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Abstract 

 

 

A Robust System Maturity Model Using Petri Nets 

 

Immature systems can be plagued by high costs, high risks, and schedule delays. 

System maturity models are utilized to quantitatively analyze a system’s readiness to 

indicate whether the system is prepared to proceed to the next acquisition phase during 

development. Most system maturity models are not robust enough to properly represent a 

system and assess its capabilities. Contemporary maturity models focus on individual 

technologies and fail to portray the importance of the integrations between technologies. 

System Readiness Level (SRL) was introduced to incorporate integration into a maturity 

assessment and to allow for a better evaluation of a system. However, adoption of SRL 

has been halted because of limitations due to the infancy of the model. This study 

demonstrates that by applying Petri Nets to SRL, a better maturity model is created, 

called Petri Net SRL (PNSRL). By incorporating Petri Nets, integrations are better 

represented, permitting a better system view that allows step-wise validation. PNSRL can 

be used with past SRL mathematical methods, which are simplified and easier to use. 

These enhancements offered by PNSRL allow an increased decision-making capability 

for projects. In this study, a capacity PNSRL method is developed to utilize Petri Net 

place capacities, offering a weighted SRL metric. Finally, PNSRL is verified against six 

SRL properties, showing that PNSRL is an acceptable maturity model. 
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Chapter 1 – Introduction 

 

 

1.1 Introduction 

Modern methods to conduct system maturity assessments do not provide a robust 

way to quantitatively evaluate a system’s capability during development (London, Holzer 

and Eveleigh 2014, London, Holzer and Eveleigh 2015). According to the United States 

Government Accountability Office (GAO), in 2016 only 7% of programs assessed in the 

Selected Weapon Program Assessment began system development with completely 

mature technologies (United States Government Accountability Office 2016). The GAO 

(2016) explains that those programs that do not properly ensure system maturity have an 

increased cost of development and should not move forward into system development 

prior to demonstrating technology maturity. The effects of not properly demonstrating 

maturity of critical technologies can be seen in the 2017 GAO report for the Columbia 

Class Submarine. This report explains how the Columbia Class Submarine Naval 

program has a high chance of unrecognized critical technologies not working properly, 

high chance of being over budget, and a high chance of project delays that would create a 

national security gap for U.S. naval forces (United States Government Accountability 

Office 2017). The 2017 GAO report also discusses how immature technologies can lead 

to design instability and overall construction delays. The original maturity metric to help 

quantify system maturity and generate helpful assessments was called Technology 

Readiness Level (TRL). TRL helped determine a system’s maturity before that system’s 

deployment in the operational environment (United States Department of Defense 2011). 

The core foundations of TRL provided the baseline for all readiness level measurements 

(Sauser, Verma, et al. 2006). However, current system readiness methods are inefficient 
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and are functionally limited (London, Holzer and Eveleigh 2014, London, Holzer and 

Eveleigh 2015).  

System Readiness Level (SRL) is the latest system assessment tool that can 

provide maturity metrics regarding complex systems. SRL offers both a graphical and 

mathematical way to assess the maturity of a system (Sauser, Ramirez-Marques, et al. 

2008). However, due to the shortcomings and mathematical limitations of SRL, its 

acceptance has been hindered (London, Holzer and Eveleigh 2014, London, Holzer and 

Eveleigh 2015, E. Kujawski 2013). This research provides further enhancements to SRL 

to continue to validate the readiness model expanded by London (2015) and to provide a 

more robust tool. Combining Petri Nets with SRL creates a new model called Petri Net 

SRL (PNSRL), which is more robust in assessing complex systems. PNSRL offers a 

better graphical representation of a system with the ability to apply common SRL 

calculations. By using Petri Nets, a system can be validated using reachability graphs. 

This method offers a way to assign a weighted value, called capacity, to technologies. 

Using capacities, in this study, a new SRL calculation was created called Capacity 

PNSRL. SRL properties were then used to further verify the PNSRL model as a 

comprehensive SRL model. 

1.2 Problem Statement 

Commonly used system maturity assessment methodologies, which most are based on 

TRL, do not evaluate systems well and are difficult to use with complex systems 

(London, Holzer and Eveleigh 2015). Other less popular maturity assessments that do not 

use TRL, are very process-driven and use less standardized scoring methods (Garrett, et 

al. 2011). Overall, these approaches lack the ability to define complex systems and 
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interconnections between technologies (Sauser, Verma, et al. 2006). SRL is a newer 

assessment metric that utilizes and enhances TRL by applying integrations defined by the 

Integration Readiness Level (IRL), allowing for the evaluation of a complete system 

(Sauser, Verma, et al. 2006). However, SRL needs more refinement, and early adoption 

hindrances have slowed development (London, Holzer and Eveleigh 2015). Past SRL 

calculations have shown potentially inaccurate assessments, and current calculations are 

based on imprecise system views (London, Holzer and Eveleigh 2014, London, Holzer 

and Eveleigh 2015, E. Kujawski 2010). 

1.3 Purpose of the Research 

This research aims to: 

• Understand the ineffectiveness of past SRL calculations. 

• Explore possible ways to improve the SRL methodology 

• Investigate the properties of candidate solutions 

• Show that there is a way to improve SRL and prove its ability  

• Offer new way to apply methodologies using contemporary SRL methods and 

Petri Nets that create more accurate assessments. 

• Expand the graphical representation of SRL using Petri Nets. 

• Expand the mathematical model to calculate SRL using Petri Net behavior. 

• Analyze past SRL calculations to distinguish the best method to be used with 

Petri Nets. 

• Validate the SRL graphical model utilizing Petri Nets. 

• Propose a new model called Petri Net SRL (PNSRL) creates better readiness 

assessments ensuring all parts of a system are represented in the readiness 
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calculation. 

1.4 Scope and Limitations 

The research described in this dissertation focuses on the quantitative aspects of 

SRL using a model-based measurement theory. First, the study analyzes the system view 

used in SRL calculations to offer a more graphical analysis of the system.  This analysis 

includes: 

• Analysis of the graphical limitations of current SRL models. 

• Depicting the creation and conversion of system nodal views using Petri Nets. 

• Showing the validation of the system view for correctness and reachability. 

Next, the study focuses on the SRL calculations to offer a mathematical analysis of SRL. 

This analysis presents: 

• A review and comparison of past SRL calculations. 

• Applications of past SRL calculations using a Petri Net infused model. 

• New SRL calculation utilizing Petri Net capacities. 

The limitations of this research are the following: 

• It utilizes only classical Petri Net fundamentals; and 

• It utilizes past SRL calculation methodologies and applies them to a new model 

but does not change them or improve them. 

1.5 Significance and Relevance 

The significance of this study is that it supplies systems engineers with a more 

robust SRL model to evaluate system maturity. This will allow systems engineers to 

assess systems during development to reduce risk and supply information to stakeholders. 

PNSRL is an addition to the systems engineering body of knowledge that will 
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supplement the technology readiness assessment (TRA) and integration readiness 

assessment (IRA) processes. Other areas of interest are the application of the new model 

for schedule and cost. However, this is not described in this dissertation. This study also 

continues to extend SRL methods to allow for more complex system analysis. 

1.6 Dissertation Overview 

This dissertation is organized as follows. It first introduces the background of 

readiness levels and the theory behind the research, and briefly summarizes the research 

methodology and results. Chapter 2 details the literature review, which provides 

explanations of different readiness levels, and the core concepts of Petri Nets. Chapter 3 

discusses the study’s contributions to the systems engineering body of knowledge. Next, 

Chapter 4 presents the research methodology used, and the process of creating and 

improving SRL. Chapter 5 describes the research results. This includes a comparative 

analysis of current SRL methods; the PNSRL graphical representation; PNSRL 

mathematical models, including the Capacity PNSRL method; PNSRL token allocation 

used for validation and creating capacities for technologies represented by Petri Net 

places; and the six SRL properties applied to the Capacity PNSRL calculation. Finally, 

the dissertation concludes with an overview of the benefits, limitations, and 

recommendations for future research.     
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Chapter 2 – Literature Review 

 

 

 This chapter first provides the history and description of TRL, IRL, and SRL. 

Next, SRL is further broken down to describe specific SRL calculations and applicable 

system nodal views. Finally, the research questions and hypotheses are introduced. 

2.1 Background 

 As stated in the introduction, the GAO (2016) states that only 7% of all weapons 

programs in the 2016 Selected Weapons Program Assessment began system development 

with fully mature technologies. Moreover, in 1999 the GAO (1999) reported that 

“immature technologies have been a main source of problems in developing weapon 

systems,” further adding that “budgetary, organizational and other factors within 

Department of Defense (DoD) make it difficult to bring technologies to high readiness 

levels before including them in weapon systems.” Lastly, according to the report, “DoD 

said that it is beginning to address these issues.” In the 16 years since then, the GAO 

reports for selected weapons programs have continued to outline problems with immature 

technologies. To further explain the problem that the GAO reports have shown, research 

by Langford (2016) states that incorporating immature technologies into systems is 

nonsensical. Maturing a system takes time, money, and effort, but determining whether a 

system is mature enough can be even more difficult (Langford 2016). This study 

proposes a new maturity model called PNSRL and describes how it is beneficial. 

2.2 Definitions 

Two of the most confusing terms are readiness and maturity. In many articles and 

research papers, these two terms are used synonymously. However, Sauser (2011) 

suggests that the term readiness refers to how ready a system is based on a numerical 



7 

 

scale, while it has been proposed that the term maturity refers to the definition of each 

level on the numerical scale (Sauser and Ramirez-Marquez 2011). For example, it would 

be correct to state that a system has a readiness of 0.40 and a maturity at the technology 

development acquisition phase. This dissertation uses these definitions accordingly.  

The definitions of weight and capacity, as they are designated for a Petri Net, can 

be easily interchanged. For Petri Nets, a weight applies to an arc and a capacity applies to 

a place. What makes this confusing is that places fill their capacities using tokens equal to 

the weight of an arc. This means that tokens add their weight to a place while filling the 

capacity of that place. Capacities can also be seen as a weighted value associated to a 

place. This study will apply the term weight to arcs and capacity to places. Section 2.7.2 

offers more information about Petri Net capacity and weights. 

The terms matrix and array of arrays are used differently in the SRL 

mathematical models. Matrix refers a rectangular array that has a specific dimension 

using rows and columns. An array is a container object that can hold a number of values. 

This research uses arrays that have an undetermined length, meaning that it does not 

restrict the number of values that it can hold and values can be dynamically allocated. 

Using this definition of an array, PNSRL uses a concept of an array of arrays, where 

each value of the array is an array. This concept can be compared to a matrix, which is a 

two-dimensional structure with X number of rows and Y number of columns. Array of 

arrays have X number of rows, correlating to the number of values the main array 

contains, but different number of columns, correlating to the number of values in each 

sub-array. This means that an array of arrays contains differently sized sub-arrays that are 

independent of each other within an array. PNSRL utilizes this concept because it 
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eliminates matrix calculations, removes values of zero automatically, and can 

dynamically change its size easily without adding additional rows and columns to the 

entire data structure.  

2.3 Readiness Levels 

 Readiness Levels are used to reference the maturity of a system using a 

predetermined numerical scale.  

2.3.1 TRL 

TRL was created by the National Aeronautics and Space Administration (NASA) 

in the 1970s to aid in measuring the readiness of Critical Technology Elements (CTEs) 

(United States Department of Defense 2011, United States Government Accountability 

Office 2016). CTEs are the main technologies that encompass a system, or they are sub-

systems in system-of-system architectures (United States Department of Defense 2011, 

United States Government Accountability Office 2016). Over the years, TRL has evolved 

and become used by various industries, including the United States Department of 

Defense (DoD) (Sauser, Verma, et al. 2006). Since its creation, TRL has been widely 

adopted (Sauser, Verma, et al. 2006). 

TRL offers a readiness metric that is defined on a scale from 1 to 9: from less 

mature to more mature, respectively (Sauser, Verma, et al. 2006). Table 2-1 shows the 

TRL scale used by the DoD (United States Department of Defense 2011, United States 

Government Accountability Office 2016). The TRL scale varies among industries, but 

mainly follows the same general scale. The number on the TRL scale represents the 

readiness of a system with a corresponding maturity description. 
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Table 2-1: Department of Defense TRL Scale (United States Department of Defense 

2011) 

TRL 

Value 
TRL Description 

9 Actual system proven in operational environment. 

8 System complete and qualified. 

7 System prototype demonstrated in operational environment. 

6 Technology demonstrated in relevant environment. 

5 Technology validated in relevant environment. 

4 Technology validated in lab. 

3 Experimental proof of concept. 

2 Technology concept and/or application formulated. 

1 Basic principles observed and reported. 

 

To calculate a system’s readiness using TRL, a TRA is conducted to gather 

specific information about that system and ultimately discern its level of maturity (United 

States Department of Defense 2011, United States Government Accountability Office 

2016). TRAs are usually conducted by subject-matter experts (SMEs) with the use of 

questionnaires, interviews, and other assessment tools (United States Department of 

Defense 2011, United States Government Accountability Office 2016). After a system is 

evaluated, a system design can be created detailing all of the CTEs.  
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Figure 2-1: TRL Nodal Diagram Example 

A system nodal view is a graphical representation of the system design, showing 

CTEs as circles with corresponding TRL values printed (Sauser, Verma, et al. 2006). 

Figure 2-1 shows an example of a system nodal view utilizing only the technologies and 

TRL values. 

Over 30 years after the introduction of TRL, research suggested that it does not 

identify the maturity of a system properly (Sauser, Verma, et al. 2006, Sauser, Ramirez-

Marques, et al. 2008).  In 2006, Sauser et al. argued that TRL is not enough to assess a 

system’s readiness. The authors identified three areas for improvement: 

1. TRL does not provide a complete representation of the (difficulty of) integration 

of the subject technology or sub-systems into an operational system. 

2. The TRL process includes no guidance into the uncertainty that may be expected 

in moving through the maturation of TRL. 

3. TRL assimilates no comparative analysis technique for alternative TRLs (Sauser, 

Verma, et al. 2006). 

 

Since TRL does not provide a complete picture of the inner workings of a system, 

Sauser et al. introduced IRL, which, used in conjunction with TRL, created a new 

readiness model called SRL (Sauser, Verma, et al. 2006). 
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2.3.2 IRL 

CTEs alone only describe each technology in a system, and not the relationships 

between them. IRL was developed to focus on the interfaces and interactions between 

CTEs (Sauser, Verma, et al. 2006, Sauser, Ramirez-Marques, et al. 2008). The 

interconnections between CTEs are called integrations, and are used to show CTE 

relationships. An IRL value, using a similar scale as TRL, shown in Table 2-2, is 

assigned to an integration to show the readiness of that integration (Sauser, Verma, et al. 

2006, Sauser, Ramirez-Marques, et al. 2008).  

Table 2-2: IRL Scale Developed by Sauser et al.  

IRL Value IRL Description 

9 Integration is Mission Proven through successful mission operation. 

8 
Actual integration completed and Mission Qualified through test and 

demonstration in the system environment. 

7 
The integration of technologies has been Verified and Validated with 

sufficient detail to be actionable. 

6 
The integrating technologies can Accept, Translate, and Structure 

information for their intended application. 

5 
There is sufficient Control between technologies necessary to establish, 

manage, and terminate the integration. 

4 
There is sufficient detail in the Quality and Assurance of the integration 

between technologies. 

3 
There is Compatibility between technologies to orderly and efficiently 

integrate and interact. 

2 
There is some level of specificity to characterize the interaction between 

technologies through their interface. 
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1 
An interface between technologies has been determined with sufficient 

detail to allow characterization of the relationship. 

 

Similarly to TRAs, IRAs are utilized to evaluate integrations and assign IRL 

values (Sauser, Ramirez-Marques, et al. 2008). With the inclusion of integrations, a 

complete system view can be developed and analyzed (Sauser, Verma, et al. 2006).  

 

Figure 2-2: System Nodal Diagram with Integrations Example 

Integrations are graphically represented as a line between CTEs with a numerical 

number representing the IRL value (Sauser, Verma, et al. 2006). Figure 2-2 provides an 

example of a system nodal view, with CTEs represented as circles and integrations 

represented as lines (Sauser, Ramirez-Marques, et al. 2008). 

The original instantiation of integrations was shown as a non-directional 

connection between CTEs (Sauser, Verma, et al. 2006). Because integrations were non-

directional, a connection could be distinguished but would fail to recognize how the 

integration behaved. In 2011, Garret et al. (2011) applied a direction to the integrations, 

which better recognized each CTE relationship and offered a better system view. In the 
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SRL model, the direction of integrations influences the SRL calculation and offers a 

better assessment (Garrett, et al. 2011).  

2.3.3 SRL 

In 2006, Sauser et al. developed SRL to overcome the limitations of TRL (Sauser, 

Verma, et al. 2006, Sauser, Ramirez-Marques, et al. 2008). SRL uses both TRL and IRL 

to determine the readiness of a system, which is in turn used to define the system 

maturity (Sauser, Ramirez-Marques, et al. 2008). SRL offers a graphical representation of 

the system, called the system nodal view, and a mathematical method to calculate the 

SRL value of the system (Sauser, Verma, et al. 2006, Sauser, Ramirez-Marques, et al. 

2008). Since its introduction, many researchers and industries have tested SRL (London, 

Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015). Unfortunately, it has 

been found to have many limitations, primarily in the mathematical calculations (London, 

Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015). Over the years, however, 

research by Garret et al. (2011), McConkie (2013), and London (2015) has enhanced 

SRL and remedied many of the problems.  

