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Project Summary

To sustain the revolution created by computer technology in all aspects of human live computer
education need be revolutionized. This can be achieved by including computer education as a
control-mechanism within the cognition-process spiral where computer technology increases the
human cognition power which in turns increases the demand for computer technology. This pro-
posal shows how to accomplish this by a software that supports a computer-based problem solving
methodology that minimizes the semantic gap between the Application Domain (AD) experts and
Information Technology (IT) experts during problem solving process. This software integrates ap-
plication domain, IT domain and computer education within a teaching methodology where teachers
and students structure their Universe of Discourse (UoD) using computational models expressible in
the natural languages of their AD ontologies. This splits the cognition process involved in teaching
and learning as follows:

1. Application domains are structured using appropriate domain ontologies where concepts are
associated with computer artifacts implementing them. This process is called the Computa-
tional Emancipation of the Application Domain (CEAD).

2. AD experts (researchers, teachers, students) collaborate with IT experts to CEAD their UoD
and to develop Software Architecture Description Languages (SADL) that allow them to
express problems and solution algorithms using concepts of their CEAD-ed AD.

3. IT experts implement software tools that perform AD algorithms by interpreting their SADL
expressions, without mapping them into machine language programs.

The objectives of the proposal are:

• Develop the methodology for CEAD-ing UoD using ontology engineering tools and design
SADLs that capture problem-solving process as a natural language expression;

• Implement interpreters that integrate computing abstractions used in SADL expressions and
generate computing processes that perform SADL algorithms on appropriate machines;

• Use this methodology to conduct problem solving experiments in such diverse problem domains
as Internet Agents, Geography, and Hydrology; integrate this problem solving methodology
within the computing education by developing and teaching hands-on-experience courses.

Intellectual merit: The fundamental idea of this proposal is the development of a computer-based
problem solving approach where problem domain experts handle AD abstractions using their nat-
ural languages. This idea is set as foundation for computer education based on hands-on problem
solving teaching using problem-domain structuring by ontology engineering tools. The result is a
component-based software system development by composing processes performed by the component
codes rather than composing codes. Consequently the fundamental problems raised by component
composition in software development (interaction, integration, interoperability, and evolution) dis-
appear and thus software complexity can be handled without generating more software complexity.

Broader impact: The teaching approach we pursue is a component of the new computer-based
problem solving methodology where software systems are developed by computer end users and
are reusable. It provides a framework to create domain-oriented problem solving environments
(PSE) that integrate research and education while promoting teaching and learning. PSEs created
by students during their teaching/learning period become the generators of enhanced PSEs in the
domain of activity in which they are later employed.
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1 Project description

Current methodology for computer usage requires that the human logic of problem solving be
encoded into a program in computer memory whose execution is described by the following loop

CurrentInstruction = FirstInstruction;
while(not halt)

Execute(CurentInstruction);
CurrentInstruction = Next(CurrentInstruction)

further referred to as the Program Execution Loop (PEL). This loop is set as the foundation for
computer usage in problem solving and the entire computer technology and computer education
evolved as a methodology for understanding PEL and for mapping problem solving algorithms into
programs in computer memory such that they can then be executed by the computer.

The actual mapping of algorithms into programs in computer memory requires computer user
to handle binary logic and hardware details. Though at the beginning of computer history this has
been done directly, by hand, soon it was found to be tedious and error prone and thus ineffective,
unless it was supported by tools. These tools fit into two categories: tools that help computer user
to map problem solving algorithms into machine language programs (programming languages and
their translators) and tools that control PEL, manage computer resource (memory, processor, de-
vices), and handle synchronous and asynchronous events that may occur during program execution
(operating systems). That is, computer-based problem solving methodology evolved as the set of
tools that can be used to map problem solving algorithms into computer programs and to control
the PEL while executing the resulting programs. It became early obvious that special education
was necessary in order to handle software tools used in the problem solving process. This means
that computer-based problem solving process thus developed requires a computer user to be both,
an Application Domain (AD) expert 1 as well as an IT expert.

1.1 Software complexity and computer education

The success stories of computer usage in problem solving in practically all aspects of human life
has led to the explosion of IT. The resulting effect is a human cognition-process accelerating on
a spiral where computer technology increases the human cognition power which in turns increases
the demand for more computer technology. This has profound consequences for software complexity
and computer eduction. The diversity of AD implies diversity of algorithms to be mapped into
diversity of PEL performed by a diversity of computer systems. This diversity in problem solving
process contrasts the “one-size fits all” characteristic of current software engineering. To handle
effectively and efficiently this diversity of computer applications, software tools must be incremental,
interactive, integrated, interoperable, and must evolve with problem domain, which means:

• Incremental: the complexity requires that software tools be incremental, which implies stepwise
development. But PEL requires a program to be a monolithic construct in computer memory.

