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ABSTRACT 

Human designed systems are growing in complexity, with increasing numbers of 

components and behavior combinations, resulting in more emergent and unintended 

behaviors evident in operations. This thesis explores various behavior modeling 

approaches and their potential for exposing emergent behaviors, highlighting trends and 

modeling approaches. The report defines key concepts and provides a context for a 

comparative analysis of approaches. In particular, this report assesses a relatively new 

approach to behavior and architecture modeling, Monterey Phoenix (MP), and compares 

it with Petri nets, a well-established method. The comparison involves a simple 

communication process between two components, which is modeled and compared to an 

equivalent Petri net model. Shared outcomes involve a successful communication 

between the components and failure modes of the components not receiving or 

processing data. The models produce identical state space results. The combined state 

space graph of the Petri model allowed a quick assessment of all potential states but was 

more cumbersome to build than the MP model. A comparison of approaches charts the 

modeling methods against the key concepts, revealing the differences among methods, 

contrasted with the aspects of MP. 
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EXECUTIVE SUMMARY 

Monterey Phoenix (MP) is a recent behavioral modeling framework that seeks to 

advance the development of formal system architecture specifications. Some of the 

foundational concepts that MP relies on are frameworks, abstraction, separation of 

concerns, stepwise refinement, small-scope hypothesis, and the use of formal methods.  

To relate MP to other current Model-Based Systems Engineering (MBSE) 

approaches, this thesis reviews selected modeling approaches, summarizing relevant 

trends in the context of MP concepts. Of note, a novel automotive MBSE framework 

proposed by Yu et al. (2015) uses generic behavior models as a central approach for 

linking supplier specifications to the system specification. Additionally, two modeling 

surveys were reviewed, showing adaptation rates of MBSE approaches.  

One approach, behavior modeling with Petri nets, was selected for 

experimentation. A simple communications model (two entities passing information to 

each other) was coded and executed in the MP Analyzer environment, producing the 

possible behaviors (results) of the system as event traces. The communications model 

also was translated into an equivalent Petri net model, to compare Petri net with MP. The 

Petri net model was simulated in the PIPE2 program (a popular editor), producing a state 

space equivalent to the MP results. In this limited example, results showed that MP and 

Petri nets could produce equivalent possible state spaces.  

Following this, the selected approaches were compared with the concepts central 

to MP. The primary conclusions follow:  

1. MP makes use of the concepts utilized by MP as any other method or 
framework reviewed. These concepts include: frameworks, behavior 
modeling, abstraction, separation of concerns, stepwise refinement, 
formal methods and the small scope hypothesis 

Of the publications reviewed, no other formal, executable approach claims to 
search exhaustively for all possible scenarios (within a given scope) while also 
supporting event attributes, assertion checking, and different viewpoints. 

The Virtual Integration concept described by Yu et al. could benefit from the use 
of MP. 
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thesis. To relate MP to other approaches, this thesis reviews a selection of behavior 

modeling methods representing a sampling of the general state of behavior modeling 

approaches. Following this, this research contrasts one of the approaches (Petri nets) with 

MP via experimentation with a simple behavior model. 

C. RESEARCH METHODOLOGY 

This research is multi-disciplinary, covering a diversity of topics within systems 

and software engineering and multiple domain applications. As such, multiple academic 

databases (general and domain-specific) were employed. Sources were limited to those 

published within the last two decades to maximize the maturity of sources and minimize 

ambiguity in conclusions. However, certain fundamental concepts date back to the 1970s, 

such as the idea of abstract data types (Wulf 1980). The broadness in topic areas and the 

varying maturity of source material necessitated extensive review. Of the 115 items 

reviewed, this report cites approximately 75 articles. It excludes sources with little to no 

connection to either a general form of modeling or a direct claim of exposing latent 

behavior. Emphasis was placed on research that shared common characteristics and 

concepts employed by MP, further detailed in Chapter II. 

A spiral model was chosen for researching and structuring this thesis, shown in 

Figure 1. This approach allowed multiple iterations of source material review (extraction 

of key concepts), synthesis (documenting concisely), and analysis (drawing conclusions) 

of interim results. The goal of this approach is the production of a set of clear conclusions 

relevant to the behavior modeling approach comparisons by integrating relevant concepts 

and applications and refining through iteration. 
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 Spiral Model Figure 1. 

