith tools for computer application generation, the in-
tuition of a human-oriented methodology for problem solving with suc tools needsto be developed.
The work we currently perform may be seenas an experimental framework for the developmert of
software tool intuition , which addsthe objective along with the abstraction and re ection, ashuman
aspects of software engineeringteaching and learning identi ed by others [HTO5].

2.1 Historical perspective

The term \problem solving ervironment", PSE, was coined early in computer history, and is il-
lustrated by very simple PSEs developed as libraries of functions assaiated with various software
systems. Examples of such software systemsare operating systemsand compilers. This idea has
emergedagain and the new meaning of this term has become\a computer system that provides
all necessarycomputational facilities to solve a target class of problems” [GHR94, HRGBO0Q]. In
building our experimertal framework for the new problem solving methodology we obsene that in
the early PSEsas well asin their new instantiations, a PSE refersto a problem domain identi ed

by: (1) a collection of speci cation mecanisms, (2) tools that operate on speci cation medanisms
mapping them into data and operations appropriate for componerts, (3) componerts that solve
classesof problems by universal algorithms characteristic to the problem-domain, and (4) lters

used as medanisms for componert composition. There is a dynamic relationship betweentools,
componerts, and lters wheretools and Iters may be usedas componerts, and componerts and
lters may be usedastools. The net e ect is a hierarchical methodology where problem solving al-
gorithms are incrementally and interactively developed in terms of more primitiv e algorithms which
are previously implemented. This is magni cently illustrated by the history of operating systems
and compilers and is now being illustrated in other problem domains as well [GHR94, HRGBO0Q].
Our ideais to enbed such PSEs as vocabulariesin the domain ontology thus performing an incre-
mental computational emancipation of problem domains.
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2.2 Hands-on experiments

The phenomenon,characterized by researtiers as ubiquitous computing [Wei91, LY02], raisesnew
teaching and learning challenges. Traditional textb ook-certered teaching methodologiesare inade-
quate for educating students about conceptsbehind the relertless developmen of new computer-
based\gadgets" sudch as PDAs, GPS receiwers, and cell phones. The time neededto dewelop a
textb ook to teach the design,implementation, and usageof new computing gadgetscan be longer
than the time neededto dewelop even newer gadgets,and therefore, a textbook may become obsolete
before even being printed. This situation leadsto the requiremert of a new educational method-
ology basedon the availability of computing tools that are able to represent and implement the
conceptsand methods preseried in the teaching process.With sud tools, students have the hands-
on meansto repeatedly simulate and experiment with phenomenapreseried in the classram. This
phenomenonhas beenthe object of the PI's obsenation during the last 20 years of teaching op-
erating systems, compiler construction, system software, parallel programming, algorithm design,
implemertation, and use,and various computer applications. Our conclusionis that a major hurdle
in teadching fast-changing computing technologiesis the lack of tools that facilitate the transfor-
mation of repetition into intuition and of intuition into knowledge This can be alleviated by the
hands-on-exprience approac to teaching, basedon computer simulation, that consistsof: (a) Un-
restricted accessto a computer with appropriate capabilities; (b) Software tools that can simulate
various aspects of the teaching and learning process;(c) Hands-oninstruction, in which the course
material is illustrated using appropriate tools installed on the computer, combined with hands-on
learning, in which students usethe computer and software tools to create and experimernt with new
tools that implement courseconcepts;(d) Creation, by students, of personalportfolios (which are
customizedpersonalPSEs) basedon their hands-oneducational experiences.The software artifacts
and tools created in hands-on courseshave long-term value, in both later classesand ultimately,
their professionalcareers.

By necessiy, but perhaps not always consciously many computer scienceinstructors employ
hands-onteaching methods. The Pl rst consciouslyusedthis approad in 1987 during the dewel-
opmernt of the course22C:132,Parallel Programming, with the speci ¢ goal of developing student
intuition for parallel computations. The relevant computer available at that time was an Encore
parallel processorprovided to us to experiment with parallel program dewvelopmeri. An essetial
elemen in this casehas beentools that allowed students to dewelop the intuition of a process
abstraction that represerts a schedulable and composableunit of computation that interacts with
other processes.