• Interactive: user-convenience requires that software tools be interactive. Tool ↔ tool interaction
implies communication patterns such as function-call, system call, sockets and protocols, etc., which
violate PEL structure. User ↔ tool interaction requires control language development which implies
algorithm execution by interpretation rather than by mapping it into PEL.

• Integration: PEL requires program components to be integrated into a monolithic construct in the
memory of the same machine. This conflicts with modularity.

1An application domain is any field of human endeavor where computers may be used to solve problems.
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• Interoperability: program components generated by different tools should be replaceable by each
other during program execution. This conflicts with the integration requirement.

• Evolution: program components should evolve with user cognition. This conflicts with standardiza-
tion.

The consequence of accommodating these conflicting properties during software tool develop-
ment is a software complexity which grows with the diversity of computer applications. According
to recent expert analysis [Kri] this complexity threaten to kill the IT.

We believe that the fundamental problems faced by computer education also result from the re-
strictions imposed by PEL on computer-based problem solving process. Problem solving algorithms
in any AD are expressed in terms of abstractions that characterize that AD. But PEL requires all
these abstractions be represented in terms of the hardware performing the PEL and thus be melted
into a program in the memory of a computer. In addition, various software tools used to carry out
these transformations are usually not reusable and may even be not portable among generations of
machines and languages involved in this process. How can we effectively teach the design, imple-
mentation, and usage of such tools? How can we evolve PEL to take advantage of high-performance
hardware? How can we educate computer-end users to become effective AD experts as well as
effective IT experts? The spectacular applications carried out by computers attract the best and
the brightest minds. But due to the software complexity, a deep instruction on the computer appli-
cations does not leave room for a deep instruction in the software tool development and vice-versa.
Thus, by teaching applications we end up with IT experts who don’t know what their tools are
doing; by teaching software tool development we end up with AD experts who cannot carry out
their applications. This is aggravated by the rate of computer system change, which make computer
system textbooks obsolete before even being published. The side-effect is student loosing interest
in the IT which in turn increases the threat placed by the software complexity on the IT domain.

1.2 An approach to handle software complexity and computer education

To handle the situation created by current computer-based problem solving methodology we need
to develop a new computer-based problem solving methodology which abandon the requirement
that a problem solver be both an AD expert and an IT expert. What we need is a computer-based
problem solving methodology where:

1. Computer end-user formulates problems and solution algorithms in terms of the abstractions
that characterize her application domain, using the natural language of her AD.

2. Application-domain abstractions are associated with computer artifacts that implement them
identified on the computer network using Uniform Resource Identifiers (URI)[TFIM98].

3. Algorithms developed by computer end-user are executed by interpretation, by processes that
perform the computer artifacts associated with the algorithm components.

In other words, the PEL becomes the following Domain Algorithm Execution Loop (DAEL):

CurrentURI = URI(FirstProcess);
while(not complete)

Execute(CurrentURI);
CurrentURI = Next(CurrentURI)

Consequences of this computer-based problem solving methodology is a new stage of collaboration
between AD experts and IT experts during problem solving process where:
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AD experts: structure their domains of expertise in terms of computing abstractions that charac-
terize their AD. This becomes the major task in the computer-based problem solving within an
application domain. Computing abstractions characteristic for an application domain should
be universal, stand-alone (i.e., they solve classes of well-defined problems in the domain), and
should be specified by algorithms that can be mathematically proven correct.

IT experts: implement software tools that execute DAEL processes representing AD algorithms
directly, by interpretation, exactly as the PEL processes are executed by the hardware.

Collaboration: AD experts formulate problems and solution algorithms in terms of the computing
abstractions characterizing their AD using the natural language of the application domain;
IT experts implement the computing abstractions characterizing the AD and associate these
implementations with the terms of the natural language that represent these abstractions.

The major benefits of this computer-based problem solving methodology are:

• Software complexity is no longer a problem. This is because the fundamental problems raised
by software development disappear. Software tools are no longer machine-language expressions
characterized by one-size fits all. A software tool is a stand-alone process composed from other
stand-alone processes. However, linguistically software tools may be seen as expressions of
the language of a virtual machine whose instructions are processes performing computing
abstractions characterizing a domain of application.