 

D. SCOPE 

The research is limited to a literature review, limited experimentation, and a 

comparison of methods and approaches pertinent to the concepts employed by MP. A 

possible limiting factor in conducting this research is that MP is maturing. This research 

is limited to the current state of MP at the time of this writing. 

E. STRUCTURE 

Chapter I introduces the purpose, the research question, methodology, scope, and 

structure. Chapter II provides general background and context for the primary research 

question, and a discussion of general modeling concepts relevant throughout this thesis. 

To provide a general understanding of relevant modeling concepts, topics such as 

frameworks, abstraction, and separation of concerns are described. Chapter III presents 

selected surveys highlighting trends and adoption rates of formal and self-adaptive 

systems modeling methods. It introduces selected behavior modeling approaches, 

focusing specifically on SysML, System Dynamics, MP, ABM and Petri nets. Chapter IV 

explores the relationship of MP to Petri nets by comparing models experimentally. It 

provides a summary of the design of each model, the experimentation process and the 

results. Chapter V provides primary conclusions, limitations, and recommendations for 
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further research. The research question is revisited, and the selected modeling approaches 

are compared against the concepts from Chapter II.  
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II. CONCEPT OVERVIEWS 

A. INTRODUCTION 

The following introduces a summary of key concepts and characteristics that 

underpin MP as a basis for the research supporting the thesis. The concepts are later 

cross-referenced in the literature review and compared with selected approaches. 

B. MODEL-BASED ENGINEERING 

Model-based engineering, model-based systems engineering (MBSE), and model 

and simulation-based Engineering (M&SBE) all refer to the use of models and 

simulations versus traditional document-based engineering artifacts (Stefan 2007). There 

are numerous and growing approaches, methodologies and frameworks. The Unified 

Modeling Language (UML) and Systems Modeling Language (SysML) are popular 

languages. The Department of Defense Architecture Framework (DoDAF) is a popular 

architecture framework, which describes the visualization of the different stakeholder, 

operational, and systems viewpoints and models (Giammarco 2007). One aspect each 

framework shares, primarily concerned with interaction, is behavior modeling. 

Behavior modeling approaches can be differentiated by the level of abstraction 

supported and whether they are mainly continuous or discrete (Borshchev 2004). Figure 2 

shows general categories and characteristics, separated by level of abstraction and time 

(discrete or continuous). These are discussed in more detail in Chapter III. The following 

two sections describe subsets of MBE. 
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showing the properties involved and referenced sources on those properties. The authors 

offer this model as a reference point for future research and that tools for automated 

model checking, particularly at runtime, provide an underutilized opportunity for 

maturation. Noted is that few researchers provided publicly available models and results, 

which is offered as an indication of lack of integration in research. They conclude that 

many of the sources in the survey introduce modeling language constructs, but that the 

majority assume or ignore mathematical soundness, implying a lack of concern for 

formalism (Weyns et al. 2012).  

 
 State Space of Behaviors to Properties, Numbered References. Figure 7. 

Source: Weyns et al. (2012) 
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 SysML Diagram Hierarchy. Source OMG (2015) Figure 10. 

 
 

 
 Activity Diagram Figure 11. 

 

The framework defined by the SysML specification is a general-purpose design 

and analysis language, supporting behavioral, structural and requirements modeling 

(OMG 2015). Models can be designed at the desired level of abstraction, and can be 

refined to lower levels of detail. Separation of concerns can be achieved using multiple 

viewpoints, but results in at least one diagram per actor, with inputs and outputs between 

each. Stepwise refinement is not an inherent feature of SysML though Miyazawa and 

Cavalcanti propose a method of utilizing refinement as an extension of SysML (2014). 

The use of formal methods is not inherently supported by the current specification. 

However, Graves and Bijan give an example of integrating SysML with formal logic-

based semantics to minimize inconsistencies and support assertion checking (2011). 
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2. System Dynamics Models 

System Dynamics (SD) arose from the concepts of control and feedback in order 

to model some of the first computer simulations in the late 1950s (Forrester 1993). Figure 

12 shows the steps in the process, beginning with formulating the problem to be solved 

(generally correcting for undesired behavior in a system), and formulating equations to 

describe the system. Feedback is central to the system dynamic approach: each step is 

iterative and recursive, drawing on and improving the prior steps (Forrester 1993). 

