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(ABSTRACT)

This thesis presents the development of a multifaceted conceptual framework for discrete-event
simulation and its implementation within an integrated visual simulation support environment (VSSE). The
intertwined research objectives regarding the conceptual framework and the companion VSSE are presented.
A literature review of related work is conducted. The core of the thesis describes the conceptual
framework (called the DOMINO), the VSSE and each of the tools from its supporting toolset, and the
VSMSL (Visual Simulation Model Specification Language). Three example model applications (bus route,
traffic intersection, and branch operations examples) demonstrate the use of the VSSE and the underlying
DOMINO. The thesis is evaluated using the research objectives as assessment criteria.

The DOMINO is truly multifaceted. Both graphical and object-oriented, the DOMINO provides
design and implementation guidance over the simulation model life cycle. The DOMINO is not restricted
to specific problem domains but is independent of application domain. Several different perspectives for
developing model component logic are available to modelers under the VSMSL. The VSSE demonstrates
significant advances in integrated, automated support for model development which include graphical
facilities for definition and specification and effective verification techniques. The VSSE underscores the

contributions of the research effort and has helped to identify potential areas for future research.
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CHAPTER 1
PROBLEM DEFINITION AND OVERVIEW

History provides many remarkable and challenging examples of the determination and spirit of a single
individual or group of individuals in achieving objectives to meet identified needs and accomplish worthy
goals. In the totality of human experience, this research is but a small part. Nevertheless, the importance
of objectives in reaching a desired end rings true. Without accurate aim, one misses the mark. This
chapter clearly presents the goals of the research and the defined objectives for their satisfaction in the
domain of simulation model development.

As a point of introduction and backdrop for the thesis, the life cycle of a simulation study is
discussed. Critical problems which modelers face while applying the principles of the life cycle are
identified. Having clarified the issues to be confronted, we explain their importance and why they are
worthy of research attention. We give a proposal for solutions and articulate the overall research goals.
The objectives for fulfilling these goals are set forth. The organization of this thesis is also described to
lend a broad perspective on the research approach. At the conclusion of this chapter, we present a

summary of the contributions of the research described herein.

1.1 Introduction

Concern over high costs and limited utility of modeling projects conducted and supported by the
federal government [Nance 1981b] has stimulated the search for means of controlling these costs and
evaluating computer-based models. The current economical climate has only added to concerns regarding
cost overruns, mismanagement, and poor planning regarding software development projects of all kinds.
Methodologies formulated for the costly “software problem” are found in abundance in the software
engineering domain [Nance and Arthur 1988]. The general principles of software development (software
life cycle models, etc.) and the lessons learned from software engineering research can certainly be applied
to the thesis problem domain of simulation model development. However, there are some very real

.

distinctions (including, e.g., real data collection requirements for model validation, reliance on statistical



analysis, the persistent issues of model credibility, etc.) which Overstreet et al. [1986] have concisely
presented. These distinctions are of sufficient significance to require continuing research in the search for
more powerful tools, strategies, and environments for the simulationist. Altogether, these issues have
influenced and contributed to the formulation of the simulation model life cycle [Nance 1981b; Balci

1986a], the primary focus of the next section.

1.1.1 The Simulation Model Life Cycle

The life cycle of a simulation study, shown in Figure 1.1, contains 10 phases, 10 processes, and 13
credibility assessment stages. The ten phases are designated by oval symbols. The processes are indicated
by dashed arrows. Solid arrows represent the credibility assessment stages. The double-ended arrows
indicate the many points of iteration and feedback; the life cycle is not a strictly sequential progression
among the phases, processes, and assessment stages.

The life cycle had its beginnings as a broad group of guidelines called the “model life cycle” [Nance
1981b]. This particular form of the life cycle centered on those phases called the model development
phases (the circular phases of the current form): the conceptual model, communicative model, programmed
model, experimental model, and model results. Also included were other phases called integrated decision
support and modified model phases. In the same paper, Nance [1981b] presented an important
methodology having a significant and historical impact on the thesis research, the Conical Methodology
(CM). The CM'’s influence on this work is a reoccurring theme throughout the thesis and is more fully
discussed in other chapters.