• Computer education can focus on its objective. Mechanical engineer may focus on structuring
her application domain in terms of domain characteristic abstractions. It is the task of Fortran
language implementer to worry about Fortran representation of these abstractions. Compiler
implementer may focus on language specification and implementation in terms of the abstrac-
tions characteristic to language syntax and semantics. It is the task of target platform expert
to really implement these abstractions. Business people may focus on the development of their
business models and the expressions of their business operations using the natural language of
their business clients. It is the task of the IT experts to be concerned with the machine rep-
resentation of the business model and with the implementation of business operations defined
by the business people.

• Computer technology becomes liable and reliable. Software tools can be proven correct because
their components are correct by the structuring of their application domain. Hence, the issues
regarding the guarantors and guarantees of computer artifacts may be legally established as
with any other technology.

• AD and IT evolve in parallel and in mutual synchronization with each other, resulting into an
unprecedented local and global collaboration. AD evolution process follows its natural path
using computers as cognitive tools while IT evolution process follows its own natural path
determined by the tools needed to support the AD evolution. Software tool compatibility is
replaced by software tool evolutions and software tool interoperability is replaced by software
tool reusability.

1.3 Comparison with other approaches

Even in its very infancy computer technology has been seen as a collection of software tools destined
to solve problems of a given application domain. The problem solving process using computers is
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(and has been) carried out within the computer environment and requires the AD experts to for-
malize their problems in computer terms. The effort put forth so far toward making this process
easier for AD experts has generated a rich and well-defined information technology domain. Suc-
cesses of this approach to problem-solving led to the development of current computer technology
whose complexity overwhelms computer experts themselves. Nevertheless, the usage of current IT
for problem solving still requires AD experts to manipulate IT domain concepts and tools rather
than AD concepts and tools. To further help this process, more and more complex IT tools are gen-
erated thus increasing software complexity to a level where only with formidable difficulties can AD
experts manage to develop their application systems. Among the side effects of this situation are
the lack of efficiency in application system development, poor performance in computer utilization,
and even threat to the future evolution of computer technology itself.

To understand the difference between our research toward handling software complexity and
computer education and previous similar research we are looking at three research directions that
have the similar goals: problem solving methods (PSM) [FMvH+03, CM04] carried out in the
artificial intelligence community, model driven architectures (MDA) [Bro, Fra] carried out in the
software engineering community, and domain-specific languages (DSL) [HM02, MJS05] carried out
mostly in the academic community.

Problem solving methods provide reusable architectures and components to support the rea-
soning part of knowledge-based systems. Since these architectures and components manipulate
computer artifacts the term “problem-solving” as used in PSM is a synonym to the term ”program-
development” used in IT. That is, the goal of PSM is to develop automated methods to generate
programs that solve given problems. Model driven architectures are currently used in software en-
gineering as a generic term for describing the use of models within the software engineering process.
Models are computerized representations [Coo04] whose elements correspond to (i.e., are not) ele-
ments or concepts in the problem domain. Modeling technology developed over the past years, such
as Unified Modeling Language (UML), uses as representation elements IT representations not AD
concepts. Domain-specific languages are designed so that they can more directly represent the AD
abstractions in computer terms. That is, domain-specific languages help IT experts to handle appli-
cation domain concepts rather than helping AD experts handle computer technology. In summary,
PSM, MDA, and DSL have been developed with the goal of helping the problem solving process.
But since they operate with computer abstractions not with AD abstractions they cannot fully
bridge the semantic gap between IT and AD. Therefore, these research can make computer artifact
development more easy, more efficient, more everything. But note, computer artifact development
is not really the objective of problem solving within a given application domain.

The closest approach to our new computer-based methodology is the problem solving as done
by Mathematica [Math] and MATLAB[Matl]. Programs performed by Mathematica and MATLAB
can be seen as computer artifacts associated with the concepts handled by their users. That is,
Mathematica and MATLAB consider their application domains as computationally emancipated.
But their ontologies are hidden and thus they do not allow their users to evolve these ontologies in
the sense we propose in this project.