 
 System Dynamics Process. Source: Forrester (1993) Figure 12. 

 

System Dynamics deals with complex behavior in which the system can be non-

linear, is constantly changing, actors are coupled, is self-organizing, is adaptive, and past 

events govern future events (Sterman 2001). Figure 13 provides an example SD model. 

In this example, Sterman develops equations that govern positive and negative feedback 

for each actor, which can be simulated to show the behavior of an adoption system. Over 

time, different actors dominate the system flow, which can be used by a decision maker 

to change their business practices (Sterman 2001). 
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domain-specific frameworks were summarized, introducing novel concepts such as 

virtual integration and multi-scale modeling. 

General behavioral modeling approaches were introduced. Core characteristics of 

Monterey Phoenix were summarized. It is shown that MP shares common characteristics 

of MBSE. In summary, the aim of MP is in leveraging these traits to deal with the 

challenges of unpredictable behavior resulting from complexity, while overcoming some 

of the recognized shortfalls of current approaches. Some semantics were introduced to 

impart an understanding of MP code and usage. Agent-Based Modeling is introduced. 

Finally, Petri nets are introduced, discussing the basic concepts of one of the older and 

more popular behavioral modeling approaches.  
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 Example Event Trace Output Figure 15. 

 

3. Petri Net Example 

Of the numerous Petri net tools available, Platform Independent Petri net Editor 2 

(PIPE2) was chosen for being platform independent (using JAVA), currently supported, 

open-source, and supporting analysis modules such as reachability, state space and timing 

(Bloom et al. 2007). The behavior model for communication between two nodes was 

manually translated from MP into a Petri net with equivalent states (Figure 16). The MP 

model event names were preserved for clarity. To maintain simplicity and equivalency 

with the MP model, arcs (which can be modified to allow more than one token at a time) 

are set at the default of one. Likewise, transitions (which can have timing properties) are 
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 Petri Net Data Transfer Example (Open Loop) Figure 16. 

 
 

  
 Petri Net Data Transfer Example (Closed Loop) Figure 17. 
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Finally, a classification report was run for each variant, seen in Figure 21 and 

Figure 22. Of note, the open loop model is a free choice net (which means there is more 

than one potential path a token can take), while the closed loop model is not. In other 

words, the closed-loop net shows both concurrency and conflict between the transitions 

of tokens. A free choice net means that every transition from an arc to a place or a place 

to an arc is unique (Sgroi et al. 1999). 

Comparing the observed transitions of the Petri net models and the MP event 

traces, all end states were shared. This implies that, at least for a simple example, both 

approaches can be made to show identical results of the behavior of a system. It should 

be noted that this does not necessarily indicate the approaches are equivalent in analysis 

capability. On the contrary, there was a qualitative difference in ease of use and time of 

experimentation. A more complex scenario may make it unwieldy to replicate in Petri 

nets, as inherent guidance to separate the concerns of each root event is not explicitly 

provided in Petri nets in comparison to MP. For this author, the MP model setup and run 

time was faster than with the Petri nets, even though the Petri net model provided a visual 

editor (versus MP source code). These differences could be attributable to the tools and 

not the frameworks. As the MP framework is refined and grows to support more features 

(e.g., timing constraints and measurements), future research should be undertaken to 

compare and contrast MP with other executable discrete modeling approaches. 

Specifically, a more complex model (with more possible end states, or more than two 

root events) should be compared to a Petri net or similar model. Additionally, the Petri 

net model in this research did not attempt to explicitly model A as a separate entity from 

B, whereas the MP model parses A and B independently from one another and interlaces 

the results at execution. PIPE2 has the capability of abstracting A from B, but it is not 

known if they could be executed independently but interlaced into one another, which 

future experimentation could show. 
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 Classification Results Closed Loop Model Figure 21. 