Nance and Balci [1987] extended the early form of the life cycle to further clarify and distinguish an
additional group of phases (besides the model development phases), the problem definition phases: the
communicated problem, the formulated problem, and the proposed solution technique. These phases are
for precisely defining the system to be studied and the study objectives. Improper problem definition
increases the probability of committing the Type Il error (accepting the study results when the results are

not credible) or the Type III error (solving the wrong problem) [Balci 1989]. In addition, Nance and Balci
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{1987] set apart the integrated decision support phase (presenting study results to sponsor and decision
makers for acceptance) from the model development phases. Chronologically, in the conduct of a
simulation study, these three periods or groups of phases for the model life cycle are problem definition,
model development, and integrated decision support.

Baici [1986a, 1989, 1990] recognized the need for assessing the acceptability and credibility of
simulation results. The credibility assessment stages were added. These assess the credibility of each
process as one progresses through the phases in the life cycle and are critical to the prevention of the Type
II error. Model credibility is essential for a successful conclusion to integrated decision support and,

ultimately, the simulation study.

1.1.2 Context of the Research Problem

Having introduced the life cycle, we now relate the research problem to the life cycle. The heart of
the research problem lies within the model development phases of the life cycle of a simulation study. The
model development phases cover both model design and model implementation. Model design encompasses
the model formulation and model representation processes of the life cycle in creating the conceptual model
and transferring the conceptualization to a more concrete form, the communicative model. The
communicative model represents the specification which is to be used as the basis for implementation.
Fundamentally, a modeler is guided and assisted in the creation of such specifications by a conceptual
Jramework. Model implementation then occurs during the accomplishment of the programming and design
of experiments processes while converting the communicative model into the programmed model, eventually
reaching the experimental model phase. Earlier research [Derrick 1988, 1989a,b; Derrick et al. 1989]
showed that existing conceptual frameworks fail to provide satisfactory guidance for both model design and
implementation; guidance was generally found to be sufficient in one of the areas, but not in both.

Simulation Model Development Environments (SMDEs) [Balci 1986b; Balci and Nance 1987a,b]
provide an integrated collection of tools for automated modeling support. (The reader can refer to Chapter

2 for a complete overview of the SMDE.) Environments, providing integrated, cost-effective, and



automated modeling support throughout the entire model development life cycle, are a necessity. The
expanding complexity of systems being modeled in today’s work place cannot be controlled or managed
otherwise.

Balci and Nance [1987b] indicate that specifications created while using the model development
environments in the performance of model formulation and representation should be: (1) analyzable, (2)
fully translatable into executable code, and (3) domain independent. Each of these characteristics has
important implications. The first permits the early detection of model errors and reduces the probability
of committing the type II error - the error of accepting invalid model results. The achievement of the
Automation-Based Paradigm [Balzer et al. 1983] is heavily dependent upon the second and allows a
modeler to focus all developmental effort at the definition and specification levels without the burdens of
programming and other labor-intensive tasks. Additionally, testing and maintenance are simplified. The
solution of any discrete-event simulation problem can be attempted when the third attribute holds. A
conceptual framework which promotes the formation of specifications possessing these essential attributes
is critically needed.

The development of such a conceptual framework offers substantial benefit to simulationists. For
example, support is extended for wider applicability and assistance throughout the simulation life cycle.
Model quality is improved. The model development effort is more efficient and productive, and model
development time is reduced. Simulation practitioners can tackle more complex models. Project teams
need not be highly specialized and trained in certain Simulation Programming Languages (SPLs) or be tied
to a wide variety of commercial, domain-dependent products when their needs are diverse. The list of
benefits is extensive.