The UNIX Make Utility [MAKE], Java Ant [ANT], and IBM Eclipse [AL] are tools that perform
similarly to the DAEL process. However, while the objectives of these tools are program generation
on given platforms, the DAEL loop describes the process performed by a virtual processor that
executes an AD algorithm by interpreting its components. Should this algorithm be the interpreter
of a Makefile, of an Antfile, or of an Eclipse plug-in the result would be the program generated from
the respective file.
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1.4 The new computer-based problem solving methodology at work

With the new problem-solving methodology we envision [RC06, RC07] the AD expert and IT ex-
pert collaborate to solve problems with a computer by a new protocol where: (a) concepts of the
application domain are structured and are associated with universal stand-alone algorithms char-
acteristic to the application domain, called components; (b) AD experts formulate problems and
develop solution algorithms using the natural language of their application domain; (c) IT experts
implement computation processes represented by universal stand-alone algorithms that characterize
application domains. Because concepts used in AD algorithms are specified by universal algorithms
they can be implemented by IT experts independent of their usage in the solution algorithms. More-
over, because these algorithms are stand-alone and are characteristic to the application domain, AD
algorithms using them can be executed by interpretation rather than by translation thus avoiding
the communication gap between AD and IT experts. The implementation of this protocol of com-
munication requires that both AD and IT be appropriately organized. In the paper “application
driven software development” [RC06], we used the domain ontology to structure AD and XML
[W3C06] to develop the software that implements AD algorithms. Consequently we coined the
term Computational Emancipation of the Application Domain (CEAD). CEAD-ing an application
domain implies the following tasks:

(i) Specify the application domain in terms of domain characteristic abstractions and structure
domain concepts using an appropriate ontology.

(ii) Associate each concept in the ontology obtained at (i) with an appropriate computer artifact
that implements it on a computer platform.

(iii) Interpret the AD algorithms expressed in the natural language of the domain by composing
the processes associated with the components of the algorithms.

In addition to its ability to handle software complexity the CEAD-ing process offers a unique
approach to creating a comprehensive cyberinfrastructure for mind-tools development [Laj00] that
are capable to revolutionize computer education and computer usage.

1.4.1 Mathematical foundation of CEAD-ing process

Ontology is the philosophical study of what is [Qui69], is concerned with identifying and categorizing
those things which exist and how those things relate to each other. Ontology found its way into
computer science as the “specification of a conceptualization” through the work of Gruber [Gru93].

Description logics (DL) is a formalism that evolved from knowledge representations used in
Artificial Intelligence research. More recently this formalism is used for formal specification of
ontologies used in the semantic web [MvH]. That is, DL provides the mathematical machinery to
formally represent ontologies in such a way that they can be computationally reasoned about. Using
a DL language we can define formally the ontology of an AD as follows. For a given domain we
have a collection of terms D = {t1, t2, . . .} representing basic (or primitive) concepts of the domain,
a set of relations R = {R1, R2, . . .} (called roles) representing fundamental properties of the domain
concepts, and a set of constructors that can be used to define terms representing new concepts of
the domain, C = {C1, C2, . . .}. Constructors allow domain concepts and roles to be layered on
a sub-class/super-class hierarchy, thus providing the framework for incremental and compositional
specification of the domain ontology. For a set-theoretic model of the DL, terms are associated with
unary predicates satisfied by the sets of objects in the UoD, roles are associated with binary relations
representing properties of the objects in the UoD, and constructors are associated with operators
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on the UoD. In addition, by computational emancipation of the domain, terms are associated with
computer artifacts (representing computational processes) implementing them, roles are associated
with properties of such process, and constructors are associated with process composition operators.
Thus, the set-theoretic model of the DL allows us to reason about domain objects while the process-
model of the DL allows us to implement computation algorithms representing problem domain
solutions by process composition rather than language translation.

In real applications, the computational emancipation of an application domain is an operation
performed on domain knowledge and consists of the following actions:

1. Represent the DL that specifies the application domain A by a tree, T (A).

2. Label each node of the tree T (A) with the URI of the computer artifact which implements
the concept represented by that node.

For a given AD algorithm A, the DAEL(A) is implemented by letting CurrentURI run on the T (A)
exactly as the CurrentInstruction of PEL run on the computer memory. To increase efficiency,
we map the algorithm A into the Software Architecture Description Language (SADL)[RC06].

1.4.2 Example: solving a system of linear equations

Assume that Linear algebra is an application domain computationally emancipated. Here we illus-
trate the new problem solving methodology with Gauss elimination algorithm for solving systems
of linear equations. A sketch of the linear algebra ontology is given in Figure 1. The incremental
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Figure 1: A fragment of linear algebra ontology

nature of the CEAD-ing process is shown by using sub-domain ontologies as concepts of a domain
ontology, such as Matrix algebra, Vector algebra, and Scalar algebra in Figure 1. Concepts
used in these sub-ontologies (such as matrix concatenation with a vector) can be freely used by the
AD expert as she uses any other concepts present in the ontology.