 
 

 
 Classification Results Open Loop Model Figure 22. 
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C. SUMMARY 

This chapter introduced a simple MP model describing the communication 

between two systems. Utilizing the online MP environment MP Analyzer, a schema for 

the model was executed and analyzed for possible events within a given scope. The MP 

model was translated into an approximate Petri net model with two variations and 

executed in the PIPE2 simulator. The primary difference between the two is that the MP 

model treats the two root events as independent of one another, modeling their 

interactions at execution. In contrast, the Petri net models treated the root events as a 

single dependent model. However, in this simple example, the resulting state spaces in 

the MP model and the closed loop Petri net model are shown to be logically equivalent. It 

is not implied that the approaches are equal in nature, only that they share characteristics 

that can be used to produce the same logical state space. 
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Expanding upon Conclusion 1, MP is the only approach researched that fully 

employs all of the concepts summarized in Chapter II. All of the general approaches are 

well reflected as being used for behavioral modeling across domains. However, each 

approach has notable gaps. One example is the use of formal methods in ABM. While 

well suited towards qualitative simulations with many unknowns, the lack of qualitative 

ABM methods can present difficulty in verification. In contrast to this, SD and Petri nets 

are well suited for quantitative problems, as models are described mathematically. 

However, SD does not appear to have practical methods for separation of concerns or 

stepwise refinement, and Petri nets are limited (encapsulation for stepwise refinement) or 

require extensions (e.g., colored Petri nets) to deal with separation of concerns 

effectively. 

In further depth, experimentation with Petri nets and MP are shown to produce a 

logically equivalent state-space (reachability) for a simple communications model. 

However, the Petri model did not treat the root events (system A and B) as separate 

entities, as MP does prior to execution. This is notable, as the state transitions internal to 

each node are not distinguished from the state transitions between nodes. In this case, the 

states of A and B are combined into a single model that does not show a measure of 

coupling or cohesion between nodes. In contrast, MP separates component behavior from 

the interaction of components (applying separation of concerns). Most significantly, all 

possible state transitions and the order in which they can occur must be explicitly 

modeled in a Petri net. While MP must account for all possible states, the possible 

transitions and the order in which they can occur can be stated more abstractly.  

A Virtual Integration approach was discussed in Chapter III (Yu et al. 2015). In 

common with MP, the authors are supportive of some of the same goals of abstraction, 

formal specification, and separation of concerns, with emphasis on timing. Attributes of 

correct by construction and contract extraction are distinctive to their approach. Of note, 

the authors recognize that the key characteristic of semantics interoperability may not be 

feasible due to the constraint of semantics preservation. The authors call for the use of 

behavior models that link supplier specifications to the system specification. These 

models are referred to generically, so MP may be of benefit to such a construct. A key 
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ABM, appears to have near-ubiquitous adoption across science and industry. 

Counterintuitively, ABM appears to have very little standardization across domains, 

particularly in verification and validation. 

Although the results in Chapter IV show that a Petri net model and an equivalent 

MP model can produce identical state spaces, the models are simplistic, and further 

testing of models that are more complex should be done to verify the breadth of this 

conclusion. Additional comparisons between MP and Petri net with increased 

complexity, including the use of abstraction in a Petri net model would add more 

evidence to the relationship between MP and Petri nets.  

ABM was only qualitatively explored in this thesis, explicit experimentation 

comparing MP to analogous MP models would further help to relate or distinguish the 

two approaches. As there is no currently published research relating MP to ABM, the 

relationship is inconclusive, warranting further research.  

E. FUTURE RESEARCH 

The SAE standard AADL, discussed in Section III, may offer further insight into 

formalized semantics (Yu et al. 2015). Additionally, a future synchronous behavior annex 

to AADL is mentioned, which may be of interest, though it is domain specific, 

conflicting with the desire for MP to be domain-independent. 

Chapter III provided a review of two comprehensive surveys of the state of 

research on formal methods, with one specifically focused on self-adaptive systems. The 

surveys highlight growing interest in formal methods applied to MBSE while presenting 

some issues seen in research and adoption. A key question Woodcock et al. ask is 

whether tailoring of when and where formal methods are applied in product development 

would aid in increased adoption of formal methods based modeling (Woodcock, et al. 

2009). It follows that future research into the suitability of MP as applied specific 

development areas would help to build a stronger case for adoption. A recent study 

investigating the utility of MP for Business Process Modeling (BPM) is a good example 

(Auguston et al. 2015). 
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