SRL is based on graph theory, meaning that it relies highly on the system nodal 

view (London, Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015). The 

system nodal view represents all CTEs and integrations, and associated TRL and IRL 

values (Sauser, Verma, et al. 2006). From the system nodal view, an SRL value can be 

calculated to define the readiness of the system (London, Holzer and Eveleigh 2014, 

London, Holzer and Eveleigh 2015). As seen in Table 2-3, SRL uses a scale from 0.10 to 

1.0, defining the readiness of the system from less mature to more mature, respectively. 

Using the SRL value, the maturity of the system can be defined with the proposed 



14 

 

acquisition phase in which the system should be (Sauser, Ramirez-Marques, et al. 2008). 

The acquisition phases listed in Figure 2-3, correlates to the DoD acquisition process, 

where each phase describes how the system is progressing through its development 

lifecycle, which allows decisions to made on how resources should be allocated to that 

system’s development (Sauser, Ramirez-Marques, et al. 2008). The SRL scale follows 

the natural development lifecycle of a system from concept to operation. However, it 

does not define system maintenance or retirement. 

Table 2-3: SRL Scale Developed by Sauser et al. (Sauser, Verma, et al. 2006, Sauser, 

Ramirez-Marques, et al. 2008) 

SRL 

Value 

Acquisitions 

Phase 
SRL Description 

0.90 to 

1.00 

Operations and 

Support 

Execute a support program that meets operational 

support performance requirements and sustains the 

system in the most cost-effective manner throughout 

its lifecycle. 

0.70 to 

0.89 

Production and 

Deployment 

Achieve operational capability that satisfies mission 

needs. 

0.60 to 

0.79 

System 

Development 

and 

Demonstration 

Develop a system or capability increment; 

reduce integration and manufacturing risk; ensure 

operational supportability; reduce logistics footprint; 

implement human systems integration; design for 

producibility; ensure affordability and protection 

of critical program information; and demonstrate 

system integration, interoperability, safety, and utility. 

0.40 to 

0.59 

Technology 

Development 

Reduce technology risks and determine appropriate set 

of technologies to integrate into a full system. 

0.10 to 

0.39 

Concept 

Refinement 

Refine initial concept. Develop system/technology 

development strategy. 

 

2.4 SRL Graphical Representation 

The system nodal view is the key component of SRL (London, Holzer and 
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Eveleigh 2014, London, Holzer and Eveleigh 2015). Figure 2-2 is used by SRL to 

provide the information for TRL and IRL values, and how each CTE and integration 

relates to one another.  

Identifiers are applied to the system nodal view to offer clarity when calculating 

the SRL value as well as other system properties, such as the corresponding TRL and IRL 

values (Sauser, Verma, et al. 2006, Sauser, Ramirez-Marques, et al. 2008). From the 

graphical representation of the system, a mathematical method can be used to calculate a 

readiness value for the system. 

2.5 SRL Calculations 

To calculate the full readiness of the system, every TRL and IRL value from the 

system nodal view is utilized. Four main SRL calculations need to be defined; the first is 

the original calculation developed by Sauser et al. at the Stevens Institute of Technology 

Systems Development and Maturity Laboratory (SysDML), called SysDML SRL (SSRL) 

(Sauser, Verma, et al. 2006). 

2.5.1 SSRL 

SSRL was conceived for use with basic systems that only included non-

directional integration, making it functionally limited (Garrett, et al. 2011). Pairwise 

matrix multiplication is used to combine a TRL column vector representing all possible 

TRL values with an IRL adjacency matrix, which represents all IRL values for each 

corresponding CTE (Sauser, Verma, et al. 2006, Sauser, Ramirez-Marques, et al. 2008). 

The TRL column vector defines all TRL values for every CTE that exists (Sauser, 

Verma, et al. 2006, Sauser, Ramirez-Marques, et al. 2008). The IRL adjacency matrix 

contains all IRL values for integrations between CTEs (Sauser, Verma, et al. 2006, 
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Sauser, Ramirez-Marques, et al. 2008).  In this matrix, a value of zero means that no 

integration between the CTEs exists (Sauser, Verma, et al. 2006, Sauser, Ramirez-

Marques, et al. 2008). For every IRL value that represents an integration from a CTE to 

itself, or a lack of an integration from a CTE to itself, the maximum IRL value of 9 is 

assigned (Sauser, Verma, et al. 2006, Sauser, Ramirez-Marques, et al. 2008). This creates 

a diagonal on the adjacency matrix with IRL values of 9 (Sauser, Verma, et al. 2006, 

Sauser, Ramirez-Marques, et al. 2008). Utilizing the system nodal view seen in Figure 2-

1, an SRL value using SSRL can be calculated using the following equations. First, the 

TRL column vector and the IRL adjacency matrix can be created. 

𝑇𝑅𝐿𝑆𝑆𝑅𝐿 = [
𝑇𝑅𝐿1

𝑇𝑅𝐿2

𝑇𝑅𝐿3

] = [
9
4
6
] (2.1) 

𝐼𝑅𝐿𝑆𝑆𝑅𝐿 = [

𝐼𝑅𝐿1,1   

𝐼𝑅𝐿2,1   

𝐼𝑅𝐿3,1   

𝐼𝑅𝐿1,2   

𝐼𝑅𝐿2,2   

𝐼𝑅𝐿3,2   

𝐼𝑅𝐿1,3

𝐼𝑅𝐿2,3

𝐼𝑅𝐿3,3

] = [
9  
4  
9  

4 
9  
6  

9
6
9
] (2.2) 

Normalizing values 

𝑇𝑅𝐿𝑆𝑆𝑅𝐿 =
1

9
∗ [

9
4
6
] = [

1
0.44
0.67

] (2.3) 

𝐼𝑅𝐿𝑆𝑆𝑅𝐿 =
1

9
∗ [

9  
4  
9  

4 
9  
6  

9
6
9
] = [

1  
0.44  
1  

0.44 
1  

0.67  

1
0.67
1

] (2.4) 

An Integration Technology Readiness Level (ITRL) can be calculated for each of the 

technologies and adjoined integrations using corresponding TRL and IRL values. London 

(2015) states that the ITRL vector represents each individual component or sub-system 

readiness level. Each ITRL value will be used to create the SRL value, which details the 

complete system readiness level. In some cases, ITRL and SRL are called SRL and 

composite SRL, respectively (Sauser, Ramirez-Marques, et al. 2008). However, in this 
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research the term ITRL will be reserved for individual technology and integration 

readiness, and the term SRL will be used for the entire system readiness. 

𝐼𝑇𝑅𝐿𝑆𝑆𝑅𝐿 = 𝑇𝑅𝐿𝑆𝑆𝑅𝐿 ∗ 𝐼𝑅𝐿𝑆𝑆𝑅𝐿 = [
1

0.44
0.67

] ∗  [
1  

0.44  
1  

0.44 
1  

0.67  

1
0.67
1

] =  [
1.86
1.33
1.96

] (2.5) 

The ITRL is normalized by dividing it by the number of IRL values for a given TRL, n. 

𝐼𝑇𝑅𝐿𝑆𝑆𝑅𝐿 =
𝐼𝑇𝑅𝐿𝑆𝑆𝑅𝐿

𝑛
=

[
 
 
 
 
 
1.86

3
1.33

3
1.96

3 ]
 
 
 
 
 

=  [
0.62
0.44
0.65

] (2.6) 

Calculating SSRL, each ITRL value in the ITRL vector, from i=1 to the total number of 

values, j, is added together and then divided by j.  

𝑆𝑆𝑅𝐿 =
1

𝑗
 ∑𝐼𝑇𝑅𝐿𝑖 =

1

3
 ∑𝐼𝑇𝑅𝐿𝑖 = 

3

𝑖=1

 
1

3

𝑗

𝑖=1

 (0.62 + 0.44 + 0.65) = 0.57 (2.7) 

SSRL includes all of the TRL and IRL values shown in the system nodal view, 

and offers a way to represent the readiness of a system (Sauser, Verma, et al. 2006, 

Sauser, Ramirez-Marques, et al. 2008). Equation 2.7 shows an SSRL value of 0.57 on the 

SRL scale from 0.1 to 1.0, less mature to more mature respectively. As more individual 

technologies and integrations increase in maturity, the higher the maturity of the overall 

system. However, SSRL only allows for non-directional integrations, and only one 

integration per CTE pair (London, Holzer and Eveleigh 2014, London, Holzer and 

Eveleigh 2015). Furthermore, SSRL does not allow for self-looping integrations since it 

allocates a maximum IRL value to self-pairing integrations (London, Holzer and 

Eveleigh 2014, London, Holzer and Eveleigh 2015). It also includes all zero IRL values 

instead of excluding them from the calculation, which could potentially reduce the SRL 
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value (Garrett, et al. 2011).  

To reduce the limitations of SSRL and create a better readiness assessment by 

using directional integrations, Garrett et al. (2011) suggest Graph Theory SRL (GTSRL). 

2.5.2 GTSRL  

Garret et al. developed GTSRL in 2011 to formally utilize graph theory with the 

system nodal view.  By using the graph theory paradigm, GTSRL creates a better system 

nodal view and IRL adjacency matrix (Garrett, et al. 2011, London, Holzer and Eveleigh 

2014, London, Holzer and Eveleigh 2015). GTSRL adds direction to integrations, 

represented as an arrow on the integration line in the system nodal view (Garrett, et al. 

2011). A non-directional or bi-directional integration can also be represented in this 

model (Garrett, et al. 2011). Furthermore, GTSRL allows for self-looping integrations, 

which are integrations from a CTE to itself (Garrett, et al. 2011).  

Using a similar formula as SSRL, GTSRL ignores zero-value IRLs, assigns CTEs 

with no self-looping integrations an IRL value of zero, and allows self-looping 

integrations that do exist to contain an IRL value (Garrett, et al. 2011). Non-directional or 

bi-directional integrations can be used with GTSRL, and the IRL values assigned are 

implemented in the IRL adjacency matrix in the same way as with SSRL (Garrett, et al. 

2011). A directional integration only applies an IRL value to the source CTE in the IRL 

adjacency matrix, and an IRL value of zero to the destination CTE (Garrett, et al. 2011). 

Figure 2-3 provides an example of a system nodal diagram with directed integrations.  
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Figure 2-3: Enhanced SRL Nodal Diagram After Introduction of GTSRL 

 

Using the system nodal view in Figure 2-3, an SRL value can be calculated using 

GTSRL. First, the TRL column vector and the IRL adjacency matrix can be created. 

𝑇𝑅𝐿𝐺𝑇𝑆𝑅𝐿 = [
𝑇𝑅𝐿1

𝑇𝑅𝐿2

𝑇𝑅𝐿3

] = [
9
4
6
] (2.8) 

𝐼𝑅𝐿𝐺𝑇𝑆𝑅𝐿 = [

𝐼𝑅𝐿1,1   

𝐼𝑅𝐿2,1   

𝐼𝑅𝐿3,1   

𝐼𝑅𝐿1,2   

𝐼𝑅𝐿2,2   

𝐼𝑅𝐿3,2   

𝐼𝑅𝐿1,3

𝐼𝑅𝐿2,3

𝐼𝑅𝐿3,3

] = [
9  
0  
0  

4 
0  
6  

9
6
0
] (2.9) 

Normalizing values 

𝑇𝑅𝐿𝐺𝑇𝑆𝑅𝐿 =
1

9
∗ [

9
4
6
] = [

1
0.44
0.67

] (2.10) 

𝐼𝑅𝐿𝐺𝑇𝑆𝑅𝐿 =
1

9
∗ [

9  
0  
0  

4 
0 
6  

9
6
0
] = [

1  
0  
0  

0.44 
0  

0.67  

1
0.67
0

] (2.11) 
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Calculating ITRL 

𝐼𝑇𝑅𝐿𝐺𝑇𝑆𝑅𝐿 = 𝑇𝑅𝐿 ∗ 𝐼𝑅𝐿 = [
1

0.44
0.67

] ∗  [
1  
0  
0  

0.44 
0  

0.67  

1
0.67
0

] =  [
1.86
0.45
0.29

] (2.12) 

 

The ITRL is normalized by dividing it by the number of IRL values for a given TRL, n. 

𝐼𝑇𝑅𝐿𝐺𝑇𝑆𝑅𝐿 =
𝐼𝑇𝑅𝐿𝑆𝑆𝑅𝐿

𝑛𝑆𝑆𝑅𝐿
=

[
 
 
 
 
 
1.86

3
0.45

1
0.29

1 ]
 
 
 
 
 

=  [
0.62
0.45
0.29

] (2.13) 

Calculating SRL 

𝐺𝑇𝑆𝑅𝐿 =
1

𝑗
 ∑𝐼𝑇𝑅𝐿𝑖 =

1

3
 ∑𝐼𝑇𝑅𝐿𝑖 = 

3

𝑖=1

 
1

3

𝑗

𝑖=1

 (0.62 + 0.45 + 0.29) = 0.45 (2.14) 

GTSRL offers a more useable SRL model that incorporates integration direction 

and self-looping integrations (Garrett, et al. 2011). However, pairwise matrix 

multiplication of the ordinal data elements, TRL and IRL, produces an inaccurate 

readiness value (McConkie, Mazzuchi, et al. 2012, McConkie, Mazzuchi and Sarkani 

2013). From this, McConkie et al. created Tropical Algebra SRL (TASRL) to utilize a 

tropical algebra approach instead of pairwise matrix multiplication (McConkie, 

Mazzuchi, et al. 2012, McConkie, Mazzuchi and Sarkani 2013).  

2.5.3 TASRL 

TASRL utilizes the same system nodal view as GTSRL does, with the same TRL 

column vector and IRL adjacency matrix (Garrett, et al. 2011, McConkie, Mazzuchi, et 

al. 2012, McConkie, Mazzuchi and Sarkani 2013). However, mathematically, a Min-Plus 

tropical algebra approach is used to calculate the SRL value (McConkie, Mazzuchi, et al. 
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2012, McConkie, Mazzuchi and Sarkani 2013). A Min-Plus tropical algebra approach to 

calculating SRL, first, creates the ITRL vector from the combination of TRL and IRL 

values, including zero values, for each component. Then, the minimum ITRL value from 

the ITRL vector is selected as the final SRL value (McConkie, Mazzuchi, et al. 2012, 

McConkie, Mazzuchi and Sarkani 2013). The following shows how TASRL can be used 

to calculate an SRL value. Using the same normalized TRL column vector and the 

normalized IRL adjacency matrix from GTSRL, ITRL is calculated. 

𝐼𝑇𝑅𝐿𝑇𝐴𝑆𝑅𝐿 = [

min{ (𝐼𝑅𝐿11 + 𝑇𝑅𝐿1), (𝐼𝑅𝐿12 + 𝑇𝑅𝐿2), (𝐼𝑅𝐿13 + 𝑇𝑅𝐿3)} 

min{ (𝐼𝑅𝐿21 + 𝑇𝑅𝐿1), (𝐼𝑅𝐿22 + 𝑇𝑅𝐿2), (𝐼𝑅𝐿23 + 𝑇𝑅𝐿3)} 

min{ (𝐼𝑅𝐿31 + 𝑇𝑅𝐿1), (𝐼𝑅𝐿32 + 𝑇𝑅𝐿2), (𝐼𝑅𝐿33 + 𝑇𝑅𝐿3)} 

] (2.15) 

𝐼𝑇𝑅𝐿𝑇𝐴𝑆𝑅𝐿 = [

min (2, 0.88, 1.67)
min (1, 0.44, 1.34)
min( 1, 1.34, 0.67)

] (2.16) 

Calculating SRL 

𝑇𝐴𝑆𝑅𝐿 =  𝑚𝑖𝑛 [

min (2, 0.88, 1.67)

min (1, 0.44, 1.34)
min( 1, 1.34, 0.67)

] = 𝑚𝑖𝑛 [
0.88
0.44
0.67

] = 0.44 (2.17) 

The TASRL method defines the SRL value as the lowest combination of TRL and 

IRL, including integrations that do not exist (London, Holzer and Eveleigh 2014, 

London, Holzer and Eveleigh 2015, Sauser and Ramirez-Marquez 2011). 

A problem with this approach is that the SRL value does not distinguish between 

a value based on a technology and one based on a combination of a technology and 

integration (Sauser and Ramirez-Marquez 2011). The best application for a Min-Plus 

approach is when the technologies are completely connected to each other by 

integrations, which is a rare occurrence (Sauser and Ramirez-Marquez 2011). Moreover, 

TASRL is limited to having only one integration between CTE pairs (London, Holzer and 
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Eveleigh 2014, London, Holzer and Eveleigh 2015). In lieu of TASRL’s limitations, 

London (2014 and 2015) suggested a new SRL model, called the Incidence Matrix SRL 

(IMSRL), which utilizes an incidence matrix instead of an adjacency matrix to represent 

all IRL values. 

2.5.4 IMSRL 

 Instead of defining integrations by CTE pairs, IMSRL defines each integration as 

an edge (London, Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015). An 

edge represents an integration but does not limit the number of interconnections between 

a pair of CTEs (London, Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015).  

Figure 2-4 depicts the IMSRL system nodal view. By using edges, an incidence matrix 

can be created that displays each IRL value corresponding to each numbered edge instead 

of a single integration pair (London, Holzer and Eveleigh 2014, London, Holzer and 

Eveleigh 2015).   

 

Figure 2-4: SRL Nodal Diagram for IMSRL 

The direction of each edge is noted in the incidence matrix, with a superscript of t 

representing the tail of an edge, superscript of h representing the head of an edge, and a 
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superscript of h,t representing a bi-directional edge (London, Holzer and Eveleigh 2014, 

London, Holzer and Eveleigh 2015). Instead of applying the IRL value only to the tail of 

the integration, like in GTSRL, regardless of direction the IRL value is applied to both 

CTEs in the adjacency matrix (London, Holzer and Eveleigh 2014, London, Holzer and 

Eveleigh 2015). The adjacency matrix assigns an IRL value of zero where an edge does 

not connect to a CTE, and these values are ignored in the SRL calculation (London, 

Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015). Following similar 

calculations as for TASRL, IMSRL uses a Min-Min tropical algebra approach (London, 

Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015). A Min-Min tropical 

algebra approach to calculating SRL, first, creates the ITRL vector by taking the smallest 

TRL or IRL value for each component. Then, similarly to TASRL, the smallest ITRL 

value in the ITRL vector is selected as the final SRL value. 