Simulation studies are too often conducted without sufficient emphasis on Programmed Model
Verification (PMV) [Balci 1990; Whitner 1988; Whitner and Balci 1989]. Validation and verification
techniques are rarely stressed in simulation texts. Visualization enhances these techniques [Bishop 1989;
Bishop and Balci 1990]. Visual representations improve the quality and expedition of thinking [Harel

1992]. A prototype Visual Simulation Support Environment (VSSE) with an integrated toolset is needed.



A VSSE can extend our knowledge of all phases of model development. In particular, we can better

understand PMV and its application within the life cycle.

1.2 Research Objectives

The overall research goals, directed at these identified needs, are to: (1) develop a new conceptual
framework which is versatile and multifaceted, meeting many of the diverse needs of the simulation life
cycle and model development environment support, and (2) to design and construct a VSSE with an
integrated set of tools to provide the desired automated support for model development.

These two goals are intertwined. A platform is needed for the evaluation of the conceptual
framework. Hence, a VSSE based upon the new conceptual framework is required for the satisfaction of
the first goal. The framework can only then be evaluated concerning its potential usefulness within a
model development environment and its ability to support environment functions. On the other hand, as
the basis for a VSSE, the conceptual framework must provide guidance for simulation visual model design
and implementation. That is, the conceptual framework must support visualization in addition to the other
requirements of the support environment. The developmental and design objectives which are identified
and defined below are intended to meet these symbiotic goals. Note that these objectives serve as

assessment criteria for the subjective evaluation in Chapter 8.

1.2.1 The Conceptual Framework Developmemntal Objectives

This section delineates the developmental objectives conceming the desired traits of the new conceptual
framework described in the above goals. The conceptual framework should:

Objective 1. Provide both design and implementation guidance, thereby enabling a broad range of
support during the simulation model life cycle.

Objective 2. Contain the underlying organization and structure to achieve the definition and
specification of visual simulation models.

Objective 3. Possess object-orientation to include inheritance of class attributes and model component
logic.

Objective 4. Possess graphical-orientation to simplify the definition and specification tasks.



Objective 5. Embody a WYSIWYR (What You See Is What You Represent) philosophy, allowing
modelers to represent a system and its components as they are conceptually or naturally
perceived, and simplifying the transition between the conceptual model and the
communicative model.

With Objective 5, the communicative model (phase) becomes a natural extension of its predecessor with
an easy mapping from the mind into the appropriate high-level representation.
Objective 6. Adhere to the guiding principles of the Conical Methodology [Nance 1987]:

® Top-down definition with bottom-up specification.

* Documentation and specification are inseparable.

e Iterative refinement and progressive elaboration are essential.

¢ Verification begins with communicative models and continues throughout the

development process.

¢ Specification is independent of implementation.
This objective implies adherence to the more general modeling methodology principles of abstraction,
concurrent documentation, functional decomposition, hierarchical decomposition, information hiding,

iterative refinement, life cycle verification, and progressive elaboration [Nance 1987].

Objective 7. Contain a rich and expressive terminology which applies to any modeling domain in the
manner of general purpose “vanilla” frameworks [Harel 1992].

Objective 8. Include flexible but powerful representation schemes for the specification of model
component logic and the rules for model component interaction.

Objective 9. Support the Automation-Based Paradigm by: (1) enabling modelers to focus attention and
energy at the specification level (whether during design or maintenance and modification),
and (2) producing specifications which are fully translatable into executable code.

Objective 9 implies the more universal objective of maintainability.

Objective 10.  Produce specifications which are analyzable with maximum diagnostic capabilities in

terms of analytical, comparative, and informative assistance [Nance and Overstreet
1986, 1987].

1.2.2 The Visual Simulation Support Environment Design Objectives

Design objectives for the VSSE are multi-directed. Some relate to the evaluation of the new
conceptual framework; others relate more directly to VSSE capabilities, apart from the conceptual
framework. Objectives are grouped by associated tool when appropriate.

VSSE (Complete toolset):

Objective 1. Provide a fully functional and highly integrated toolset. Accomplish the integration and
communication among the tools wusing (primarily) a relational database



representation (e.g., INGRES [Sun Microsystems 1986a]) of the specification.