2.3 Evolving hands-on experience approach

The experiencewith the parallel programming courseallowed us to respond quickly to the require-
merts setforth in the report Grand Challenges: High Performance Computing and Communications
[GrC] by establishing a consortium for student education in high performancecomputing. The goal
of this consortium wasto enableeducationin parallel computing by the hands-on-machineapproac
at both graduate and undergraduatelevels. Consequetly, a proposalto acquire an appropriate com-
puter was submitted to NSF, funded by the NSF grant DUE{9551183 ($215,369.60)with a match
from The University of lowa. Thus, in 1996, the by-then-obsolete Encore computer was replaced
by an SGI Power Challengeequipped with 16 R10000processors.To achieve our goal we developed
new courses,reshaped older coursesin this area, and today we can report that hundreds of lowa
students bene ted from the use of this machine.

We are now facing a new grand challenge problem, which may be characterized as the source of
all grand challenge problems It is the challengeto dewelop a problem solving methodology that is
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able to move the problem solving processfrom the IT domain into the AD whereit belongs. This
will simplify the use of current and future computer technologiesto solve other grand challenge
problems, will allow usto control the complexity of software system dewvelopmert, installation, and
use,and will open an unprecedened area of collaboration among AD and IT experts of the world,
generating new computer technology. This problem, once again requires us to unify forceson the
University of lowa campusby creating an Interdisciplinary Computing Laboratory to play the role
of a test-bed for the domain driven problem solving methodology we are currently creating.

2.4 Reusing educational experience

The SGI Power Challenge, purchasedin 1996, is no longer in use. Meanwhile, high performance
computing has expanded substartially, and greater challengeshave been created for student ed-
ucation in this area. Therefore, the replacemen of the SGI Power Challenge with a new more
powerful macdiine is important to the continued health and further enrichment of the high perfor-
mancecomputation curriculum in two key ways: (a) it will support existing and planned courseson
high performancecomputing education; (b) it will facilitate the building of a computing education
environment basedon computational emancipation of AD.

Thus the new parallel madcine will becomea tool to facilitate expandingthe hands-on-machine
approac to a larger educational context. The new madine will be usedby the Interdisciplinary
Computing Laboratory asthe main computing facility to experiment with the new problem solving
methodology we dewvelop. Based on our past experience, we expect an average enroliment of 30
students per classtaught by oneinstructor in ead of the classeswe ervision asbene ciary. Hence,
approximately 300 students per year would benet from the serviceso ered by this machine and
will experiment with the new problem solving methodology we create.

3 Plan of Work

Our plan of work ewlves on two parallel tracks: on one track we will pursue the implementation
of ontology dewelopmert tools in TICS and on the other track, we will create in parallel (and in
parallel with the rst track) the ontologies of the problem domainsinvolved and will develop models
of problem solving architectures. Thesemodelswill then be usedastests for the new problem solving
methodology, and will be evaluated in both graduate and undergraduate teaching.

Track 1: TICS extension with ontology development tools

1. We will rst port the tools deweloped so far using the Encore and SGI Power Challenge
machines onto the new machine. This activity will be carried out by the PI assistedby one
graduate student during the year 2007.

2. In parallel with the activity described in (1) above we will start using the new machine
during the Spring semester2007. The PI will teach a courseon tractable description logics
and ontology speci cation languagesusing OWL; a domain-ontology engineeringtool sud as
Protege, following the model presered in [NM] will be used as hands-on domain-ortology
dewvelopmert. Other ontology dewelopmert tools [Den, GP02, IP] will also be experimented.

3. We will nish the implementation of the SELScript during 2007. Software architectures and
ontologies already dewveloped in ead of the other domains of interest will be usedto test this
implemenrtation.
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4. Starting in Spring 2008we will usethe new machine to run large computational jobs supplied
by the domains involved in this project as well as ontological reasoningtools chedking the
consistencyof these software architectures.