To calculate an SRL value using IMSRL, the same TRL column vector is used. 

However, instead of an IRL adjacency matrix, an incidence matrix must be constructed.  

𝐼𝑅𝐿𝐼𝑀𝑆𝑅𝐿 =
𝑇𝑅𝐿1

𝑇𝑅𝐿2

𝑇𝑅𝐿3

[

ε1,1

ε1,2

ε1,3

 

ε2,1

ε2,2

ε2,3

ε3,1

ε3,2

ε3,3

ε4,1

ε4,2

ε4,3

] = [
9ℎ,𝑡  
0  
0  

4𝑡 
4ℎ   
0 

9𝑡  
0  
9ℎ 

0 
6  
6 

] (2.18) 

Zero in the incidence represents no integration.  

Normalizing the incidence matrix 

𝐼𝑅𝐿𝐼𝑀𝑆𝑅𝐿 = [
9ℎ,𝑡  
0  
0  

4𝑡  
4ℎ  
0 

9𝑡 
0  
9ℎ  

0 
6  
6 

] =  [
1  
0  
0  

0.44 
0.44  

0 

1 
0  
1 

0 
0.67 
0.67 

] (2.19) 

Transposing the TRL vector and incidence matrix makes Cartesian product calculations 

easier. 

𝑇𝑅𝐿𝐼𝑀𝑆𝑅𝐿
𝑇 = [1 0.44 0.67] (2.20) 
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𝐼𝑅𝐿𝐼𝑀𝑆𝑅𝐿
𝑇 = [

1 0 0
0.44 0.44 0
1 0 1
0 0.67 0.67

] (2.21) 

Calculating ITRL using Cartesian product 

𝐼𝑇𝑅𝐿𝐼𝑀𝑆𝑅𝐿 = [{𝐼𝑅𝐿𝑖,𝑗
𝑇 > 0}

𝑗
𝑖 = 1

 𝑋 {𝑇𝑅𝐿𝑇}] (2.22) 

𝐼𝑇𝑅𝐿𝐼𝑀𝑆𝑅𝐿 = [{[

1 0 0
0.44 0.44 0
1 0 1
0 0.67 0.67

] > 0}  𝑋 {[1 0.44 0.67]}] (2.23) 

𝐼𝑇𝑅𝐿𝐼𝑀𝑆𝑅𝐿 =

[
 
 
 

{(1,1), (1, 0.44), (1, 0.67)} {(0,1), (0, 0.44), (0, 0.67)} {(0,1), (0, 0.44), (0, 0.67)}

{(0.44,1), (0.44, 0.44), (0.44, 0.67)} {(0.44,1), (0.44, 0.44), (0.44, 0.67)} {(0,1), (0, 0.44), (0, 0.67)}

{(1,1), (1, 0.44), (1, 0.67)} {(0,1), (0, 0.44), (0, 0.67)} {(1,1), (1, 0.44), (1, 0.67)}

{(0,1), (0, 0.44), (0, 0.67)} {(0.67,1), (0.67, 0.44), (0.67, 0.67)} {(0.67,1), (0.67, 0.44), (0.67, 0.67)}]
 
 
 

 (2.24) 

𝐼𝑇𝑅𝐿𝐼𝑀𝑆𝑅𝐿 = [min (min(𝐼𝑇𝑅𝐿𝐼𝑆𝑀𝑅𝐿))] =  [

min (0.44,0.44,0.44)
min (0.44,0.44,0.44)
min (0.44,0.44,0.44)
min (0.44,0.44,0.44)

] =  [

0.44
0.44
0.44
0.44

] (2.25) 

Calculating SRL 

𝐼𝑀𝑆𝑅𝐿 = min(𝐼𝑇𝑅𝐿𝐼𝑀𝑆𝑅𝐿−𝑚𝑖𝑛) =  𝑚𝑖𝑛 [

0.44
0.44
0.44
0.44

] = 0.44 (2.26) 

To further enhance the system nodal view, IMSRL allows for multiple 

integrations between CTEs (London, Holzer and Eveleigh 2014, London, Holzer and 

Eveleigh 2015). This creates a more robust model to be used with complex systems. 

However, the direction of integrations does not mathematically influence the SRL 

calculation, proving that direction is meaningless. A Min-Min tropical algebra approach 

uses the smallest TRL or IRL value in the system as the SRL value. This method can 

determine a system’s worst-case scenario readiness. On the other hand, by using this type 

of approach, all calculations seem meaningless, as the SRL value can easily be found 

from the system nodal view since SRL equals the lowest TRL or IRL.  
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Sauser (2011) gives two cases in which to utilize the Min-Plus or Min-Min 

approach. The first is when the system has a technology with no integrations, and the 

second is when a system has integrations that have an IRL value of 9. Most systems will 

not be designed to have a technology unconnected to other technologies, but Sauser 

(2011) points out that sometimes a system architecture is unknown. If this is the case, 

then there is a possibility of isolated technologies. This type of calculation can aid in the 

system architecture discovery (Sauser and Ramirez-Marquez 2011). However, the Min-

Min tropical algebra approach does not take into account all TRL and IRL values 

represented for the system, meaning that if any number of TRL or IRL values change, but 

the lowest TRL or IRL value stays the same, then the SRL value will not change. This 

could potentially be dangerous since the full system is not taken into consideration, and a 

single CTE or integration would limit the maturity of a system.  

London (2015) proposes a way to recognize erroneous readiness values called 

readiness reversal. Readiness reversal states that the SRL value must correspond to the 

system’s lowest TRL or IRL value. However, this makes little sense and only applies to 

mathematical approaches that use the Min function. For example, consider a system that 

contains 100 technologies and each one is connected to the others via an integration. If all 

integrations have an IRL = 9, one technology has a TRL =1, and all other technologies 

have a TRL =9, readiness reversal states that the SRL value cannot exceed the lowest 

TRL value. Thus, even if the system is over 99% ready, the one technology keeps the 

system in the concept refinement phase instead of operations and support phase. Since the 

current SRL method does not prioritize technologies or integrations, each one is of equal 

importance. Therefore, there is no way to understand the importance of the lowest 
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technology or integration, and why it is potentially ranking a system as less mature. 

Systems that are deployed are not always 100% ready. Often, functionality and other 

enhancements are added to the system later after deployment. However, this does depend 

on the system and should always be taken into consideration when developing a system.  

2.6 Readiness Level Problems and Limitations 

 SRL is a more beneficial maturity model than TRL. Nevertheless, it does have 

known limitations, including the following: 

• SSRL lacks integration direction, and includes zero IRL values into equation 

• GTSRL produces inaccurate readiness levels because of pairwise matrix 

multiplication of the ordinal data elements 

• TASRL is limited to one integration between CTEs, and does not show if the SRL 

value calculated was based on the technology or the combination of a technology 

and integration. 

• IMSRL does not account for integration direction into the mathematical equation, 

and only calculates SRL as the lowest TRL or IRL value. 

• SRL needs more time to mature and evolve. 

• Early criticism derailed the attractiveness of SRL (London, Holzer and Eveleigh 

2014, London, Holzer and Eveleigh 2015). 

• The direction of the integrations does not affect the SRL value outcome (Thal, 

Olson and Blessner 2018). 

• Mathematics with matrix operations can be cumbersome and overwhelming 

(Thal, Olson and Blessner 2018). 

• The matrix multiplication of ordinal TRL and IRL data has been proven to 
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produce inaccurate computations (London, Holzer and Eveleigh 2014, London, 

Holzer and Eveleigh 2015). 

The present study focuses on utilizing Petri Nets with SRL to create a more robust 

maturity model. One of the largest flaws in the SRL model is that the integrations do not 

properly identify the system’s interconnections. Integrations are only a one-to-one 

connection between two CTEs, and the SRL calculations do not factor in their direction. 

Including Petri Nets expands integrations’ functionality and allow for better SRL values 

to be calculated. Before introducing PNSRL, Petri Nets need to be defined. 

2.7 Petri Nets 

In 1962, Carl Petri introduced Petri Nets while working on his dissertation 

(Peterson 1981). Originally, Petri Nets were developed to describe chemical processes, 

and Petri discovered the concept when he was 13 years old (Peterson 1981). Today, Petri 

Nets are commonly used in the fields of mathematics and computer science (Peterson 

1981). A Petri Net is a directed graph used in a distributed system to model events and 

states (Murata 1989, Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). Petri Nets 

allow systems to be modeled both graphically and mathematically (Reisig and Rozenberg 

1998, Reisig 2013). Graphical representations of a Petri Net can detail workflows for 

systems and corresponding processes (Murata 1989). Figure 2-5 shows an example of the 

graphical representation of a Petri Net. 
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Figure 2-5: Petri Net Example 

The mathematical representation of a Petri Net provides the ability to set up state 

equations, algebraic equations, and system behavior models (Murata 1989). Murata 

(1989) states that Petri Nets are a powerful mechanism to bridge the gap between theory 

and practice, where practitioners can learn from theoreticians to make their models more 

methodical, and theoreticians can learn from practitioners to make their models more 

realistic. To make the creation of Petri Nets easier, tools like the Platform Independent 

Petri Net Editor (PIPE) have been created (Knottenbelt, et al. 2007).  

2.7.1 Definition 

There are two critical parts to a Petri Net: places and transitions (Peterson 1981, 

Reisig and Rozenberg 1998, Reisig 2013). A place is graphically represented by a circle, 

and symbolizes a condition that has a finite capacity (Peterson 1981, Reisig and 

Rozenberg 1998, Reisig 2013). A transition is graphically represented by a bar, and 

represents an event (Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). Between 
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places and transitions, directed arrows, called arcs, connect places to transitions and 

transitions to places (Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). Figure 2-

5 shows an example of places, transitions, and arcs. Arcs show flow in the system and are 

never found between two places or two transitions (Peterson 1981, Reisig and Rozenberg 

1998, Reisig 2013). This means that places and transitions are disjointed (Peterson 1981, 

Reisig and Rozenberg 1998, Reisig 2013). There are two types of arcs: input and output 

arcs, primarily defined by the transition (Peterson 1981, Reisig and Rozenberg 1998, 

Reisig 2013). Input arcs are a connection between a place to a transition and describe a 

condition causing an event (Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). An 

output arc is an arc from a transition to a place that describes an event causing a condition 

(Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). Both places and transitions 

have zero or more inputs and outputs (Peterson 1981, Reisig and Rozenberg 1998, Reisig 

2013). Transitions that have zero inputs are called a source transition (Murata 1989). A 

transition that has zero outputs is called a sink transition (Murata 1989).  Mathematically,  

A Petri Net is formally defined as a 5-tuple N = (P, T, I, O, M0), where  

1. P = {p1, p2, …, pm} is a finite set of places.  

2. T = {t1, t2, …, tn} is a finite set of transitions, P ∪ T ≠ ∅, and P ∩ T = ∅.  
3. I: P × T → N is an input function that defines directed arcs from places to 

transitions, where N is a set of nonnegative integers. 

4.  O: T × P → N is an output function that defines directed arcs from transitions to 

places. 

5. M0: P → N is the initial marking (Peterson 1981, Reisig and Rozenberg 1998, 

Reisig 2013, Murata 1989, Recker and Indulska 2007). 

 

2.7.2 Behavior 

Petri Nets are stateful, meaning that they define the behavior of the system using a 

state, snapshot, at a given time (Recker and Indulska 2007). To define a state, a token, 

represented by a small dot, shows the flow of a Petri Net by moving from places to 
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transitions and vice versa (Recker and Indulska 2007). To represent all resources 

available to a system, quantity k of tokens is used (Recker and Indulska 2007). These 

quantities can change as they flow through the Petri Net, as they are not conserved 

(Recker and Indulska 2007). A place contains a finite space, called a capacity, that allows 

it to hold up to a certain number of tokens (Peterson 1981, Reisig and Rozenberg 1998, 

Reisig 2013, Murata 1989). Places can hold zero tokens up to the maximum capacity 

(Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013, Murata 1989), while an arc 

contains a finite space, called a weight, that restricts the number of tokens that can flow 

to and from a transition.  

Tokens can flow through transitions by the process called firing (Recker and 

Indulska 2007). For a token to move from a place to a transition, a place must contain as 

many or more tokens than the weight of the input arc (Recker and Indulska 2007). If a 

place has more tokens than the weight of the arc, only the number of tokens equal to that 

weight will move (Recker and Indulska 2007). If there are multiple arcs connected to the 

transition, all arc weights must be satisfied before the transition can fire (Recker and 

Indulska 2007). After a transition fires, the output arcs will move tokens to connected 

places (Recker and Indulska 2007). Tokens equal to the weight of the output arcs are 

moved into connected places (Recker and Indulska 2007). If a place does not have 

enough capacity for tokens, then the transition is halted and does not fire (Recker and 

Indulska 2007). A transition will only fire if the input places have enough tokens to 

satisfy the weight of all input arcs, and the output places have enough capacity for all 

tokens at output arc weights (Recker and Indulska 2007). If these conditions are not met, 
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then the transition does not fire. Recker et al.  (2007) define the rules for firing tokens as 

follows:  

1. A transition is enabled if each of its input places is marked with as many tokens as 

the weight of the arc leading to the transition described.  

2. An enabled transition may or may not fire.  

3. The firing of an enabled transition removes the tokens from the input places in 

accordance with the arc weight and adds tokens to each output place in 

accordance with the weight of the arc leading from the transition to its output 

places (Recker and Indulska 2007). 

 

Figure 2-6 presents an example of a transition T0 firing. Places P0, P1 and P2 

have a capacity of one, while all the arcs have a weight of one. Place P0 has one 

token, which satisfies the weight of the input arc to transition T0. Both Places P1 and 

P2 have no tokens and enough capacity to hold the output arcs’ weights of one each. 

Because all the rules for the firing of a transition are satisfied, transition T0 fires. 

Upon firing, the token from P0 is removed, which stimulates it to flow into the 

transition T0. Then, tokens equal to the weight of the output arcs are placed at each 

output place, P1 and P2. Places P1 and P2 now have one token each. This example 

demonstrates that the firing of transitions does not conserve the number of tokens; 

instead, it leads to an increase in the number of tokens.   

 

Figure 2-6: Petri Net Token Flow 



32 

 

Figure 2-6 presents only one example of the different combinations, called events, 

that Petri Nets can enable (Reisig and Rozenberg 1998, Reisig 2013). However, Petri 

Nets are a robust tool that can form any combination of events to satisfy a system design.  

2.7.3 Events 

 Firing transitions consist of different types of events that affect the Petri Net 

differently (Reisig and Rozenberg 1998, Reisig 2013). Four of the most common events 

are sequence, synchronization, concurrency, and conflict (Reisig and Rozenberg 1998, 

Reisig 2013). Figure 2-7 illustrates the four different types of Petri Net events. 

 

Figure 2-7: Petri Net Events using PIPE: Sequence, Synchronization, Concurrency, and 

Conflict (Cheng and Ma 2016, Yen 2008, Knottenbelt, et al. 2007, Peterson 1981, Reisig 

and Rozenberg 1998, Reisig 2013) 

 Sequence is the most common event in a Petri Net that shows a serial connection 

of places to transitions (Reisig and Rozenberg 1998, Reisig 2013). This type of event 
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involves tokens flowing in a straight line from places to transitions (Reisig and 

Rozenberg 1998, Reisig 2013). Second, synchronization is an event that occurs when 

there is more than one input place and only one output place (Reisig and Rozenberg 

1998, Reisig 2013). In synchronization, multiple token inputs are reduced to a single 

output (Reisig and Rozenberg 1998, Reisig 2013). The term synchronization is used to 

indicate that conditions synch together after an event has occurred. Third, concurrency is 

the opposite of synchronization: it has one input place and multiple output places 

(Peterson 1981). In this event, one input of tokens is split into multiple outputs (Peterson 

1981). After the transition fires and tokens are placed in output places, any further 

transitions that fire will do so concurrently (Peterson 1981).  

The last of the four common types of Petri Net events is called conflict. Conflict 

occurs when a place connected to multiple transitions is only capable of firing one of the 

transitions (Yen 2008). To do so, a decision must be made (Peterson 1981, Reisig and 

Rozenberg 1998, Reisig 2013). Depending on the type of system, certain priorities may 

be set in place to decide where the tokens will flow first (Peterson 1981, Reisig and 

Rozenberg 1998, Reisig 2013). The classic Petri Net does not express priorities, so a 

system operator must make a decision in the event of a conflict (Reisig and Rozenberg 

1998, Reisig 2013). However, other types of Petri Nets, such as colored or priority nets, 

use colors or markers to illustrate priorities in the model which automatically resolve 

conflict events (Reisig and Rozenberg 1998, Reisig 2013). All types of Petri Nets follow 

the same rules as the classic Petri Net (Reisig and Rozenberg 1998, Reisig 2013). 

However, over the years, additional functionality has been added to create unique 

versions of Petri Nets, including colored, timed, and stochastic Petri Nets (Reisig and 
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Rozenberg 1998, Reisig 2013).  