Objective 2. Provide a user interface that satisfies the nine usability principles for interfaces [Nielsen
1990}: simple and patural dialogue, speak the user’s language, minimize the user’s
memory load, consistency, provide feedback, provide clearly marked exits, provide
shortcuts, good error messages, and prevent errors.

Objective 2 supports usability of the human computer interface [Nielsen 1992].

Model Generator:
Objective 3. Provide means for storing model component information in a library.

Objective 4. Provide suitably implemented mechanisms for inheritance of class attributes and model
component logic specifications.

Objectives 3 and 4 support the modeling methodology objective of reusability.

Objective 5. Provide sufficient capabilities for attribute access and communication between model
components to include message passing and methods.

Objective 6. Provide detailed querying capabilities for displaying specification status and progress to
modelers, and supporting methods of informal analysis verification techniques. Display
query results in appropriate tabular or graphical forms.

Objective 7. Provide graphically based means for the flexible hierarchical definition of model static
and dynamic structures. This definition should be characterized by ease and simplicity
of movement between the levels of the hierarchy.

Objective 8. Provide an expressive (able to specify the various model component interactions)
specification language which uses English-like expressions like the HyperTalk language
[Winkler and Kamins 1990].

Objective 9. Provide ability to translate model component logic specifications directly to the target
language and eliminate the need for modelers to interact at the target code level. Relate
translation errors to the modeler-defined logic specification, not the target language.

Objective 10.  Provide extensive use of symbol tables containing specification data from the relational
database, supporting enhanced static analysis techniques during the translation process.

Objectives 6 and 10 support correctness and testability.

Model Analyzer:

Objective 11.  Provide completeness and consistency diagnostic checks on the specification. Use the
relational database representation as the basis for analysis. Tailor the analysis to the
unique features of the framework.

This objective supports reliability and correctness.

Model Verifier:

Objective 12.  Provide execution tracing with appropriate means of effectively managing the trace data
and relating runtime errors to the modeler-defined specification. Use the relational
database for storage of the trace data.



Objective 13.  Provide the means for assertion checking as an additional facility for dynamic analysis.

Objective 14.  Allow the creation of performance reporting upon runtime execution by providing
execution profile reports.

Objectives 12, 13, and 14 support correctness, reliability, and testability.

Model Translator:

Objective 15.  Provide automatic creation of the executable model from the modeler-defined
specification, supporting the Automation-Based Paradigm.

This objective supports maintainability and adaptability.

Visual Simulator:

Objective 16.  Provide for the visualization of the model from any desired runtime context. Movement

between contexts should be simply executed.

Objective 17.  Provide the ability to inspect model component attributes or modeler-defined performance
measures at any instant during the visualization of the running model.

Objective 18.  Provide the ability to run the simulation in the background without animation, producing
statistical analysis reports.

Objectives 16, 17, and 18 support testability and correctness.

1.3 Thesis Organization

The thesis organization provides a comprehensive overview of the various (and many) facets of the
thesis research. Altogether, the overview reveals the overall perspective taken in the research approach.
Figures and examples are used extensively in each chapter to explain and to clarify the written presentation.

Beyond this chapter, Chapter 2 reviews the literature and related research. Common conceptual
frameworks for simulation modeling are described. Software development environments (to include
simulation support environments) are reviewed. Visualization in simulation is covered.

Chapters 3, 4, and 5 form the core of the thesis. A detailed description of the new conceptual
framework (called DOMINO), including a short essay on the motivation which led to the development of
the framework, is contained in Chapter 3. The DOMINO terminology and features for model design and
implementation are presented, and a brief history of its development is given. Chapter 4 characterizes the
VSSE in a top-down fashion and provides an indepth tool-by-tool description. Briefly, using the Model

Generator tool, a user creates a logical, graphical, and activity-based specification of a simulation model.