A mathematician using the ontology in Figure 1 expresses the algorithm for solving linear
equation systems by Gaussian elimination as follows:

Gaussian Elimination:
Input: Matrix A, Vector B; Output: Vector X;
M:=Concatenate(A, B); F:=FowardElimination(M); X:=BackwardElimination(F);

Further, the AD (linear algebra in our example) is provided with a translator that uses AD ontology
to map AD algorithms into SADL [RC06, RC07] expressions thus facilitating their execution by
interpretation. This is illustrated in Figure 2 by the SADL expression of the Gaussian elimination
algorithm.
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<?xml version="1.0" ?>
<sadl>

<system name="URI(GaussianElimination)" input="URI(A) URI(B)" output="URI(X)">
<component name="URI(Concatenate)" input="URI(A) URI(B)" output="URI(M)" />
<component name="URI(ForwardElimination)" input="URI(M)" output="URI(F)" />
<component name="URI(BackwardElimination)" input="URI(F)" output="URI(X)" />

</system>
</sadl>

Figure 2: SADL expression of Gaussian Elimination

To increase the readability of a SADL-expression we assume here that software artifacts used to
emancipate a domain ontology are collected into an URI-table and are referenced in the SADL
expressions of the domain expert algorithms using the notation URI(ontology-concept). For
example, if A is a matrix then URI(A) is the URI of a file that implement the matrix A.

The incremental nature of the CEAD-ing process allows the AD expert to perform algorithm
translation into SADL step-wise. Originally this is done by hand, and only after sufficient experience
with this new problem-solving methodology is a translating tool necessary. The experience with
SADL generation may be obtained by using this computer-based problem solving methodology as
a “hands-on computer” teaching approach in the computer-based AD instruction as we shall see
further. The SADL expression thus obtained is further mapped by SADL interpreter into the DAEL
process that performs the AD algorithm.

1.4.3 SADL and SADL Interpreter

The software technology that IT domain experts need to develop in order to make this approach to
problem solving feasible consists of AD-driven interpreters. The interpretation process is based on
a few new ideas which can be summarized as follows:

1. The solutions developed by AD experts contain two types of terms: terms present in the AD
ontology (such as matrix, vector, etc.) and terms that are not present in the AD ontology.

2. Terms present in the AD ontology are directly interpretable as computer processes. Terms
that are not present in the AD ontology are treated as operators of process compositions, are
specific to the interpreter itself, and are implemented by the interpreter.

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

(a) the expression of a persistent process that is associated with a new ontology term (such
as GaussianElimination) thus performing ontology expansion;

(b) the transient process that interprets the expert solution thus solving the problem, such
as the process in Figure 2 that solve a system of linear equations;

(c) the value produced by the process generated by the interpreter, such as the solution
vector generated by the process in Figure 2.

The SADL is organized on three levels of structuring:

1. The lexical elements of the language are the AD concepts and AD operators. The semantics
of AD concepts used in SADL are the computer artifacts associated with them in the AD
ontology. The semantics of AD operators are computations specified by SADL interpreter.
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2. The second level of SADL is the computation process which is specified by the signature of the
computation artifacts used in the AD ontology or is an operator that composes such processes
in SADL.

3. The third level of SADL is the system which consists of sequential and parallel process com-
positions of one or more SADL processes that implement an AD solution algorithm.

The SADL’s semantics is taken from Acme [GMW00] and web service description language (WSDL)
[CCMW, ACD+]. The SADL’s syntax is taken from XML and is specified as follows:

1. SADL lexical elements are the concepts used in the natural language of the AD expert.

2. A SADL process is represented by an XML element whose attributes identify completely the
computation performed.

3. A SADL system is a sequence of XML elements that describe a composed process and rep-
resents one of: the computer code that implement a new concept of the AD ontology, the
computer process that implement a user solution, the value produced by a computer process.

The SADL approach to process descriptions is also used in languages such as BPEL [ACD+],
METEOR-S [POV], and WSDL-S [AFM+]. Contrasting these languages with SADL we note that
SADL interpreter does not need the ability to search the web. In addition, SADL processes may be
composed into larger processes that may be used to evolve the AD ontology.