2.7.4 Validation 

Petri Nets are based primarily on graph theory, which requires validating the 

graphical representation to ensure correctness (Peterson 1981, Reisig and Rozenberg 

1998, Reisig 2013). There are several ways to validate a Petri Net, the most common of 

which is called a reachability graph (Peterson 1981, Reisig and Rozenberg 1998, Reisig 

2013). A reachability graph is a step-wise graphical notation that goes through every 

possible combination in the Petri Net (Peterson 1981, Reisig and Rozenberg 1998, Reisig 

2013). Every state in a reachability graph is recorded to ensure that all parts of the Petri 

Net can be reached (Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). When a 

Petri Net becomes complex, so does the reachability graph (Peterson 1981, Reisig and 

Rozenberg 1998, Reisig 2013). In some cases, a Petri Net can flow indefinitely, and 

tokens never reach an end state; this is called a tangible state.  

The easiest way to create a reachability graph is to use Petri Net tools such as 

PIPE (Knottenbelt, et al. 2007). Such tools can quickly go through all possible events 

within the Petri Net (Knottenbelt, et al. 2007). Figure 2-8 provides an example of a 

reachability graph created in PIPE. 
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Figure 2-8: Reachability Graph Example Using PIPE (Knottenbelt, et al. 2007) 

The reachability graph in Figure 2-8 depicts two types of states: vanishing and 

tangible states. A vanishing state is a state where transitions can still be fired and tokens 

can still move, while a tangible state, as described earlier, is a state where no more tokens 

can move. In Figure 2-8, the blue circles are vanishing states, and the red circles represent 

tangible states. A reachability graph can have zero or more tangible states. If there are no 

tangible states, then the Petri Net has tokens that can infinitely move through the system 

without stopping. This is also a valid Petri Net, but the present study only looks at Petri 

Nets that have tangible states.  

Instead of using tools like PIPE, a reachability graph can also be created by hand. 
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To do so, the original state of the Petri Net, before any firing of transitions, is listed by 

creating a small array of places with available tokens (Peterson 1981, Reisig and 

Rozenberg 1998, Reisig 2013). Next, available transitions fire to create the subsequent 

state (Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). The process of creating a 

state array is iterated for every possible state in the reachability graph (Peterson 1981, 

Reisig and Rozenberg 1998, Reisig 2013). Each possible state is connected to a 

predecessor and successor state with lines to signify the flow of the Petri Net (Peterson 

1981, Reisig and Rozenberg 1998, Reisig 2013). When creating a reachability graph, if a 

unique state is reached multiple times, the original array is used instead of creating a 

duplicate state (Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). The idea 

behind a reachability graph is to only display unique states and all possible state-to-state 

events (Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). If certain places are 

never reached or transitions are never fired after a reachability graph is created, then the 

reachability graph fails (Peterson 1981, Reisig and Rozenberg 1998, Reisig 2013). In this 

failed validation case, the Petri Net needs immediate revising (Peterson 1981, Reisig and 

Rozenberg 1998, Reisig 2013). Reachability graphs ensure that all parts of a Petri Net 

that can be reached are functional (Peterson 1981, Reisig and Rozenberg 1998, Reisig 

2013). 

2.8 Other Advanced System Networks 

 Petri Nets offers a good graphical and mathematical model that represent the 

relationships between system variables (Peterson 1981, Reisig and Rozenberg 1998, 

Reisig 2013). Other models, such as Bayesian Belief Networks (BBNs) and Markov 

Chains (MKs) offer similar capabilities, such as defining states, but also offer unique 
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stochastic or probabilistic properties that could be applied to a system.  

2.8.1 Bayesian Belief Networks 

 BBNs are a graphical representation of probabilistic relationships of events, 

representing system states (Cooper 1990, Darwiche 2009). A BBN is a directed acyclic 

graph that defines variables and conditional dependencies (Cooper 1990). The key feature 

of BBNs is their explicit representation of conditional interdependence between events 

(Cooper 1990). Representing a full joint probability space, BBNs can compute 

probability functions for each node in the graphical model (Cooper 1990, Darwiche 

2009). The graphical representation is similar to the SRL system nodal view, each 

consisting of nodes and interconnections. However, BBNs offer variable probabilities, 

which can be used to calculate different probability functions for nodes based on the 

interconnections (Pai, Lateef and Dugan 2005). Figure 2-9, shows an example of the type 

of BBN developed by the research of Pai et al (2005). 

 

Figure 2-9: Example of BBN Applied to Readiness (Pai, Lateef and Dugan 2005) 

In 2005, Pai et al. (Pai, Lateef and Dugan 2005) proposed a BBN approach to the 
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software requirements development phase. This research would take different software 

assessments and approaches, such as system requirements and documentation, and create 

a probability function to distinguish the readiness of an artifact based on the independent 

verification and validation process (Pai, Lateef and Dugan 2005).  Pai et al. (2005) offers 

one possible methodology of applying BBNs to readiness. 

2.8.2 Markov Chains 

Similar to BBNs, MKs are a stochastic model that describes a set of finite states, 

where each state depends on the previous state (Norris 1997). The probability theory 

described by MKs, called Markov process, says that in a discrete state space, the current 

state will influence the next future state, allowing a predictive model based solely on the 

current state (Norris 1997).  However, this theory says that a future state is conditional 

only to the current state and independent to the history of the prior states, lending to the 

term memoryless or no memory (Gagniuc 2017, Norris 1997). Figure 2-10 illustrates a 

basic MK and associated probabilities. 

 

Figure 2-10: Example of Markov Chain (Pai, Lateef and Dugan 2005) 

In Figure 2-10, the predictive state from state B is calculated by the probabilities 

from that state with no concern on how state A affected state B. This defines the 

memoryless property associated to MKs. Similar to BBNs, MKs are graphical 
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represented by nodes and interconnections (Gagniuc 2017). In MKs, each node represents 

a state, and each interconnection represents a probability of a state going to another state 

(Norris 1997). However, since each interconnection represents a probability, from one 

state to another, there must be a collective probability of 1, defining all possible 

probabilities between states (Gagniuc 2017). Both MKs and BBNs utilize probabilities to 

define states, and certain MKs, such as hidden MKs, can be represented by a BBN 

(Cooper 1990, Gagniuc 2017). 

2.9 SRL Literature Gaps 

 The literature review provided background information on readiness levels, Petri 

Nets, and other advanced system networks. This information aided in defining the 

problems with SRL and possible paths forward for the present study. Examples of each 

SRL graphical representation and mathematical model provided demonstrated how each 

SRL method works. This was crucial in understanding the flaws of the current SRL 

process.  

Advanced system networks, such as Bayesian Belief Networks, Markov Chains 

and Petri Nets, were used to possible enhance system maturity models. Defining BBNs, 

MKs and Petri Nets, and how they behave is another vital part in the development of this 

study. Chapter 5 will provide the results of the research with a comparative analysis of 

the SRL methods and a new SRL model called PNSRL.  
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Chapter 3 – Research Methodology 

 

 

3.1 Overview 

 The research methodology used is based on the iterative and incremental 

development (IID) process (Cockburn 2008). IID breaks a project into two different 

parts: incremental and iterative (Cockburn 2008, Munassar and Govardhan 2010). 

Incremental development is where the development of system functionality is sliced into 

increments and integrated into the system upon completion (Cockburn 2008), while 

iterative development is a rework scheduling strategy where time is set aside to improve 

the current system (Cockburn 2008). The IID process divides the effort into smaller parts, 

or cycles, that repeat to allow for validated functionality to be added to a system 

(Munassar and Govardhan 2010).  Commonly, “each iteration is a mini-waterfall process 

where the feedback from one phase provides vital information for the design of the next 

phase” (Munassar and Govardhan 2010). 

IID development has produced two commonly accepted practices: first, the 

concept of doing it right the first time, which entails a high level of confidence with 

failure not being an option (Sotirovski 2001); and second, the concept of fail fast, which 

reflects the pessimistic side of development where problems are inevitable (Sotirovski 

2001). Sotirovski states that even if both concepts seem to be conflicting practices, most 

projects are a mixture of both (Sotirovski 2001). Figure 3-1 shows how continuous 

iterations increase the chances of failure. However, the IID process is designed for 

uncertainty; its purpose “is to find weak points in the design from previous iterations” 

(Sotirovski 2001). 
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Figure 3-1: Iterativeness and Probability of Failure (Sotirovski 2001) 

A huge benefit of the IID development process is the reduced risk by early 

validation (Sotirovski 2001). For each iteration, the system can be evaluated and 

validated to ensure that the correct functionality is added. IID tends to follow the natural 

progression of research, where many unknowns exist in the beginning, and the 

researchers adjust their theories over time to fit their needs.  

The IID process can be broken down into five simple steps: analysis, design, 

implementation, testing, and evaluation (Cockburn 2008, INCOSE 2011, INCOSE 2015). 

These steps follow a standard incremental process, which is then iterated multiple times 

(Cockburn 2008, INCOSE 2011, INCOSE 2015).  

3.2 Initial Analysis 

 Applied to this research, the initial analysis phase is intended to allow the problem 

definition to be fully exposed by looking at current SRL models (Munassar and 

Govardhan 2010). Initially in this study, the problem was refined to detail the reasons for 

conducting the research as well as discerning which areas should be the focus. The 

previous sections have detailed the problem in question, which was the first step in 

determining what needs to be altered (Cockburn 2008). This study employed a 

comparative analysis strategy to compare various SRL models to understand the 
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underpinnings of each. This method identified the benefits and limitations of each model, 

and how the research could proceed. In this study, SRL was found to have problems in 

both its graphical representation and its calculation. Since SRL calculation relies heavily 

on the graphical representation, it was imperative to focus on both.  

3.2.1 Research Questions 

 The research questions support the evaluation of the combination of Petri Nets 

and SRL, and the comparison of past SRL calculations. The primary research questions 

examined in this dissertation are: 

1. Do current SRL calculations properly represent the entire system and define the 

readiness of a system? 

2. How affected are SRL calculations if the system nodal view changes? 

3. Is there a direct correlation between the visual representation of Petri Nets and the 

system nodal view? 

4. Is there a direct correlation between the SRL mathematical models and Petri Net 

behavior? 

5. Does IMSRL prove to be the best SRL method to use with Petri Nets? 

6. How can a system be validated using Petri Nets? 

7. Can Petri Nets reduce SRL calculation complexity and create a better readiness 

assessment? 

3.2.2 Research Hypotheses 

 The following research hypotheses can be compared to the above research 

questions.  

1. H1: Current SRL calculations do not properly represent the entire system and does 
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not define the readiness of a system. 

2. H2: Petri Nets will have a positive impact on SRL calculations.  

3. H3: There is a positive relationship between Petri Nets and the system nodal view, 

where the graphical representation has improved. 

4. H4: There is a positive relationship between Petri Net behavior and the SRL 

mathematical models, where the SRL calculations have improved. 

5. H5: IMSRL is not the best SRL model to use with Petri Nets. 

6. H6: A system can be validated for correctness by using reachability graphs. 

7. H7: Petri Nets will aid in reducing SRL calculation complexity and enhance the 

overall readiness assessment. 

3.2.3 Research Goals 

The goals of this dissertation are: 

1. To prove that current SRL calculations are not valid approaches using the system 

nodal view, and do not represent all the necessary components of the system in 

calculation. 

2. Create a more accurate readiness assessment by applying current SRL methods 

with Petri Net. 

3. Expand the system nodal view using Petri Nets, proposing enhanced integration 

relationships. 

4. Utilizing Petri Net behavior, expand the current SRL mathematical models. 

5. Distinguish best SRL methods to be used with Petri Net. 

6. Introduce a way to validate a system using Petri net reachability graphs 

7. Major breakthrough in SRL development leading to a major impact to SRL 
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calculations by introducing a new model called Petri Net SRL (PNSRL).  

3.3 System Design  

 The system design phase applied to this research looked at possible new additions 

to the existing SRL models. This included considering different alternatives to solving 

the problems, recognizing what improvements could be implemented from a new 

solution, and deciding on a new system design (Munassar and Govardhan 2010).  

 Possible design alternatives to enhance the SRL nodal view were selected: BBNs, 

MKs and Petri Nets. After researching both models, BBNs were first chosen to attempt to 

enhance graphical representation. However, by going through the iterative nature of the 

research, they were found to offer little enhancement to the graphical model. Since BBNs 

and the system nodal view were similar, problems discerned earlier were not resolved. 

For instance, one problem with the system nodal view is its inability to depict integration 

relationships. BBNs did not offer a way to represent these relationships either. However, 

BBNs could be useful if the SRL model was stochastic or in a more predictive state. With 

the iterative state in place, the study looped back to MKs then to Petri Nets. By following 

a similar process as for BBN, MKs found to have the same problems. Next, applying the 

same analysis to Petri Nets, Petri Nets proved to be a valuable asset to the system nodal 

view, and later to the SRL calculation.  

3.4 Design Implementation 

 After selecting a system design, it can be applied to the existing model (Munassar 

and Govardhan 2010). In this study, Petri Nets were first applied at a low level to 

incorporate their basic functionality. Through further iterations, more of their 

functionality was then added to the SRL model.  
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 System design first focused on enhancing the system nodal view. This view 

would be the backbone of all further research. After the graphical representation was 

implemented, the study focused on the SRL calculations. At first, the original SRL 

calculations were applied to the new system view. Next, further enhancements were 

identified based on the utility of the system nodal view. This included the nodal isolation, 

token validation, and reachability graph validation functionality portions. Lastly, a newer 

SRL calculation was introduced to the system design based on the token validation.  

 3.5 System Testing 

 After the system design was implemented, the new functionality was tested 

(Munassar and Govardhan 2010). Testing focused mainly on comparative analysis of the 

recent system model, both graphical and mathematical. This involved comparing 

previous iterations of the system model to the latest model. The graphical representation 

was tested by comparing the previous system nodal views and ensuring that they 

followed similar behaviors. The mathematical representations were tested by 

mathematically comparing past methods, analyzing result behaviors, and utilizing the 

readiness reversals created by London (2015). In addition, the final SRL model was 

tested based on six SRL mathematical properties designed by McConkie et al. (2012), 

McConkie (2013), and London (2015). 

3.6 Evaluation 

 Evaluation of the system allowed for the hypotheses to be confirmed or rejected 

by the implemented system design (Munassar and Govardhan 2010). Sometimes, like in 

the case of the BBNs, the system failed to confirm the proposed hypotheses. However, 

this let the study venture towards a different, more successful path. With Petri Nets, the 
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newer model was evaluated and, if found successful, the process was continued. Testing 

and Evaluation ensured that the system model would gain additional benefits through 

each iteration rather than subtract from the usability.   

3.7 Further Iterations of the Process 

 Through this incremental process, the research was iterated many times. Similarly 

to an Agile Development process, minus the collaborative team environment and typical 

team practices, most iterations were constrained to two weeks (Cockburn 2008, INCOSE 

2011, INCOSE 2015). Each of these two weeks could be called a research sprint. In this 

research sprint, each phase of the incremental process was used and a decision was made 

regarding whether or not to keep iterating. 

3.8 Final Solution Decision 

The final decision is the crucial step in recognizing that the developed solution is 

complete. To make this decision, this study evaluated the proposed questions and 

hypotheses, detailed in sections 2.9 and 2.10. Once all the issues were decisively 

resolved, a conclusion could be developed. This decision did not include all the new 

possible limitations or additional issues created by the developed model. Some of those 

issues were naturally resolved through the IID process, but others would require further 

research.   
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Chapter 4 – Results 

 

 

4.1 SRL Model Analysis 

 To understand the issues with SRL, a comparative analysis was conducted to 

differentiate between the models and understand what they calculate (INCOSE 2011, 

INCOSE 2015). Conducting this analysis first required definition of the assessment 

criteria, which was primarily developed from the literature review (INCOSE 2011, 

INCOSE 2015). These assessment criteria were broken down into two categories, 

graphical and mathematical. Next, each SRL method was assessed based on each of the 

criteria, and scored accordingly (INCOSE 2011, INCOSE 2015). Table 4-1 was shows 

the analysis results of the four SRL models discovered by this research. 

Table 4-1: SRL Method Comparative Analysis 

Assessment Criteria SSRL GTSRL TASRL IMSRL 

Graphical     

Allows for self-looping 

integrations? 

No Yes Yes Yes 

Allows for multiple 

integrations per node 

combination? 

No No No Yes 

Allows for complex 

integrations? 

No No No No 

Allows integrations to have 

relationships with each 

other? 

No No No No 

Allows components to have 

priorities? 

No No No No 

Used when system 

architecture is known or 

unknown? 

Known Known Both Both 

Allows integrations to have 

direction? 

No Yes Yes Yes 

Accounts for integration 

direction in SRL 

No No No No 
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calculation? 

Mathematical     

Calculation type Average  Average Min-Plus Min-Min 

Calculation mode based on Matrices Matrices Matrices Matrices 

Identifies the most immature 

component? 

No No Yes Yes 

Identifies the lowest TRL? No No No No 

Identifies the lowest IRL? No No No No 

Allows ITRL or SRL to 

improve when other aspects 

of the system improve? 

Yes Yes No No 

Takes into account all TRL 

and IRL values? 

Yes Yes No No 

 

 Table 4-1 demonstrates each SRL model’s strengths and weaknesses. Using the 

system analysis methods defined by INCOSE (2011) and INCOSE (2015), each SRL 

method is compared to each other to identify core issues. Rather than selecting the best 

solution candidate, this research aims to discover key problems with current SRL 

methods (INCOSE 2011, INCOSE 2015). From this analysis, it was found that the largest 

flaws occurred at the system nodal view. These failures and the fact that the SRL value is 

based on the graphical representation imply that the system nodal view needs revision. It 

is not sufficient to supply the SRL mathematical methods with the proper data to 

calculate an SRL value. To further examine how each SRL model works, each SRL 

mathematical calculation is compared utilizing a simulated system nodal view that 

expands incrementally (INCOSE 2011, INCOSE 2015). INCOSE (2011) and INCOSE 

(2015) state that simulations and modelling are good methods to not only validate a 

system model, but also compare them to alternatives. 
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 A technique to recognize how each SRL mathematical method is calculated is to 

create a system and repeatedly add mature technologies and integrations to it (INCOSE 

2011, INCOSE 2015). For an SRL value to be the most meaningful, all technologies and 

integrations need to be taken into account (Sauser and Ramirez-Marquez 2011). For 

instance, consider a two-node system. The first technology has a TRL of 1 and the second 

technology has a TRL of 9. Between the technologies, there is an integration with an IRL 

of 1. Using the four SRL methods, an SRL value can be calculated from this system 

nodal view. The process is then repeated after adding another technology with a TRL of 

9, connecting to previous technology via an integration with an IRL of 9. Figure 5-1 

illustrates this serial system nodal view. 