The Model Analyzer enables the specification to be analyzed for consistency and completeness. Validation
and verification techniques are available via the Model Verifier. Finally, the Model Translator and
Simulator tools provide for the automatic translation of the specification into executable code and for the
visualized execution of the selected simulation model. Central to the conceptual framework is the
specification language for creating the specification of model logic. The specification language (called
VSMSL: Visual Simulation Model Specification Language), a high level approach to logic specification,
is described in Chapter 5. Here, the unique capabilities of this English-like specification language are
carefully reviewed.

The next two chapters give insights into the underlying implementations and the application of the
DOMINO in the context of the VSSE. Chapter 6 describes the unique implementation of the object-
oriented modules and how this was accomplished within the C programming language. This chapter is of
specific interest to C programmers. Three example model applications (a bus route, a traffic intersection,
and a branch operations example) are explained in Chapter 7. Lessons learned from these applications
serve as the basis for the evaluation of the design objectives found in Chapter 8. Finally, Chapter 9

presents the thesis conclusions and directions for future research.

1.4 Summary of Contributions

Chapter 9 presents the contributions of the thesis effort. These contributions, summarized below, are
wide ranging in their scope. Gains are expected in the SMDE research effort, and simulation model

development has been positively affected.

The DOMINO:

] The DOMINO is truly multifaceted and represents a step forward in conceptual
frameworks for the design and implementation of simulation models.

. The incorporation of visualization as a prominent element of the DOMINO enhances the
verification and validation tasks.

. The DOMINO is application domain-independent in all aspects of terminology and
representation supplying significant advantages to project teams with diverse modeling
needs.

° The DOMINO has achieved marked progress toward achieving the Automation-Based

10



Paradigm, with potential gains in efficiency and productivity in the model development
effort, and reductions to development time.

The DOMINO fully supports the guiding principles of the Conical Methodology and is
a strong candidate for use as the framework for the SMDE.

The VSSE:

The VSSE with its fully functional and highly integrated toolset demonstrates significant
advances in the SMDE prototyping effort and in automated support for model
development.

The VSSE provides a wide range of effective verification techniques. This contributes
to an area in the life cycle of a simulation study where emphasis is currently lacking.

The VSSE graphical facilities for structure definition and contextual visualization clearly
offer help to the modeler in overcoming the complexity problems associated with large
modeling efforts. The screen designs demonstrate simplicity and ease of use.

The VSSE enables the effective evaluation of the DOMINO and underscores the
contributions of the research effort.
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CHAPTER 2
LITERATURE REVIEW
Related research spans several fields of interest. This section gives the necessary background for each
of these fields and presents each within three broad categories. The first category is that of conceptual
frameworks. The discussion includes a brief description of conceptual frameworks which are applicable
to discrete-event model representation techniques. Another important category is that of simulation model
development environments. Influences from a broad spectrum of software engineering topics are discussed:
software development environments, software engineering environments, and simulation support
environments. Verification and validation aspects and, in addition, the impact of automatic programming

and program generators are included. Visualization in simulation is the final pertinent category.

2.1 Conceptual Frameworks for Simulation Modeling

A Conceptual Framework (CF) is an underlying structure and organization of ideas which constitute
the outline and basic frame that guide a modeler in representing a system in the form of a model.
“Simulation strategy”, “world view”, and “formalism” are other terms used in lieu of CF. CFs possessing
applicability to discrete-event simulation are reviewed. Derrick et al. [1989] compare thirteen CFs from
four categories: (1) the classical CFs (Event Scheduling, Activity Scanning, the Three-Phase Approach,
Process Interaction, and Transaction Flow), (2) other discrete-event CFs (System Theoretic Approach,
Conical Methodology, and Condition Specification), (3) more generic CFs (Entity-Relationship-Attribute,
Entity- Attribute-Set, and the Object-Oriented Paradigm), and (4) CFs with potential applications (Structured
Modeling and Process Graph Method). Brief descriptions of the CFs which are applicable to the concerns
of the proposed research are given below. Further details of these and the other mentioned CFs can be

found in an extensive review presented by Derrick [1988].

2.1.1 Event Scheduling

Under this CF, the modeler considers the system of interest to be described in terms of events. An

12






































































































































































