Of course, in parallel with this activity we will use SELScript and its interpreter to generatethe
tools required to accomplishthe goalsof this project.

Track 2: Domain ontologies and application development

Internet domain:

1. During the year 2007 Pl and Denny M. with the assistanceof an RA will identify a process
domain within the semaric web and will construct its functional vocabulary in OWL. The
goal of this activity is the dewvelopmert of a SADL speci cation languagesuitable to express
the architecture of new Internet agerts in terms of the agerts already available.

2. During 2008 the team will dewelop the SADL interpreters necessaryto compose new web
processessuc asweb seard ageris, that can be deployed by AD users.

3. During 2009 the team will re ne the AD vocabulary and will build web seart agerts that
will be exercisedin the openweb ervironment to determine the possiblerange of performance
and utilit y obtained from AD constructions.

Geograph y domain:

1. In Fall 2007 ProfessorArmstrong will initiate, with the assistanceof a researt assistan, the
speci cation of an ontological framework for geospatialinformation and its usein a particular
context of the interpolation of data valuesfrom point obsenations taken from di erent sources
to aregular grid of values.

2. Simple matters such as translating between a postal addressand its coordinate reference
(geccoding) will be specied by XSLT Iters and will be completed by Spring 2008.

3. During 2008-2009.a set of genericprocessewill beidenti ed and SADL systemssolving var-
ious geographicproblemswill be expressedn terms of these processes.Theseinclude generic
neighborhood speci cations (e.g., k-nearestneighbors of a point), genericdistance calculations
in both Euclidean (projected) and spherical spaces,and di erent ways of making interpola-
tion calculations (global and local methods). This work will be tested using SELScript and
will be evaluated, rst in a graduate-level seminar, in Fall 2008, and then in an advanced
undergraduate classin Spring 2009.

Hydrology domain:

1. In Spring 2007 ProfessorConstarntinescu will initiate, with the assistanceof a researt assis-
tant, the speci cation of an ontological framework for solving scalar transport equationsin
two and three dimensions. This ontology will be usedin the particular context of predicting
the fate and transport of pollutants in rivers and atmosphere.

2. In Spring 2008the vocabulary of this ontology will be implemented by a set genericprocesses
to discretize the corvective and viscous operators in the transport equation using di erent
levels of accuracy and di erent levels of numerical dissipation (e.g., certral di erencing with
fourth order arti cial dissipation versusupwind or upwind biased schemesof di erent order).
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3. During 2008-2009we will use the ontology dewveloped above to design the architecture of
software systemsfor solving various environmental process o w problems. These systemswill
be expressedusing a dedicated SADL and will be carried out on the available machinesin the
network using SADL interpretors.

3.1 Pro ject evaluation

The evaluation of this project will be measuredby the versatility of the SADL deweloped in track

one of our plan, by the number and the quality of applications dewveloped using our methodology

within track two of our plan, and by the number of students instructed by the hands-on-machine
approad using the machine we seeksupport for. The number and diversity of the domain ontologies

embeddedas vocabularieswithin the new TICS ernvironment w8ill be a good measureof the work

we intend to perform. The Pl and CoPIs will assesghe progresstoward stated project goals by

making surethat the plan of activity preseried above will be carried out successfully In addition, at

the completion of this plan, during the year 2009we will report our activities in a number of papers

at national and international conferencesthus contributing to the dissemination of the teaching

and researt activity performed during the rst two years. We will organizetwo workshops,onein

Fall semester2008and onein Spring semester2009, where we will preseri in detail the experience
accurrulated by the Pl and CoPls with the domain driven methodology for problem solving with a

computer. The educational results, obtained by us during this period using the hands-on-machine
approad, will be demonstrated and sharedwith all interested. Project evaluation will also assess
the impact of the publication of conferenceand journal papers,and production of PhD thesesrelated

to the work we will perform in this project.
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