 

 

Figure 4-1: Serial Nodal System Used for SRL Method Comparative Analysis 

With the system nodal view creation process in place, utilizing simulations via 

MatLab (2014), each SRL method can be plotted over each iteration of adding the mature 
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nodes, up to 100. To properly recognize the readiness of the system, and account for all 

system components, it is assumed that an SRL that increases in quantity of mature 

technologies and integrations approaches the maximum SRL value of 1 (Sauser and 

Ramirez-Marquez 2011). However, this is not the case. Figure 4-2 presents the outcome 

of the simulation. 

 

 
Figure 4-2: Outcome of Applying Serial Node Structure over 100 Iterations to Each SRL 

Method 

 SSRL shows a nonlinear curve with a positve slope in the beginning that quickly 

becomes a negative slope. SSRL has one fundamental problem in its calculation: it 

includes all non-existant integrations between technologies (Garrett, et al. 2011). This 

means that any integration that does not exist has an IRL value of zero and is calculated 

in the matrix multiplication (Garrett, et al. 2011). In the beginning, the number of mature 



51 

 

technologies and integrations outweighs the number of nonexistant integrations, creating 

a positive slope. As more technologies and integrations are added, however, the IRL 

adjacency matrix continues to expand, which continues to add and increasing number of 

IRL values that equal to zero. When the zero IRL values start to outweigh the non-zero 

IRL values, the line starts to approach an SRL value of zero. 

 GTSRL shows a more promising curve with results that would be expected.  This 

curve has a continued positive slope that approaches an SRL value of 1. As more mature 

technologies and integrations are added to the system, the more mature the overall system 

becomes. Since every technology and integration contains the same mathematical weight, 

this SRL calculation makes the most sense. However, there are many limitations to the 

graphical representation of GTSRL that restrict this model, such as only allowing one 

integration between CTEs (McConkie, Mazzuchi and Sarkani 2013).  

 TASRL and IMSRL both follow the samelinear line showing an SRL value of 

0.1. TASRL is designed to take the smallest combination of TRL + IRL, including 

integrations with IRL values of zero. Sauser (2011) states that the Min-Plus tropical 

algebra method is more designed for risk-averse system situations to identify weaknesses 

of the system.  However, TASRL can not identify where the weakness occurs, as it looks 

at a combination of a TRL and IRL value (Sauser and Ramirez-Marquez 2011). The 

IMSRL model is designed to take the smallest TRL or IRL value in the system, which 

allows for a better identification of the system’s weakness. Sauser (2011) suggests that a 

Min-Min tropical algebra approach can better identify specific weaknesses because it 

does not account for non-integrations that have a value of IRL = 0. However, both 

TASRL and IMSRL can not specifically detail if the weakness occurs at a technology or 
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an integration (Sauser and Ramirez-Marquez 2011). Since both of these calculations take 

the smallest possible value in a system, no matter what the size of the system is, the SRL 

value will never change. These methodologies for SRL calculations can be dangerous 

because they limit themselves to the lowest readiness instead of taking into account the 

whole system readiness. For example, if a systems engineer was developing a system that 

was already in the system development and demonstration phase, SRL value = 0.60-0.79, 

and there was scope creep that enabled a new technology into the system with TRL and 

IRL values of 1, using TASRL and IMSRL, the SRL value would change from 0.60-0.79 

to 0.1. However, methods like GTSRL, if applied to a similar system nodal view, would 

only decrease the SRL value slightly, which could change the acquisition phase of the 

system. 

Ultimately, each SRL method tells a different story and should be used according 

to what the systems engineer is questioning. However, this still leads to the problem that 

the system nodal view is functionally limited. Without the inclusion of incidence 

matrices, the system nodal view is restricted to individual integrations between two 

technologies (London, Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015). 

This creates a bottleneck with more complex system designs. IMSRL corrects this 

problem and allows for any number of integrations to occur between technologies 

(London, Holzer and Eveleigh 2014, London, Holzer and Eveleigh 2015). Although 

incidence matrices help, however, IMSRL fails to consider direction in the SRL 

calculation, and does not show relationships between integrations. PNSRL resolves these 

issues by implementing transitions that can expand integrations and better illustrate the 

system architecture. 
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4.2 PNSRL 

PNSRL is a new SRL model presented in this research that utilizes Petri Nets. 

Because Petri Nets describe events, a system nodal view can be enhanced to show 

operability by utilizing states. The main limitation of the system nodal view is the 

application of integrations. Currently, in all prior system nodal views, integrations can 

only have a one-to-one relationship, and they do not have the ability to allow for complex 

inner relationships. Petri Nets offer a method of utilizing transitions that enable a more 

robust interaction between components. PNSRL combines Petri Nets with SRL to offer a 

better system nodal view, which leads to a better SRL calculation. Furthermore, Petri 

Nets allow for the ability to assign capacities, which can be further utilized in the SRL 

calculations. To first improve the SRL model, the system nodal view is transformed into 

a Petri Net. 

 

4.2.1 SRL Transformation 

Since the system nodal view is similar in design to a Petri Net, the transformation 

of the system nodal view is fairly straightforward. The system nodal view and Petri Nets 

are both bi-partite graphs, with two unique parts: first, the system nodal view CTEs are 

similar to the Petri Net places, since they represent the primary nodes in the system; and 

second, the integrations of a system nodal view are similar to the Petri Net transitions, but 

vary because transitions are more complex.  
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Figure 4-3: High-Level Combustion Engine Petri Net Transformation 

Using a direct transformation, CTEs become places, and directed integrations are 

split up to become transitions. When an integration becomes a transition, the one-edged 

transition becomes two arcs and a bar. Since an IRL value is assigned to the integration, 

this value is duplicated for both arcs of the transition. By using a transition, the input arc 

shows a specific IRL value for the arc from the input place, and a specific IRL value for 

an output arc connected to an output place. To simplify the transformation, IRL values 

for both the input and output arcs will equal the original integration IRL value. All in all, 

the first iteration of the transformation offers little change: CTEs become places, and 

integrations are split to become two arcs and a transition. Figure 4-3 shows an example of 

the Petri Net transformation. 

Since the integration is now a transition, a high level of interconnection can be 

illustrated. While integrations show that there is some form of relationship between two 

technologies, they fail to describe any details of that relationship. With a transition, on 
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the other hand, each arc can represent an individual side of that interconnection, with the 

input arc representing the input place’s side of the relationship, and the output arc 

representing that of the output place’s relationship. With this relationship split into two 

separate parts, IRL values for each arc can be different, detailing a deeper understanding 

of that original relationship. In this study, both arcs consist of the same IRL value for a 

sequence event. Following the work of London (2015), arcs are designated as edges. 

However, Petri Nets allow for a more robust interconnection, showing different types of 

events and relationships. Figure 4-3 provides an example of how an integration can be 

expanded to offer a more useable sub-system relationship 

Figure 4-3 illustrates a high-level concept of a combustion engine. The left side of 

the figure illustrates the system nodal view of an engine, where air and fuel are needed 

for the engine to run. What the system nodal view fails to describe is the relationship 

between the air and the fuel. An engine cannot run on only air or only fuel: it requires a 

mixture of both. The system nodal view is unable to show any relationship between the 

two, however, with both the air and fuel being completely separate from each other. After 

converting the system nodal view to a Petri Net, an interconnection between the air and 

fuel can be created to depict a relationship. In this example, the air and fuel relationship 

create a synchronization event, where both the air and fuel come together before they can 

be used by the engine. This shows that the readiness of the engine is affected by the 

synchronization of the air and fuel delivery. The IRL values of the original integrations 

are transposed to the input arcs of the transition. The output arc of the transition is the 

average of the two input arcs, which shows that the readiness of the output arc is the 

combination of the input arcs. The average of the input arcs was used to distinguish how 
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the output arc can only reach full maturity once both the input arcs reach full maturity. 

The input arcs average is a guideline for basic IRL discovery for output arcs. If additional 

information is known about the system, the IRL value of output arc can change according 

to what was discovered in the assessment. The input arc relationship and creation of an 

output arc shows how the engine can only reach a maximum readiness when the output 

arc does, which in turn is highly affected by the input arcs’ readiness. The input arcs’ 

readiness each also affect their connected place’s readiness, the air, and the fuel.  

This transition presents a more highly detailed relationship between each sub-

system than what the system nodal view can offer. The readiness of the engine relies on 

the readiness of its interconnections: interconnections between the components are vital 

in understanding the readiness of a system, and a technology cannot be fully ready if the 

interconnections between the components are immature. To utilize this Petri Net 

structure, the existing SRL calculations can be applied.  

4.2.2 Calculations 

Using Figure 4-3 as the basis of calculation, existing SRL calculation methods can 

be used, but are simplified. Since the original SRL methods utilize matrix operations, a 

Petri Net can reduce this complexity and move away from this matrix multiplication. 

PNSRL offers the ability to utilize simplified arrays for all SRL calculations. If a system 

is overly complex, the IRL adjacency matrix will be large. Petri Nets allow this matrix to 

become an array of arrays, with all zero values eliminated prior to calculations. PNSRL 

requires that there is at least one technology, and at least one integration per technology. 

 Using a construct similar to the system nodal view transformation, PNSRL uses 

an incidence matrix and transforms it into an array of arrays. The TRL column vector is 
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also transformed into an array. First, the TRL column vector and IRL incidence matrix 

are created: 

𝑇𝑅𝐿 = [
𝑇𝑅𝐿1

𝑇𝑅𝐿2

𝑇𝑅𝐿3

] = [
3
7
4
] (5.1) 

𝐼𝑅𝐿𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 =
𝑇𝑅𝐿1

𝑇𝑅𝐿2

𝑇𝑅𝐿3

[

ε1,1

ε1,2

ε1,3

 

ε2,1

ε2,2

ε2,3

ε3,1

ε3,2

ε3,3

] = [
3  
0  
0  

0 
5  
0 

0 
0  
4 

] (5.2) 

The TRL column vector is easily put into an array for further calculation. 

𝑇𝑅𝐿𝑃𝑁𝑆𝑅𝐿 = [
3
7
4
] =  (3, 7, 4) (5.3) 

The incidence matrix contains all IRL values for all corresponding technologies, 

and zero values for nonexistent integrations. To reduce this complexity of the integration 

matrix, specifically removing zero IRL values that are not used for calculation, an array 

corresponding to each technology is created. Within each technology array, another array 

is created to hold all associated IRL values that exist. Since the Petri Net separates the 

integrations into separate arcs corresponding to only one technology, the IRL array will 

contain a unique IRL value for every arc attached to a specific technology. Another 

benefit of using arrays is that they are not size restricted like matrices. A matrix must by 

created by a certain column and row size. Arrays are not bounded in the same way, and 

can grow or shrink accordingly. To convert the incidence matrix above, an array of arrays 

is created, removing all zero values. 

𝐼𝑅𝐿𝑃𝑁𝑆𝑅𝐿 = [(ε1,1, . . εn,1 > 0 ), . . (ε1,j, . . εn,j > 0)]
𝑗
𝑛

 (5.4) 

 

In the above equation, n equals the total number of IRL values for a given TRL, 
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and j equals the total number of TRL values. IRL values must be greater than zero. 

𝐼𝑅𝐿𝑃𝑁𝑆𝑅𝐿 = [(ε1,1, ε2,1, ε3,1 ), (ε1,2, ε2,2, ε3,2 ), (ε1,3, ε2,3, ε3,3 )] (5.5) 

𝐼𝑅𝐿𝑃𝑁𝑆𝑅𝐿 = [(3), (5), (4)] (5.6) 

Since one IRL value is applied to each arc connected to a place, the inner array 

has a size of one. Once the TRL and IRL arrays are created, an SRL value can be further 

calculated. Using existing SRL methods, an average SRL and a worst-case scenario SRL 

value are formed. 

First, utilizing the GTSRL method, an SRL average can be calculated by taking 

the average ITRL value for each technology and associated integrations, and then 

averaging all ITRL values to create the SRL value. The PNSRL average formula can be 

seen as the following. 

𝑃𝑁𝑆𝑅𝐿𝑎𝑣𝑔 =
∑ [

∑ (𝑇𝑅𝐿𝑚
𝑛
𝑖=1 + 𝐼𝑅𝐿𝑖,𝑚)/2

𝑛 ]
𝑗
𝑚=1

𝑗
 

(5.7) 

Next, each ITRL value is created, where n equals the number of IRL values for a 

given TRL, and j equals the total number of TRL values. Next, each ITRL value is put 

into an ITRL array. 

𝐼𝑇𝑅𝐿𝑃𝑁𝑆𝑅𝐿 = [(
∑ (𝑇𝑅𝐿1

𝑛
𝑖=1 + 𝐼𝑅𝐿𝑖,1)/2

𝑛
) , . .   (

∑ (𝑇𝑅𝐿𝑗
𝑛
𝑖=1 + 𝐼𝑅𝐿𝑖,𝑗)/2

𝑛
) ]

𝑗
𝑛

 (5.8) 

𝐼𝑇𝑅𝐿𝑃𝑁𝑆𝑅𝐿 = (
3 + 3

2
,

5 + 7

2
,

4 + 4

2
) =  (3, 6, 4) (5.9) 

From the calculations above, the ITRL value for the first sub-system is 3, for the 

second sub-system is 6, and for the last sub-system is 4. Next, an SRL value can be 

calculated by taking the average of all ITRL values. 
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𝑃𝑁𝑆𝑅𝐿𝑎𝑣𝑔 =
∑(𝐼𝑇𝑅𝐿)

𝑗
 

 

(5.10) 

𝑃𝑁𝑆𝑅𝐿𝑎𝑣𝑔 =
(∑(3, 6, 4))

3
=

3 + 6 + 4

3
= 4.33 (5.11) 

SRL value is normalized from the 1 to 9 scale used by TRL and IRL, to the SRL scale of 

0.1 to 1.0. 

𝑃𝑁𝑆𝑅𝐿𝑎𝑣𝑔 =
4.33

9
= 0.48 (5.12) 

The average PNSRL value is 0.48, using Table 2.3 this means that the system’s 

maturity is in the technology development acquisition phase. Since the Petri Net offers a 

better form of integrations in the system, a more accurate readiness level can be 

calculated. This SRL value incorporates all technologies and integrations, and utilizes a 

more robust graph, meaning that this SRL value is more meaningful than the prior SRL 

methods using system nodal views. 

Using the same arrays shown for the average PNSRL value, a minimum SRL 

value can be created. With a similar formula as TASRL, a Min-Plus formula can be used 

to offer a worst-case scenario SRL value can be created. This worst-case scenario value is 

the lowest combination of a TRL and IRL value. To properly utilize this formula, all IRL 

values of zero are removed from the equation. Using the Min function with PNSRL: 

𝑃𝑁𝑆𝑅𝐿𝑚𝑖𝑛 = 𝑚𝑖𝑛(𝐼𝑇𝑅𝐿) (5.13) 

Using the same ITRL as before, SRL is calculated with the Min function 

𝑃𝑁𝑆𝑅𝐿𝑚𝑖𝑛 = 𝑚𝑖𝑛(3, 6, 4) = 3 (5.14) 

Normalizing the SRL value 
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𝑃𝑁𝑆𝑅𝐿𝑚𝑖𝑛 =
3

9
= 0.33 (5.15) 

The minimum PNSRL value is 0.33, using Table 2.3 this means that the maturity 

is in the concept refinement acquisition phase. Since PNSRL changes the system nodal 

view and utilizes arrays, the existing SRL mathematical model can be utilized and 

simplified. A GTSRL mathematical model is used to calculate an average SRL value, 

while a TASRL model is used to calculate a worst-case scenario SRL value. Each method 

has potential uses, as they both define the readiness of the system differently. 

 Although a formula method can be used to calculate ITRL and SRL values, Petri 

Nets allow a simpler approach. This dissertation proposes the idea of nodal isolation. 

Nodal isolation is the process of separating technologies and associated integrations to 

allow for quick ITRL calculations. Figure 4-4 demonstrates nodal isolation for the 

previous engine example. 
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Figure 4-4: Nodal Isolation of Petri Net 

 By drawing red circles around each technology and associated integrations, all the 

necessary components are isolated to calculate an ITRL value for that sub-system. If an 

SRL value is needed, each ITRL value can be calculated quickly by using this method 

and then applying an SRL method, such as average PNSRL or worst-case PNSRL. A 

formal equation can represent calculating an ITRL value using nodal isolation. 

𝐼𝑇𝑅𝐿𝑃𝑁𝑆𝑅𝐿(𝑎𝑖𝑟) =
∑ (𝑇𝑅𝐿𝑎𝑖𝑟

𝑛
𝑖=1 + 𝐼𝑅𝐿𝑖,𝑎𝑖𝑟)/2

𝑛
=

3 + 3
2
1

= 3 
(5.16) 

The same equation can be altered slightly to offer a different way of calculation. 