1.5 Objectives of this proposal

The main objective of this proposal is the development of a problem solving methodology and
software tools that support it that allows end-users to use computer technology to solve their
problems handling problem domain-concepts and abstractions, not machine representations. The
scope of the research implied is larger than we can claim in a proposal. But, as we have demonstrated
already [RC06, RC07], this can be accomplished incrementally, engaging in this project multi-
disciplinary forces, at both ends, research and teaching. Hence, our goals are:

1. Develop the methodology for computational emancipation of application-domains as illus-
trated in Section 1.4. This requires ontology engineering tools and the design of SADL-s that
can capture problem-solving process using the natural language of the problem domain.

2. Implement SADL interpreters that integrate computing abstractions used in SADL expressions
and generate computing processes that perform the algorithms expressed by SADL expressions
and supports SADL incremental expansion.

3. Use this methodology to conduct problem solving experiments in such diverse problem domains
as Internet Agents, Geography, and Hydrology; integrate this problem solving methodology
within the computing education by developing and teaching hands-on-experience courses.

First objective of this proposal will be achieved by creating experimental ontologies of problem
domains implied in this proposal. For this purpose we started with a seminar on description logic
in Spring 2007. This will be followed by short courses on hands-on ontology development using
existing ontology development tools such as Protègè[HKR+]. We will set the basis of computational
emancipation of the problem domain using XSLT filters given in TICS system [RKS+, Rus03]. This
activity will be reproduced and extended in all the domains of interest, creating mini-ontologies of
these domains while experimenting with this problem solving model. The second objective of the
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proposal will be achieved by identifying specific problem-models to be solved within the framework
created by the first objective. This will be a continuous and incremental activity carried out by
the participants to this project while building up on previous experience. The third objective
will be achieved by creating hands-on teaching experiments where instructors and students share
ontology development tools to perform computation emancipation of the domain of instruction and
to express problems and solutions using appropriate SADL-s. The mapping of SADL expressions
into computer processes will then be carried out, first manually, as part of the teaching/learning
process, and then by appropriate tools that automate these mappings. These tools will be developed
by students themselves.

The major challenge of this project results from the recognition that the current approach for
software system design hides systems complexity by encapsulating in the system design both the
system architecture (the structure) and system function (the process), and neglects the system evo-
lution determined by the incremental extension of problem domain specification[Raj06]. Here we
are creating an infrastructure for problem solving process where problem and its solution algorithm
are expressions in the natural language of the problem domain, the algorithm is performed by a
SADL interpreter, and software evolution is accomplished by the open-ended nature of the compu-
tational emancipation of problem domain. This allows computer end-users to manipulate symbols
representing problem domain abstractions while system software manipulate processes performing
the functions of the symbols manipulated by computer users, and the system evolves with problem
domain.

We will use our own problem solving environment provided by the TICS system, Technology for
Implementing Computer Software, to design and implement problem-domain oriented SADLs and
their interpreters. TICS is a framework for language design, implementation, and use. Hence, we
will accomplish the objectives of this proposal by the following sequence of steps:

1. Expand our current problem solving environment provided by the TICS system with tools
that support computational emancipation of problem domain 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 appropriate SADL.

3. Develop interpreters that map SELScript expressions into processes performing the algorithms
encapsulated in these expressions; by instantiating SELScript into a SADL these interpreters
will be automatically instantiated into SADL interpreters.

4. Provide TICS, SELScript, and SELScript interpreters as research, teaching, and learning tools
to be used in the process of integrating research and teaching.

1.6 Integrating research and teaching

A teaching/learning approach that supports the computational emancipation of application domains
has been developed by the PI as the hands-on-machine approach. For this to succeed, students need
unrestricted and unlimited access to a powerful computer along with software tools that can simulate
and carry out the activities presented in the teaching process. Using this approach students create
programming environments dedicated to their fields of interest at the beginning of the class. These
environments are then enhanced and extended by hands on machine and problem. At the end of
the teaching period these environments become major tools for solving target classes of problems
in the domain of interest.

9



Among many other things, student contributions to education through the development and
use of educational tools provide a beneficial feedback on the software technology itself. With the
TICS project, the Department of Computer Science at The University of Iowa, has a long history
of achievements in this area. The TICS research group consists mainly of students who used our
parallel machines during their classes following the hands-on-machine approach, and succeeded
in designing and implementing teaching tools that allowed us to successfully use this approach
for various classes across several generations of students. Thus, the TICS research group has
created a problem solving environment populated by specification rules, tools, components, and
filters that allow students to develop processes that solve their problems using sub-processes that
represent solutions to sub-problems provided by components available in TICS environment. This
methodology was successfully applied in such courses as Parallel Programming, Genetic Algorithms,
Compiler Construction, and System Software. Currently, we are expanding the area of such courses
by adding Internet Processing Environments and System Architecture Specification Languages.
That is, the research aspect of this project concerns the integration of our experience with the
hands-on machine approach with the research on software system design, implementation and use.