𝐼𝑇𝑅𝐿𝑃𝑁𝑆𝑅𝐿(𝑎𝑖𝑟) =
(𝑇𝑅𝐿𝑎𝑖𝑟 ∗ 𝑛) + ∑ 𝐼𝑅𝐿𝑖,𝑎𝑖𝑟

𝑛
𝑖=1

𝑛 ∗ 2
 =

(3 ∗ 1) + (3)

2
= 3 (5.17) 
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These formulas show how an ITRL value can be calculated from nodal isolation. 

Nodal isolation is a simple approach to view segments of the system and understand its 

maturity. 

4.2.3 Validation Using Tokens 

By using Petri Nets, the system nodal view can be seen as a workflow that 

demonstrates events. When a Petri Net is created, tokens are usually assigned to offer a 

better view of operability. However, placing tokens can be difficult, especially in 

complex systems. By utilizing tokens, places can be allocated a capacity to further 

enhance PNSRL. Using the IID process, this research discovered key points in allocating 

tokens, assigning capacities, and general PNSRL characteristics. The following are 

guidelines that were created in this study for placing tokens and assigning capacities: 

- Tokens exist at a place that has one or more input arcs to a transition, and no 

output arcs from other places. A place that has any self-looping transition, and no 

other output arcs, may receive tokens.  The quantity of tokens is equal to the 

number of input arcs going from the token accepting place to transitions. 

- If there is an enclosed looping sub-system with no outside influence from output 

arcs, tokens can be assigned at the place with the largest capacity. The number of 

tokens assigned will equal to the capacity of that place. If all places have the 

same capacity, tokens can be assigned to any place in the self-looping sub-system. 

- The capacity of a place equals the number of output arcs connected to it. If no 

output arcs connect, the capacity of the place will be 1. If the place has starting 

tokens, the capacity of the place is equal to the number of assigned tokens or 

number of output arcs, whichever is greater. 

- Weight of all arcs is 1. (Thal, Olson and Blessner 2018) 

By placing tokens and creating capacities, the Petri Net is more functional. It now 

offers a method of weighting places as well as a more robust way to trace through the 

system. After the tokens and capacities are allocated, a reachability graph can be created 
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to ensure that the Petri Net is still valid. If tokens or capacities are allocated incorrectly, 

the Petri Net could fail the reachability test, signifying that it needs modification. Figure 

4-5 demonstrates a Petri Net with tokens and capacities assigned using the rules above. 

The reachability graph in Figure 2-8 is based on Figure 4-5 to show that the Petri Net is 

valid. 

 

Figure 4-5 Example of Petri Net Token Validation Using Rules, Illustrated in PIPE 

(Knottenbelt, et al. 2007) 

The reachability graph in 2-6 shows that the Petri Net has 47 states, three of 

which are tangible. These tangible states indicate that only three possible outcomes exist 

when going through the Petri Net in Figure 4-5. On the other hand, the 44 vanishing 

states describe how tokens flow through the Petri Net, and the states connect with each 

other.  
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4.2.4 Capacity PNSRL Calculation Utilizing CTE Sizes from Token 

Assignment 

Utilizing the Petri Net validated in Figure 4-5, TRL and IRL values can be 

applied for the SRL calculation. Each place in the Petri Net contains a capacity, which 

signifies how many tokens can be in that place at a given time.  The capacity of a place is 

significant, as it can distinguish when transitions can fire or be halted. Using the capacity, 

a place can discern a level of significance, instead of all technologies and integrations 

having the same importance.  

 The Capacity PNSRL calculation is based on the GTSRL calculation that utilizes 

a weighted average. The capacity of the place is applied when calculating the individual 

ITRL values, where c equals the place’s capacity. Each TRL and IRL combination is 

divided by the combination of the capacity of a place and the weight of the input or 

output arc, in which arcs have a weight that is always equal to 1.  

The formula for the Capacity PNSRL is: 

𝑃𝑁𝑆𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
∑ [

∑ ((𝑐𝑚 ∗ 𝑇𝑅𝐿𝑚)𝑛
𝑖=1 + 𝐼𝑅𝐿𝑖,𝑚)/(𝑐𝑚 + 1)

𝑛 ]
𝑗
𝑚=1

𝑗
 

(5.18) 

First, the ITRL array is calculated, where n equals the number of IRL values for a 

given TRL, and j equals the total number of TRL values. If using nodal isolation, an 

individual weighted ITRL value can be calculated using the following formula. 

𝐼𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
∑ ((𝑐 ∗ 𝑇𝑅𝐿)𝑛

𝑖=1 + 𝐼𝑅𝐿𝑖)/(𝑐 + 1)

𝑛
 (5.19) 

To apply this formula to the Petri Net illustrated in Figure 4-5, TRL and IRL 

values must first be applied. Figure 4-6 shows TRL values, depicted in blue, and IRL 

values, depicted in red, applied to the Petri Net in Figure 4-6. 
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Figure 4-6 Capacity PNSRL Method Example, Illustrated in PIPE (Knottenbelt, et al. 

2007) 

𝑇𝑅𝐿𝑤𝑒𝑖𝑔ℎ𝑡 = (5,   5,   4,   6,   3) (5.20) 

𝐼𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = [(4, 4,6), (5,5), (6,5,3,6),   (3,4),   (6,6)] (5.21) 

Next, an array is created containing all the capacities for a given TRL: 

𝐶 = (2,   2,   2,   2,   1) (5.22) 

Subsequently, each ITRL value is calculated: 

 

Table 4-2: ITRL Formulas for the Capacity PNSRL Method 

Place ITRL Formula 
ITRL 

Value 

P0 
𝐼𝑇𝑅𝐿𝑃0 =

(
(2 ∗ 5) + 4

3 +
(2 ∗ 5) + 4

3 +
(2 ∗ 5) + 6

3 )

3
 

4.89 

P1 
𝐼𝑇𝑅𝐿𝑃1 =

(
(2 ∗ 5) + 5

3 +
(2 ∗ 5) + 5

3 )

2
 

5.00 

P2 
𝐼𝑇𝑅𝐿𝑃2 =

(
(2 ∗ 4) + 6

3 +
(2 ∗ 4) + 5

3 +
(2 ∗ 4) + 3

3 +
(2 ∗ 4) + 6

3 )

4
 

4.33 
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P3 
𝐼𝑇𝑅𝐿𝑃3 =

(
(2 ∗ 6) + 3

3 +
(2 ∗ 6) + 4

3 )

2
 

5.17 

P4 
𝐼𝑇𝑅𝐿𝑃4 =

(
(1 ∗ 3) + 6

2 +
(1 ∗ 3) + 6

2 )

2
 

4.50 

 

Inserting these values into an ITRL array 

𝐼𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (4.89,   5.00,   4.33,   5.17,   4.50) (5.23) 

Calculating the SRL weighted function 

𝑃𝑁𝑆𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
∑ [ITRLm]𝑗

𝑚=1

𝑗
=

4.89 + 5.00 + 4.33 + 5.17 + 4.50

5
= 4.78  (5.24) 

Normalizing PNSRL 

𝑃𝑁𝑆𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
4.78

9
= 0.53 (5.25) 

Using Table 2.3, this weighted readiness calculation states that the maturity of this 

system is in the technology development acquisition phase.  

4.2.5 Capacity PNSRL Property Analysis 

 McConkie et al. (2012) and McConkie (2013) develop five SRL properties to 

allow future SRL methods to conform to certain criteria. London (2015) suggested a sixth 

property to be added to further extend the SRL properties. PNSRL will be verified 

against these properties to ensure the compliance of the model. The Capacity PNSRL 

method will be used for all calculations when verifying the model against the six SRL 

properties. 

4.2.5.1 First SRL Property 

 The first SRL property states that any given ITRL or SRL value cannot exceed the 

maximum TRL or IRL values in the system (McConkie, Mazzuchi, et al. 2012, 
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McConkie, Mazzuchi and Sarkani 2013, London, Holzer and Eveleigh 2015). This 

property is designed to limit SRL values from exceeding any sub-system values. To test 

this property, London (2015) suggests setting all IRL and TRL to the lowest value of 1, 

and then testing to ensure that SRL does not exceed that limit. To this end, the Petri Net 

from Figure 4-6 will be used, with the exception of the TRL and IRL values. 

To test this property, the TRL and IRL arrays must first be created. 

𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (1,   1,   1,   1,   1) (5.26) 

𝐼𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = [(1, 1, 1), (1, 1), (1, 1, 1, 1),   (1, 1),   (1, 1)] (5.27) 

The capacity of the places stays the same for this calculation 

𝐶 = (2,   2,   2,   2,   1) (5.28) 

Next, each ITRL value is calculated. 

Table 4-3: ITRL Formulas for SRL Property #1 Using the Capacity PNSRL Method 

Place ITRL Formula ITRL 

Value 

P0 
𝐼𝑇𝑅𝐿𝑃0 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

3
 

1.00 

P1 
𝐼𝑇𝑅𝐿𝑃1 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

2
 

1.00 

P2 
𝐼𝑇𝑅𝐿𝑃2 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

4
 

1.00 

P3 
𝐼𝑇𝑅𝐿𝑃3 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

2
 

1.00 

P4 
𝐼𝑇𝑅𝐿𝑃4 =

(
(1 ∗ 1) + 1

2 +
(1 ∗ 1) + 1

2 )

2
 

1.00 

 

Inserting these values into an ITRL array 
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𝐼𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (1.00,   1.00,   1.00,   1.00,   1.00) (5.29) 

Calculating the SRL weighted function 

𝑃𝑁𝑆𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
∑ [ITRLm]𝑗

𝑚=1

𝑗
=

1.00 + 1.00 + 1.00 + 1.00 + 1.00

5
= 1.00  (5.30) 

From this example, the Capacity PNSRL method passes the first SRL property 

test. To further verify that the Capacity PNSRL passes this property test, TRL and IRL 

values are simulated from 1 to 9 and PNSRL values are calculated. Figure 4-7 shows that 

when the TRL and IRL increase over their full value range, that PNSRL increases but 

does not exceed the TRL or IRL values.  

  

Figure 4-7 Capacity PNSRL Method Property #1 Graph, Illustrated in PIPE (Mathworks 

2014) 

 In this simulation, the SRL value is never larger than the maximum TRL or IRL 
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values. This simulation proves that the Capacity PNSRL obeys the first SRL property. 

4.2.5.2 Second SRL Property 

 The second SRL property states that increasing a TRL value while keeping all the 

other TRL and IRL values static does not decrease the ITRL or SRL values (McConkie, 

Mazzuchi, et al. 2012, McConkie, Mazzuchi and Sarkani 2013, London, Holzer and 

Eveleigh 2015). Following a similar pattern as London (2015), this property can be tested 

by first setting all the TRL and IRL values to 1, and then increasing a single TRL value. 

Using a simulation, the changing TRL value and corresponding SRL value can be 

plotted, seen in Figure 4-8. 

 

Figure 4-8 Capacity PNSRL Method Property #2 Graph, Illustrated in PIPE (Mathworks 

2014) 
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Figure 4-8 shows that the Capacity PNSRL value does not decrease the SRL value or 

ITRL values. Instead, the SRL value increases slightly due to the increase in the TRL 

value, thereby showing that the PNSRL obeys the second SRL property. 

4.2.5.3 Third SRL Property 

 The third SRL property states that if another technology is introduced to the 

system with a TRL and IRL value greater than the existing SRL value, the new SRL 

value may change and result in a greater than or equal to the original SRL value 

(McConkie, Mazzuchi, et al. 2012, McConkie, Mazzuchi and Sarkani 2013, London, 

Holzer and Eveleigh 2015). To verify this property for PNSRL, the original Petri Net will 

first be utilized with the TRL and IRL values equal to 1. From the calculations done in 

5.2.5.1, the Capacity PNSRL value in this example is 1. Since the Capacity PNSRL 

utilizes the capacity of places, once new components are added, other place capacities 

may change. In addition, tokens may be created that change the reachability graph of the 

Petri Net. For simplification, however, a new component is added to place P4 because 

doing so does not change the capacities of existing places. Figure 4-9 shows the new Petri 

Net that is created. 
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Figure 4-9 Capacity PNSRL Method Example for SRL Property #3, Illustrated in PIPE 

(Knottenbelt, et al. 2007) 

 Figure 4-9 shows the new Petri Net that is created by adding a new place and 

transition. The values for the new TRL and IRLs are 9. Because the transition goes from 

the new place P5 to the existing place P4, the IRL array for P4 increases in size. To 

calculate the new SRL value, the TRL and IRL arrays must be created first. 

𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (1,   1,   1,   1,   1,   9) (5.31) 

𝐼𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = [(1, 1, 1), (1, 1), (1, 1, 1, 1),   (1, 1, ),   (1, 1,9),   (9)] (5.32) 

The capacity of the places also changes with the new addition. 

𝐶 = (2,   2,   2,   2,   1,   1) (5.33) 

Next, each ITRL value is calculated. 

Table 4-4: ITRL Formulas for SRL Property #3 Using Capacity PNSRL Method 

Place ITRL Formula 
ITRL 

Value 
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P0 
𝐼𝑇𝑅𝐿𝑃0 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

3
 

1.00 

P1 
𝐼𝑇𝑅𝐿𝑃1 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

2
 

1.00 

P2 
𝐼𝑇𝑅𝐿𝑃2 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

4
 

1.00 

P3 
𝐼𝑇𝑅𝐿𝑃3 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

2
 

1.00 

P4 
𝐼𝑇𝑅𝐿𝑃4 =

(
(1 ∗ 1) + 1

2 +
(1 ∗ 1) + 1

2  +
(1 ∗ 1) + 9

2 )

2
 

3.50 

P5 
𝐼𝑇𝑅𝐿𝑃5 =

(
(1 ∗ 9) + 9

2 )

1
 

9.0 

 

Inserting these values into an ITRL array 

𝐼𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (1.00,   1.00,   1.00,   1.00,   3.50,   9.0) (5.34) 

Calculating the SRL weighted function 

𝑃𝑁𝑆𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
∑ [ITRLm]𝑗

𝑚=1

𝑗
=

1.00 + 1.00 + 1.00 + 1.00 + 3.50 + 9.0

6
= 2.75  (5.35) 

With the new component addition, the Capacity PNSRL value is 2.75, which is 

greater than the initial SRL value equal to 1.00. Therefore, Capacity PNSRL obeys the 

third SRL property. 

4.2.5.4 Fourth SRL Property 

 The fourth SRL property states that an ITRL value of a sub-system cannot exceed 

the maximum TRL or IRL value of that same sub-system (McConkie, Mazzuchi, et al. 

2012, McConkie, Mazzuchi and Sarkani 2013, London, Holzer and Eveleigh 2015). This 
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means that for each sub-system, ITRL is bounded to not exceed the highest associated 

TRL or IRL. Similarly to SRL property #1, SRL property #4 concerns a lower level of 

the specific sub-system. Using the same calculation as in 5.2.5.1, the ITRL values and the 

TRL and IRL arrays can be compared. Table 4-5 presents all applicable values. 

Table 4-5: ITRL Formulas for SRL Property #4 Using Capacity PNSRL Method 

Place TRL Value IRL Values ITRL Value 

P0 1 (1,1,1) 1 

P1 1 (1,1) 1 

P2 1 (1,1,1,1) 1 

P3 1 (1,1) 1 

P4 1 (1,1) 1 

 

From Table 4-5, ITRL values show that they do not exceed the maximum associated TRL 

or IRL values. The Capacity PNSRL method therefore obeys SRL property #4. 

4.2.5.5 Fifth SRL Property 

 The fifth SRL property states that if all TRL and IRL values equal a constant, then 

the calculated SRL value equals that same constant (McConkie, Mazzuchi, et al. 2012, 

McConkie, Mazzuchi and Sarkani 2013, London, Holzer and Eveleigh 2015). Using the 

simulation from the first SRL property, Figure 4-7 shows that for every TRL and IRL 

value where they are equal to the same constant value, Capacity PNSRL equals to that 

same constant. This proves that the Capacity PNSRL method obeys the fifth SRL 

property. 

 4.2.5.6 Sixth SRL Property 
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 The sixth SRL property was originally introduced by London (2015). It states that 

adding a new integration between existing technologies with an IRL greater than or equal 

to the minimum TRL or IRL value will not increase the calculated SRL. The original 

intention with this property was to allow two technologies to have more than one 

integration between each other. With this expansion, the SSRL, GTSRL, and TASRL 

cannot obey this property, since the IRL adjacency matrix only allows for one integration 

between two technologies. With this property, London (2015) also suggests that the Min-

Min mathematical function produces the best SRL value by stating that new edges, even 

if greater in value, do not increase the SRL value. Because this SRL property is overly 

specific to the IMSRL method, the author of the present study suggests modifying it. The 

sixth SRL property should state that if a new integration is added between existing 

technologies with an IRL value greater than the largest TRL or IRL value in the system, 

then the calculated SRL value should not decrease. This amended property is similar to 

SRL property #3, except that it focuses on the allowance of multiple integrations between 

technologies.   

 To test this property, the Petri Net from Figure 4-6 is modified to add a new 

integration between places P1 and P4, as shown in Figure 4-10.  
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Figure 4-10 Capacity PNSRL Method Example for SRL Property #6, Illustrated in PIPE 

(Knottenbelt, et al. 2007) 

 In Figure 4-10, transition T6 is added with input and output arcs equal to IRL 

values of 9. Because of this new addition, the capacity at place P1 increases from 2 to 3, 

which changes the capacity array.  The addition of two new arcs connected to transition 

T6 also increases the size of the IRL array. To calculate the Capacity PNSRL, the TRL 

and IRL array must be created. 

𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (1,   1,   1,   1,   1) (5.35) 

𝐼𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = [(1, 1, 1), (1, 1, 9), (1, 1, 1, 1),   (1, 1),   (1, 1, 9)] (5.36) 

The capacity of the places stays the same for this calculation 

𝐶 = (2,   3,   2,   2,   1) (5.37) 

Next, each ITRL value is calculated. 
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Table 4-6: ITRL Formulas for SRL Property #6 Using Capacity PNSRL Method 

Place ITRL Formula ITRL 

Value 

P0 
𝐼𝑇𝑅𝐿𝑃0 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

3
 

1.00 

P1 
𝐼𝑇𝑅𝐿𝑃1 =

(
(3 ∗ 1) + 1

4 +
(3 ∗ 1) + 1

4 +
(3 ∗ 1) + 9

4 )

3
 

1.67 

P2 
𝐼𝑇𝑅𝐿𝑃2 =

(
(2 ∗ 1) + 1

3
+

(2 ∗ 1) + 1
3

+
(2 ∗ 1) + 1

3
+

(2 ∗ 1) + 1
3

)

4
 

1.00 

P3 
𝐼𝑇𝑅𝐿𝑃3 =

(
(2 ∗ 1) + 1

3 +
(2 ∗ 1) + 1

3 )

2
 

1.00 

P4 
𝐼𝑇𝑅𝐿𝑃4 =

(
(1 ∗ 1) + 1

2 +
(1 ∗ 1) + 1

2 +
(1 ∗ 1) + 9

2 )

3
 

2.33 

 

Inserting these values into an ITRL array 

𝐼𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (1.00,   1.67,   1.00,   1.00,   2.33) (5.38) 

Calculating the SRL weighted function 

𝑃𝑁𝑆𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
∑ [ITRLm]𝑗

𝑚=1

𝑗
=

1.00 + 1.67 + 1.00 + 1.00 + 2.33

5
= 1.40  (5.39) 

The Capacity PNSRL value is 1.40, which is larger than the original SRL value of 

1.00. The Capacity PNSRL method obeys the newly amended sixth SRL property. 

However, if the original property were not amended, PNSRL would fail since it does not 

utilize a Min function in the SRL calculation. PNSRL takes into account every TRL and 

IRL value for the SRL value, while IMSRL only accounts for the smallest TRL or IRL 

value. The amended sixth property, however, is satisfied by both types of SRL methods. 

In contrast, SSRL, GTSRL, and TASRL do not satisfy this property because they are 
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based on a system nodal view that does not allow for multiple integrations between 

CTEs. If these SRL methods were used with PNSRL, however, then they would obey this 

property, as a Petri Net does not limit the number of integrations.   

4.3 Contributions to Systems Engineering 

This section defines the primary contributions of this research to the systems 

engineering body of knowledge. The first contribution is the analysis of current SRL 

models to further understand their limitations and uses. This is essential to discover how 

each SRL model can be applied, as well as to identify issues. The second contribution of 

this study is the PNSRL model, which can be broken down into five parts: graphical 

representation, mathematical representation, model validation, Capacity PNSRL 

calculation, and SRL property analysis.  

4.3.1 Current SRL Method Analysis 

To create a solution, the problem must be understood in detail. Albert Einstein 

once said, “if I had an hour to solve a problem, I’d spend 55 minutes thinking about the 

problem and 5 minutes thinking about solutions.” This advice suggests that more time 

should be taken to comprehend the issue instead of solving it blindly. Before 

implementing or enhancing any SRL models, in this study the current SRL methods were 

examined, both graphically and mathematically. This process followed the INCOSE 

(2011) and INCOSE (2015) methods of defining assessment criteria, analyzing system 

alternatives, and comparing assessment results. To further analyze SRL behavior and 

validate each method, a simulation was used (INCOSE 2011, INCOSE 2015). This 

analysis could potentially identify the shortcomings and key issues in current 

instantiations of SRL. With this analysis, a more robust SRL model is created. 
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PNSRL is a new SRL model that resolves many of the limitations of previous 

instances. Originally developed based on the IMSRL model created by London (2015), 

this model expands the capabilities of integrations, creates a more useable graphical 

representation, simplifies SRL calculations, and introduces a better SRL calculation.  

4.3.2 PNSRL Graphical Representation 

 The PNSRL’s graphical representation utilizes Petri Nets to create a nodal view 

containing transitions that break integrations into inputs and outputs. As the individual 

nodes stay the same, even though they are renamed places, each integration can be 

replaced to create a more Petri-Net-like structure. Because an integration can be broken 

down into two separate arcs with a transition, more sophisticated and useable models can 

be created. For example, a transition can contain one or more input arcs and one or more 

outputs arcs. This can then create relationships between integrations and better define the 

relationships between arcs and places. More complex and meaningful integrations can be 

created, which ultimately improves the SRL calculations.  

4.3.2 PNSRL Mathematical Representation 

 Sauser (2009), Garrett (2011), McConkie (2013), and London (2015) have 

designed several SRL methods. These methods were compared and broken down in the 

comparative analysis section. From this comparative analysis, this research could 

conclude on certain limitations for each of the SRL methods. However, this analysis only 

looked at the SRL methods using the original system nodal view, which the PNSRL 

model graphically enhanced.  Using the PNSRL model’s Petri Net, each SRL method 

was applied to calculate an SRL value, showing increased functionality.   
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4.3.3 PNSRL Model Validation 

 The validation of the model was accomplished in two parts: token validation and 

a reachability graph. First, token validation consists of the application of tokens to the 

PNSRL graphical representation. To place these tokens, this dissertation suggests a 

simple method of application that creates tokens and weights for each place. Tokens can 

also be modified by the systems engineer but will most likely be unknown.  To utilize the 

token validation, a reachability graph is constructed to ensure that all nodes in the Petri 

Net are reachable. Passing this step is crucial to verify and validate the Petri Net. 

4.3.4 Capacity PNSRL Calculation 

 After creating tokens and applying capacities to places, a new SRL calculation 

was created, Capacity PNSRL method. This method illustrates how places correspond to 

their connected arcs. In the past, technologies and integrations were equal in weight and 

did not affect the calculation. In a Petri Net, since integrations have weights and places 

have capacities, a higher level of interconnection can be applied mathematically. 

Capacities of places and weights of transitions can also be seen as applying a level of 

priority, ensuring that the SRL calculation falls into a proper acquisition phase.  

4.3.5 SRL Mathematical Properties Analysis 

 To verify the new SRL mathematical model, McConkie et al. (2012), McConkie 

(2013), and London (2015) suggest six SRL properties that a new SRL model must 

satisfy. Each SRL property is applied to PNSRL to verify the correctness of the model. 

This dissertation looks at the validity of the last SRL property created by London (2015) 

and propose a revision to the “sixth” SRL property. 
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4.3.6 PNSRL Model Comparative Analysis 

 The PNSRL model can be applied to the same comparative analysis found in 

Table 4-1 to assess the model’s capabilities. Table 4-7 shows the PNSRL model with the 

Capacity PNSRL method assessment compared to the other SRL models. 

Table 4-7: PNSRL Model and Capacity PNSRL Method Comparative Analysis 

Assessment Criteria SSRL GTSRL TASRL IMSRL PNSRL 

Graphical      

Allows for self-

looping integrations? 

No Yes Yes Yes Yes 

Allows for multiple 

integrations per node 

combination? 

No No No Yes Yes 

Allows for complex 

integrations? 

No No No No Yes 

Allows integrations to 

have relationships 

with each other? 

No No No No Yes 

Allows components to 

have priorities? 

No No No No Yes 

Used when system 

architecture is known 

or unknown? 

Known Known Both Both Both 

Allows integrations to 

have direction? 

No Yes Yes Yes Yes 

Accounts for 

integration direction in 

SRL calculation? 

No No No No Yes 

Mathematical      

Calculation type Average  Average Min-Plus Min-Min Average using 

Capacity 

Calculation mode 

based on 

Matrices Matrices Matrices Matrices Arrays 

Identifies the most 

immature component? 

No No Yes Yes No 

Identifies the lowest 

TRL? 

No No No No No 

Identifies the lowest 

IRL? 

No No No No No 
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Allows ITRL or SRL 

to improve when other 

aspects of the system 

improve? 

Yes Yes No No Yes 

Takes into account all 

TRL and IRL values? 

Yes Yes No No Yes 

 

Table 4-7 shows that the PNSRL graphical representation achieves all conditions 

assessed. The Capacity PNSRL method improves upon IMSRL by taking into account all 

TRL and IRL values and allowing SRL calculations to mature when other aspects of the 

system mature. However, Capacity PNSRL does not distinguish the most immature 

technology and does not identify the lowest TRL or IRL value. Since Capacity PNSRL 

using an average formula and capacities, Capacity PNSRL looks at overall system 

maturity rather than worst case scenario like the tropical algebra methods used by 

TASRL and IMSRL. 

4.3.7 PNSRL Simulation Results Comparison 

 Using the simulation detailed in Section 4.1, PNSRL is applied to show the 

readiness trend of a maturing system. Using the Serial Nodal System in Figure 4-1, a 

petri net would follow a similar form except with integrations utilizing separate arcs 

between places. Figure 4-11 shows the serial nodal system using PNSRL.   

 
Figure 4-11: Serial Nodal System Using PNSRL 

 

 With a defined petri net and associated readiness values, SRL can be calculated 

during each iteration of the simulation.  Figure 4-12 shows the outcome of applying 
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Capacity PNSRL to Figure 4-11. 

 
Figure 4-12: PNSRL Applied to the Serial Node Structure Simulation 

 Capacity PNSRL follows a similar maturity trend as GTSRL, meaning that it 

becomes more mature when more mature technologies are added. Capacity PNSRL 

proves that all TRL and IRL values in the system are properly represented in the SRL 

calculations, and system maturity follows an expected trend.  

4.4 Summary 

 PNSRL radically changes the SRL paradigm by enhancing its graphical 

representation and mathematical formulas. First, this study comparatively analyzed every 

SRL method to ensure that the problem was properly defined. The problem discovered by 

this research was the graphical limitations of the system nodal view, and insufficient 

integrations. These problems lead to other issues with calculating and SRL value for the 



83 

 

system. Having determined that the problem stemmed from the system nodal view, the 

graphical representation of a system was transposed into a Petri Net. Figure 4-11 shows a 

power grid example of the system nodal view compared to the PNSRL model. 

 

Figure 4-13 System Nodal View and PNSRL Comparison 

Using Figure 4-11, the system nodal view and PNSRL represent a power grid 

with various power generation sites, substations, and community sections that need 

power. The Wind Farm, Coal Plant, and Natural Gas Plant generate power for Substation 

A and Substation B, which supply power to the Residential Section and Commerce 

Section. The system nodal view shows each component in the power grid system with 

connecting integration representing basic interconnections to each other. However, the 

system nodal view does not elaborate on those interconnections and fails to supply 

important system information. The PNSRL model defines each integration as a transition, 

which allows relationships between interconnections, and supplies meaningful 

information about how the system operates, and how TRL and IRL values affect 

connecting components.  
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The Petri Net version of the SRL nodal diagram: allows integrations to have 

relationships with each other; allows tokens to show the system interoperability workflow 

and to be used for validation; offers nodal isolation for easy ITRL calculation; and allows 

technologies to contain a capacity that can be used for the Capacity PNSRL calculation. 

Because of this more understandable graphical representation, the SRL calculation 

complexity can be reduced to use basic arrays, a new Capacity PNSRL calculation can be 

introduced, TRL and IRL values do not need to be normalized to calculate SRL, and 

other SRL calculations can still be applied to the system. 
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Chapter 5 – Conclusions and Recommendations 

 

 

5.1 Conclusions 

PNSRL offers a more robust SRL model that extends the SRL capabilities both 

graphically and mathematically. As systems become more complex, maturity models 

need to adapt to support them. First, existing SRL models were analyzed and compared 

to understand the issues associated with SRL. This analysis led to the creation of 

PNSRL, which combines SRL with Petri Nets. PNSRL’s capabilities are robust enough 

to handle any complex system and offer valid maturity assessments. By utilizing Petri 

Nets, the system can be better graphically represented, expanding the integrations to 

show better interconnection between the technologies in a system. Based on this 

graphical representation, PNSRL offers the use of different, simpler SRL mathematical 

methods. Nodal isolation further simplifies SRL calculations by offering a means to 

calculate an ITRL value using only the Petri Net.  

PNSRL was extended further by assigning tokens and allocating capacities to 

places. This led to the development of the Capacity PNSRL method, which uses the 

capacities to offer a weighted SRL calculation. To ensure that PNSRL is a valid model, 

six SRL properties were used for verification. Upon verifying PNSRL, the sixth SRL 

property was revised to properly apply it to SRL methods agnostically. PNSRL proved to 

be a valid model that is robust enough to handle complex systems with a high level of 

detail while simplifying SRL calculations. Further research into PNSRL and other SRL 

methods could further enhance SRL, and offer useable maturity models. 

5.2 Research Benefits 

This dissertation has shown that the PNSRL model enhances the system nodal 
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view and improves calculating an SRL value. PNSRL expands SRL by employing a 

better graphical representation of a system, which in turn creates a better method to 

calculate an SRL value. Integrations between technologies are enhanced by utilizing 

transitions, which offer the possibility for integrations to have relationships with each 

other. Different SRL calculations can be used with PNSRL, such as the average and 

worst-case scenario methods. Moreover, instead of matrix operations, PNSRL uses 

arrays, which make SRL calculations easier. Nodal isolation further reduces complexity, 

allowing a quick ITRL calculation by utilizing the PNSRL Petri Net. To further apply 

Petri Nets to SRL, tokens and capacities are allocated to offer a more robust model. 

 Capacity PNSRL is a new SRL method that utilizes the capacities created for each 

place in the Petri Net and offers a weighted SRL calculation that describes technology 

importance. In this study, PNSRL was verified using the six SRL properties created by 

McConkie et al. (2012), McConkie (2013), and London (2015). The sixth SRL property 

was revised to be properly applied to other SRL methods instead of limiting it to Min-

functional ones. Capacity PNSRL represents all technologies and integrations when 

calculating ITRL and SRL values. 

5.3 Research Limitations 

By using Petri Nets, certain limitations are recognized in this study. Many SRL issues 

revolving around the system nodal view have been resolved, and the calculations behind 

SRL have been simplified. Nevertheless, the following limitations exist because of the 

Petri Net structure and should be taken into consideration when using PNSRL. 

• Normalization of TRL and IRL values are done to ensure that the SRL value 

adheres to the specific SRL readiness scale. Most SRL methods normalized 
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TRL and IRL values prior to calculating SRL. However, Capacity PNSRL in 

this research waited to normalize values until an SRL value was calculated. 

Either way, normalization must occur for an SRL value.  

• If using the PNSRL model, un-directional or bi-directional integrations, 

require two separate transitions to be created. Because of this, the Petri Net 

could be more graphically complex, since more components are being 

illustrated. A shorthand illustration of this type of integration could be 

beneficial in reducing graphical complexity. However, a shorthand would 

restrict the IRL values of both transitions’ arcs to the same values.  

• In this research, different capacities are assigned to places but all arcs have a 

weight of one. This potentially restricts integrations to have the same priority 

and weighted scale in SRL calculations 

• Using Capacity PNSRL, output arcs and input arcs are treated the same 

mathematically. Regardless of direction, arcs are connected to places and 

represent one side of an integration for a technology. Since all arc weights are 

the same, input and output arcs are of the same importance. 

• The Petri Net requires that there be at least one technology and that all 

technologies have some form of interconnection with each other. There cannot 

by any dangling technologies, technologies with no interconnections.  

• PNSRL does not detail the interval length between readiness levels. 

5.4 Recommendations for Future Studies 

 This dissertation proposes several areas that require further investigation. These 

include the following: 
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1. The use of colored or priority Petri Nets to recognize system critical paths. Both 

colored and priority Petri Nets have several different uses, and understanding 

critical paths could be beneficial. This type of Petri Net could also lead to a new 

modified SRL calculation.  

2. Utilization of hierarchical Petri Nets to further understand a system’s sub-

components. These types of Petri Nets could offer a lower level of system 

abstraction and the ability to have Petri Nets within Petri Nets. 

3. Research into a method to develop weights for integrations, similarly to how 

capacities were created for places in the present study. This could further enhance 

the relationships between the components of the system and lead to calculating a 

more accurate SRL value. 

4. Stochastic variations of the Petri Net could be used to include probability of risk 

or other system attributes. This could permit users to understand their chances of 

moving from one acquisition phase to another. 

5. Analysis of acquisition phase times and schedules as they apply to SRL models. 

The SRL model describes acquisition phases as a linear process where each phase 

is equal in length, except for the concept refinement acquisition phase. This 

research could offer a development timeline corresponding to SRL values. 

6. The SRL scale needs further refinement to be better applied to a system’s 

development process. If the SRL scale was expanded, this could potentially make 

the SRL value more meaningful to the systems engineer or other stakeholders. 

The author recommends that the TRL, IRL, and SRL scales use a 10-point system 

to reduce the need to normalize values. 
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7. The IRL scale is still in its infancy and needs refinement. The challenge of the 

IRL scale is to make it universally applicable to any kind of system. A better IRL 

scale could also aid in simplifying the IRA process.  

8. The SRL model looks at deploying an entire system at once. The SRL methods 

calculate the readiness value by combining all the components of the system. 

However, systems are not always deployed in this fashion and are sometimes 

developed in pieces.  Further research into how ITRLs can be prioritized for 

deployment could offer a more flexible maturity model.  

9. The SRL paradigm still focuses on graph theory to calculate an SRL value. Future 

research could develop another method of calculating SRL without the use of any 

graphical representation. This could possibly aid in developing maturity 

assessments for systems that have unknown technologies or uncertain system 

designs.  

10. Research in comparing SRL to the Manufacturing Readiness Level (MRL), to 

understand whether both readiness levels could be combined to create a greater 

synergy for maturity models. 