1.7 Intellectual merit of the proposed activity

In this proposal we propose an approach to evolve the computation performed by current computers
to the level of conceptual computation where computers are used in a manner similar to the brain
usage through the natural language. This approach is convenient because it shows a pattern for
further software development that does not generate more software complexity. This approach is
efficient because it reuses entire computer technology created so far. This approach is evolutionary
because it provides the intermediate abstractions that effectively bridge the gap between applications
and software engineering. This approach is revolutionary because it gives computer semantics
to language concepts thus allowing us to create the cyberinfrastructure that integrate research,
teaching, and using computers through a new computer education methodology.

Computing artifacts handled by the project that implements this proposal are abstractions
characteristic to the problem domain. We expect that this will advance knowledge on software en-
gineering across all field of endeavor where computers are used as problem solving tools. Specifically,
this may provide a logic foundation of the component-based domain-oriented software development
approach by: (1) blue-print composition at the architecture level, (2) process composition at the
implementation levels, and (3) logical proof at the ontological level. Consequently, this approach
allows us to control software complexity by reusing the expertise encapsulated in the computing
artifacts we manipulate.

1.8 Broader impacts of the proposed activity

Problem solving process, as carried out using conventional methodology, can be seen as a monologue
performed by IT experts. Our research aims at developing a methodology for problem solving which
can be seen as a multi-party dialog of problem domain experts and IT experts. This may lead to an
unprecedented expansion of collaboration among problem domain experts and IT experts and to new
and unexpected developments in software engineering. The process management system we discuss
here has the potential to embed PSEs within computer networks by locating and sharing resources.
PSEs of a domain ontology can be used as the semantics for network clusters thus creating the
mathematical infrastructure for reasoning about the computation activity performed by a computer
network. In addition, this proposal presents a new methodology to foster the integration of research
and teaching. The benefits of this integration go beyond the academic institution promoting it.

10



Following the research, teaching, and learning approach discussed in this proposal students develop
their own problem solving environments during their learning process. These environments are then
further ported into the students’ work-areas in the institutions where they are hired. Our previous
experience shows that students’ PSEs grow into problem solving environments in the respective
institutions. This ensures an evolutionary process of discovery and understanding fostered by the
process of problem solving itself. Moreover, since the process is grass-roots oriented it provides an
equal opportunity for advancement.

2 Steps toward the new problem solving methodology

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 develop a solution, (3) carry out
the plan, and (4) look back at the completed solution. This methodology is not much different when
software systems are used as tools for problem solving [RR95]. However, the current experience
with software tool generation pertains mainly to the program generation tools forcing problem
manipulation (i.e, application development) into the IT domain. Therefore we are still assisting
at an expandable gap between computer applications and tools supporting computer applications.
Since there is little experience with tools for computer application generation, the intuition of an
application-oriented methodology for computer-based problem solving with such tools needs to be
developed. The work we perform may be seen as an experimental framework for the development
of software tool intuition, which adds the objective along with the abstraction and the reflection, as
human aspects of the software engineering teaching and learning preached by others [HT05].

2.1 Historical perspective

The term “problem solving environment”, PSE, was coined early in computer history, and is il-
lustrated by very simple PSEs developed as libraries of functions associated with various software
systems. Examples of such software systems are operating systems and compilers. This idea has
emerged again and the new meaning of this term has become “a computer system that provides
all necessary computational facilities to solve a target class of problems” [GHR94, HRGB00]. In
building our experimental framework for the new problem solving methodology we observe that in
the early PSEs as well as in their new instantiations, a PSE refers to a problem domain identified
by: (1) components that solve classes of problems by universal algorithms characteristic to the
problem-domain, (2) formal mechanisms used to specify components, (3) tools that map specifi-
cation mechanisms into data and operations appropriate for components, and (4) filters used as
mechanisms for component composition. There is a dynamic relationship between tools, compo-
nents, and filters where tools and filters may be used as components and components and filters may
be used as tools. The net effect is a hierarchical methodology where problem solving algorithms
are incrementally and interactively developed in terms of more primitive algorithms which are pre-
viously implemented. This is magnificently illustrated by the history of operating systems and
compilers and is now being illustrated in other problem domains as well [GHR94, HRGB00]. Our
idea is to embed such PSEs as vocabularies in the domain ontology thus performing an incremental
computational emancipation of problem domain.

2.2 Hands-on experiments

The phenomenon, characterized by researchers as ubiquitous computing [Wei91, LY02], raises new
teaching and learning challenges. Traditional textbook-centered teaching methodologies are inade-
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quate for educating students about concepts behind the relentless development of new computer-
based “gadgets” such as PDAs, GPS receivers, and cell phones. The time needed to develop a
textbook to teach the design, implementation, and usage of new computing gadgets can be longer
than the time needed to develop even newer gadgets, and therefore, a textbook may become obsolete
before even being printed. This situation leads to the requirement of a new educational methodology
based on: (a) computing tools able to represent and implement the concepts and methods presented
in the teaching process and (b) computer use as a mind tool in the education process. With such
tools, students have the hands-on means to repeatedly simulate and experiment with phenomena
presented in the classroom. This phenomenon has been the object of the PI’s observation during
the last 20 years of teaching operating systems, compiler construction, system software, parallel pro-
gramming, algorithm design, implementation, and use, and various computer applications, in the
Computer Science Department at The University of Iowa. Our conclusion is that a major hurdle
in teaching fast-changing computing technologies is 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-experience approach to teaching, based on computer simulation, that consists of:

1. Unrestricted access to a computer with appropriate capabilities.

2. Software tools that can simulate various aspects of the teaching and learning process.

3. Hands-on instruction, in which the course material is illustrated using appropriate tools in-
stalled on the computer, combined with hands-on learning, in which students use the computer
and software tools to create and experiment with new tools that implement course concepts.

4. Creation, by students, of personal portfolios (which are customized personal PSEs) based on
their hands-on educational experiences. The software artifacts and tools created in hands-on
courses have long-term value, both in later classes and ultimately in their professional careers.

By necessity, but perhaps not always consciously, many computer science instructors employ hands-
on teaching methods. The PI first consciously used this approach in 1987 during the development
of the course 22C:132, Parallel Programming, with the specific goal of developing student intuition
for parallel computations. The relevant computer available at that time was an Encore parallel
processor provided to us to experiment with parallel program development. The essential in this
case have been tools that allowed students to develop the intuition of a process abstraction that
represents a schedulable and composable unit of computation that interacts with other processes.

2.3 Evolving hands-on experience approach

The experience with the parallel programming course allowed us to respond quickly to the require-
ments set forth in the report Grand Challenges: High Performance Computing and Communications
[GrC] by establishing a consortium for student education in high performance computing. The goal
of this consortium was to enable education in parallel computing by the hands-on-machine approach
both at graduate and at undergraduate levels. Consequently, a proposal to acquire an appropriate
computer was submitted to NSF, and was funded by the NSF grant DUE–9551183 ($215,369.60)
with a match from The University of Iowa. Thus, in 1996, the by-then-obsolete Encore computer
was replaced by an SGI Power Challenge equipped with 16 R10000 processors. To achieve our
goal we developed new courses, reshaped older courses in this area, and today we can report that
hundreds of Iowa students benefited 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 challenge to develop a problem solving methodology that is
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able to move the problem solving process from the IT domain into the AD where it belongs. This
will simplify the use of current and future computer technologies to solve other grand challenge
problems, will allow us to control the complexity of software system development, installation, and
use, and will open an unprecedented area of collaboration among AD and IT experts of the world,
generating new computer technology. This problem, once again requires us to unify forces on the
University of Iowa campus by creating an Interdisciplinary Computing Laboratory to play the role
of a test-bed for the new computer-based problem solving methodology we are currently creating.

2.4 Reusing educational experience

The SGI Power Challenge, purchased in 1996, is no longer in use. Meanwhile, high performance
computing has expanded substantially, and greater challenges have been created for student educa-
tion in this area. Therefore, the replacement of the SGI Power Challenge with a new more powerful
machine is important to the continued health and further enrichment of the computer science cur-
riculum in two key ways: to support existing and planned courses on high performance computing
education, and to facilitate the building of a computing education environment based on computer
use as a mind tool. Thus the new machine we are seeking will become a tool to facilitate expanding
the hands-on-machine approach to a larger educational context. The new machine will be used by
the Interdisciplinary Computing Laboratory as the main computing facility to experiment with the
new problem solving methodology we develop. Based on our past experience, we expect an average
enrollment of 30 students per class taught by one instructor in each of the classes we envision as
beneficiary. Hence, approximately 300 students per year would benefit from the services offered by
this machine and will experiment with the new problem solving methodology we create.
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