11.  Research in expanding SRL to support the full system lifecycle, from concept to 

retirement. System retirements need support, similarly to the initial development 

of a system. This research could include the creation of a new readiness level, 

expansion of current assessment processes, and a comparative analysis of the 

system lifecycle in regards to readiness. This research could aid in defining and 

tracking the disposal of a system.   
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Appendix A: Matlab Analysis Code 

The Matlab code created was used to compare the four common SRL methods, 

and verify PNSRL to the six SRL properties.  

A.1 Comparative Analysis Code 

The “Comparative Analysis” Matlab m-file was used to conduct the analysis on 

the different SRL methods using the system nodal view. This creates all the matrices 

needed for SRL calculations Other functions are called that calculate the SRL value and 

are detailed below. 

Comparative Analysis m-file 

% Comparative Analysis Code for SRL Methods using 
% Regular System Nodal View 
clc 
clear all 

  
maxNodesSize=100; 
ssrl(1) =0; 
gtsrl(1) =0; 
for i = 2:maxNodesSize 

     
    if i==2 
        % Initialize TRL vector and IRL matrix 
        % Starting with 2 nodes and 1 integration 
        % First Node will have a TRL value of 1 
        % Second Node will have a TRL value of 9 
        % First Integration will have a IRL vaue of 1 

  
        trl = [1/9 
            1]; 

  
        %SSRL 
        irl_ssrl = [1, 1/9 
            1/9, 1]; 

  

        ssrl(i) = ssrlCalc(i, trl, irl_ssrl); 

  
        %GTSRL 
        irl_gtsrl = [0, 1/9 
            1/9, 0]; 

         
        gtsrl(i) = gtsrlCalc(i, trl, irl_gtsrl); 

         
        %TASRL 
        irl_tasrl = [0, 1/9 
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            1/9, 0]; 

         
        tasrl(i) = tasrlCalc(i, trl, irl_tasrl); 

         
        %IMSRL 
        irl_imsrl = [1/9 
            1/9]; 

         
        imsrl(i) = imsrlCalc(i, trl, irl_imsrl); 

     
    else 
        % Adding to the Node structure 
        % A single node and integration will be added to the last Node 
        % This will create a serial nodal structure 
        % All additional Nodes will have a TRL value of 9 
        % All additional integrations will have a IRL value of 9 

         
        trl(i) = 1; 

         
        %SSRL 
        for j= 1:i 
            if j+1==i 
                irl_ssrl(j,i) = 1;  
            elseif j==i 
                for k=1:i 
                   if k+1==i 
                       irl_ssrl(j,k) = 1;  
                   elseif k==i 
                       irl_ssrl(j,k) = 1;  
                   else 
                      irl_ssrl(j,k) = 0;  
                   end                 
                end 
            else 
                irl_ssrl(j,i) = 0;             
            end  
        end 
        ssrl(i)=ssrlCalc(i, trl, irl_ssrl); 

  

         
        %GTSRL 
        for j= 1:i 
            if j+1==i 
                irl_gtsrl(j,i) = 1;  
            elseif j==i 
                for k=1:i 
                   if k+1==i 
                       irl_gtsrl(j,k) = 1;  
                   elseif k==i 
                       irl_gtsrl(j,k) = 0;  
                   else 
                      irl_gtsrl(j,k) = 0;  
                   end                 
                end 
            else 



100 

 

                irl_gtsrl(j,i) = 0;             
            end  
        end 
        gtsrl(i)=gtsrlCalc(i, trl, irl_gtsrl); 

         
        %TASRL 
        for j= 1:i 
            if j+1==i 
                irl_tasrl(j,i) = 1;  
            elseif j==i 
                for k=1:i 
                   if k+1==i 
                       irl_tasrl(j,k) = 1;  
                   elseif k==i 
                       irl_tasrl(j,k) = 0;  
                   else 
                      irl_tasrl(j,k) = 0;  
                   end                 
                end 
            else 
                irl_tasrl(j,i) = 0;             
            end  
        end 
        tasrl(i)=tasrlCalc(i, trl, irl_tasrl); 

         
        %IMSRL 
        for j=1:i 
            for k=1:i-1  
                if k == i-1 
                    if j+1 >=i 
                        irl_imsrl(j,k) = 1;  
                    end 
                else 
                    if j==i 
                        irl_imsrl(j,k) = 0;  
                    end 
                end                
            end 
        end 
        imsrl(i) = imsrlCalc(i, trl, irl_imsrl); 

  
    end 
end 

  
% Plot of the results 
plot(ssrl, 'color', 'r'); 
hold on; 
plot(gtsrl, 'color', 'g'); 
hold on; 
plot(tasrl,'-cx'); 
hold on; 
plot(imsrl, 'color', 'b'); 
hold off 
title('Comparison of SRL Calculations') 
xlabel('# of Nodes') 
ylabel ('SRL Value') 
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legend ('SSRL', 'GTSRL', 'TASRL', 'IMSRL') 
  

SSRL m-file 

The SSRL m-file contains the ssrlCalc function that calculates the SRL value 

using the SSRL method. 

function ssrl = ssrlCalc(size, trl, irl) 

  
    for j =1:size 
        itrl(j) = 0; 
        for k=1:size 
            itrl(j) = itrl(j) +(trl(k)*irl(j,k)); 
        end 
    end 
    itrl = itrl/size; 
    srl = 0; 
    for m =1:size 
        srl = srl + itrl(m); 
    end 
    ssrl = srl/size; 

  
end 

 

GTSRL m-file 

The GTSRL m-file contains the gtsrlCalc function that calculates the SRL value 

using the GTSRL method. 

 
function gtsrl = gtsrlCalc(size, trl, irl) 

  
    for j =1:size 
        itrl(j) = 0; 
        non_zero_size =0; 
        for k=1:size 
            if irl(j,k)>0 
                itrl(j) = itrl(j) +(trl(k)*irl(j,k)); 
                non_zero_size= non_zero_size+1; 
            end 
        end 
        itrl(j) = itrl(j)/non_zero_size; 
    end 
    srl = 0; 
    for m =1:size 
        srl = srl + itrl(m); 
    end 
    gtsrl = srl/size; 

  
end 
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TASRL m-file 

The TASRL m-file contains the tasrlCalc function that calculates the SRL value 

using the TASRL method. 

 

function tasrl = tasrlCalc(size, trl, irl) 

  
    for j =1:size 
        itrl(j) = 0; 
        m=1; 
        itrl_row(m)=0; 
        for k=1:size 
                itrl_row(m) =(trl(k)+irl(j,k)); 
                m = m+1; 
        end 
        itrl(j) = min(itrl_row); 
        clear itrl_row; 
    end 
    tasrl = min(itrl); 

  
end 

 

IMSRL m-file 

The IMSRL m-file contains the imsrlCalc function that calculates the SRL value 

using the IMSRL method. 

function imsrl = imsrlCalc(size, trl, irl) 

  
    for j =1:size 
        itrl(j) = 0; 
        m=1; 
        itrl_row(m)=0; 
        for k=1:size-1 
            p=1; 
            sub_itrl(p)=0; 
            for n=1:size 
                if irl(j,k)>0      
                    if trl(n) < irl(j,k) 
                        sub_itrl(p) =trl(n); 
                    else 
                       sub_itrl(p) =irl(j,k); 
                    end 
                    p=p+1; 
                end 
            end 
            if sub_itrl >0 
                itrl_row(m) =min(sub_itrl); 
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                m = m+1; 
            end 
            clear sub_itrl; 
        end 
        itrl(j) = min(itrl_row); 
        clear itrl_row; 
    end 
    imsrl = min(itrl); 

  
end 

 

A.2 Capacity PNSRL Property Code 

 The following MatLab code was used to test the Capacity PNSRL method against 

the SRL properties #1 and #2. Both simulations utilizes the Petri Net illustrated in 

Section 5.2.4. 

SRL Property #1 m-file 

% Capacity PNSRL method Property #1 Test 
% Simulated TRL and IRL values from 1 to 9 
% Based on validated Petri Net from Section 5.2.4 
clc 
clear all 

  

srl =0; 
for i=1:9 
    trl = [i, i, i, i, i]; 

  
    % Linked Lists were used for the IRL since MatLab does not support 
    % arrays of arrays with different sizes. Only likes to use matrices 
    irl=java.util.LinkedList; 
    li=irl.listIterator; 
    li.add([i i i]); 
    li.add([i i]); 
    li.add([i i i i]); 
    li.add([i i]); 
    li.add([i i]); 

  
    c= [2, 2, 2, 2, 1]; 
    size = length(trl); 

     
itrl =0; 
    for j = 1:size 
        irls = irl.get(j-1); 
        val =0; 
        for k = 1:length(irls) 
            val = val + ((trl(j)*c(j))+irls(k))/(c(j)+1); 
        end 
        itrl(j) = val /length(irls) 
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    end 

     
    val =0; 
    for j=1:size 
       val = val + itrl(j) 
    end 
    srl(i) = val/size; 

  
    plot_trl(i) =i; 
    plot_irl(i) =i; 
end 

  
plot(plot_trl, 'rx') 
hold on; 
plot(plot_irl, 'go') 
hold on; 
plot(srl, 'b') 
title('Capacity PNSRL Property #1') 
xlabel('TRL and IRL Values') 
ylabel ('SRL Value') 
legend ('TRL', 'IRL', 'Capacity PNSRL') 

 

 

SRL Property #2 m-file 

% Capacity PNSRL method Property #2 Test 
% Simulated single from 1 to 9, with all other TRLs and IRLs static 
% Based on validated Petri Net from Section 5.2.4 
clc 
clear all 

  
srl =0; 
for i=1:9 
    trl = [i, 1, 1, 1, 1]; 

  
    % Linked Lists were used for the IRL since MatLab does not support 
    % arrays of arrays with different sizes. Only likes to use matrices 
    irl=java.util.LinkedList; 
    li=irl.listIterator; 
    li.add([1 1 1]); 
    li.add([1 1]); 
    li.add([1 1 1 1]); 
    li.add([1 1]); 
    li.add([1 1]); 

  
    c= [2, 2, 2, 2, 1]; 
    size = length(trl); 

     
itrl =0; 
    for j = 1:size 
        irls = irl.get(j-1); 
        val =0; 
        for k = 1:length(irls) 
            val = val + ((trl(j)*c(j))+irls(k))/(c(j)+1); 
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        end 
        itrl(j) = val /length(irls) 
    end 

     
    val =0; 
    for j=1:size 
       val = val + itrl(j) 
    end 
    srl(i) = val/size; 

  
    plot_trl(i) =i; 
end 

  
plot(plot_trl, 'r-') 
hold on; 
plot(srl, 'b') 
title('Capacity PNSRL Property #2') 
xlabel('Dynamic TRL value') 
ylabel ('SRL Value') 
legend ('Changing TRL component', 'Capacity PNSRL') 
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Appendix B: PIPE Code 

 The PIPE code is stored in an XML file to be imported into the PIPE application. 

This xml file contains the Petri Net, shown in Figure 5-5, used for creating tokens and 

assigned weights to places. This Petri Net was also used in the creation of the reachability 

graph in Figure 2-8. 

<?xml version="1.0" encoding="ISO-8859-1"?><pnml> 

<net id="Net-One" type="P/T net"> 

<token id="Default" enabled="true" red="0" green="0" blue="0"/> 

<place id="P0"> 

<graphics> 

<position x="167.0" y="137.0"/> 

</graphics> 

<name> 

<value>P0</value> 

<graphics> 

<offset x="56.66666666666669" y="9.166666666666666"/> 

</graphics> 

</name> 

<initialMarking> 

<value>Default,2</value> 

<graphics> 

<offset x="0.0" y="0.0"/> 

</graphics> 

</initialMarking> 

<capacity> 

<value>2</value> 

</capacity> 

</place> 

<place id="P1"> 

<graphics> 

<position x="347.0" y="137.0"/> 

</graphics> 

<name> 

<value>P1</value> 

<graphics> 

<offset x="-4.999999999999998" y="9.166666666666666"/> 

</graphics> 

</name> 

<initialMarking> 

<value>Default,0</value> 

<graphics> 

<offset x="0.0" y="0.0"/> 

</graphics> 

</initialMarking> 

<capacity> 

<value>2</value> 

</capacity> 
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</place> 

<place id="P2"> 

<graphics> 

<position x="167.0" y="272.0"/> 

</graphics> 

<name> 

<value>P2</value> 

<graphics> 

<offset x="-3.3333333333333335" y="9.166666666666666"/> 

</graphics> 

</name> 

<initialMarking> 

<value>Default,0</value> 

<graphics> 

<offset x="0.0" y="0.0"/> 

</graphics> 

</initialMarking> 

<capacity> 

<value>2</value> 

</capacity> 

</place> 

<place id="P3"> 

<graphics> 

<position x="347.0" y="272.0"/> 

</graphics> 

<name> 

<value>P3</value> 

<graphics> 

<offset x="55.000000000000014" y="9.999999999999973"/> 

</graphics> 

</name> 

<initialMarking> 

<value>Default,2</value> 

<graphics> 

<offset x="0.0" y="0.0"/> 

</graphics> 

</initialMarking> 

<capacity> 

<value>2</value> 

</capacity> 

</place> 

<place id="P4"> 

<graphics> 

<position x="452.0" y="272.0"/> 

</graphics> 

<name> 

<value>P4</value> 

<graphics> 

<offset x="0.0" y="10.83333333333333"/> 

</graphics> 

</name> 

<initialMarking> 
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<value>Default,0</value> 

<graphics> 

<offset x="0.0" y="0.0"/> 

</graphics> 

</initialMarking> 

<capacity> 

<value>1</value> 

</capacity> 

</place> 

<transition id="T0"> 

<graphics> 

<position x="107.0" y="136.0"/> 

</graphics> 

<name> 

<value>T0</value> 

<graphics> 

<offset x="22.49999999999996" y="-8.166666666666663"/> 

</graphics> 

</name> 

<orientation> 

<value>0</value> 

</orientation> 

<rate> 

<value>1.0</value> 

</rate> 

<timed> 

<value>false</value> 

</timed> 

<infiniteServer> 

<value>false</value> 

</infiniteServer> 

<priority> 

<value>1</value> 

</priority> 

</transition> 

<transition id="T1"> 

<graphics> 

<position x="167.0" y="197.0"/> 

</graphics> 

<name> 

<value>T1</value> 

<graphics> 

<offset x="-0.8333333333333331" y="18.33333333333334"/> 

</graphics> 

</name> 

<orientation> 

<value>270</value> 

</orientation> 

<rate> 

<value>1.0</value> 

</rate> 

<timed> 
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<value>false</value> 

</timed> 

<infiniteServer> 

<value>false</value> 

</infiniteServer> 

<priority> 

<value>1</value> 

</priority> 

</transition> 

<transition id="T2"> 

<graphics> 

<position x="272.0" y="212.0"/> 

</graphics> 

<name> 

<value>T2</value> 

<graphics> 

<offset x="21.66666666666666" y="-7.500000000000001"/> 

</graphics> 

</name> 

<orientation> 

<value>0</value> 

</orientation> 

<rate> 

<value>1.0</value> 

</rate> 

<timed> 

<value>false</value> 

</timed> 

<infiniteServer> 

<value>false</value> 

</infiniteServer> 

<priority> 

<value>1</value> 

</priority> 

</transition> 

<transition id="T3"> 

<graphics> 

<position x="272.0" y="272.0"/> 

</graphics> 

<name> 

<value>T3</value> 

<graphics> 

<offset x="23.33333333333333" y="-4.999999999999988"/> 

</graphics> 

</name> 

<orientation> 

<value>0</value> 

</orientation> 

<rate> 

<value>1.0</value> 

</rate> 

<timed> 
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<value>false</value> 

</timed> 

<infiniteServer> 

<value>false</value> 

</infiniteServer> 

<priority> 

<value>1</value> 

</priority> 

</transition> 

<transition id="T4"> 

<graphics> 

<position x="314.0" y="337.0"/> 

</graphics> 

<name> 

<value>T4</value> 

<graphics> 

<offset x="23.33333333333333" y="-6.666666666666669"/> 

</graphics> 

</name> 

<orientation> 

<value>0</value> 

</orientation> 

<rate> 

<value>1.0</value> 

</rate> 

<timed> 

<value>false</value> 

</timed> 

<infiniteServer> 

<value>false</value> 

</infiniteServer> 

<priority> 

<value>1</value> 

</priority> 

</transition> 

<transition id="T5"> 

<graphics> 

<position x="407.0" y="197.0"/> 

</graphics> 

<name> 

<value>T5</value> 

<graphics> 

<offset x="-5.0" y="16.66666666666668"/> 

</graphics> 

</name> 

<orientation> 

<value>90</value> 

</orientation> 

<rate> 

<value>1.0</value> 

</rate> 

<timed> 
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<value>false</value> 

</timed> 

<infiniteServer> 

<value>false</value> 

</infiniteServer> 

<priority> 

<value>1</value> 

</priority> 

</transition> 

<arc id="P0 to T0" source="P0" target="T0"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="164" y="148" curvePoint="false"/> 

<arcpath id="001" x="123" y="148" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="P0 to T1" source="P0" target="T1"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="178" y="163" curvePoint="false"/> 

<arcpath id="001" x="178" y="204" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="P2 to T2" source="P2" target="T2"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="187" y="271" curvePoint="false"/> 

<arcpath id="001" x="221" y="225" curvePoint="false"/> 

<arcpath id="002" x="278" y="224" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="P2 to T4" source="P2" target="T4"> 

<graphics/> 

<inscription> 
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<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="178" y="298" curvePoint="false"/> 

<arcpath id="001" x="180" y="349" curvePoint="false"/> 

<arcpath id="002" x="320" y="349" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="P3 to T3" source="P3" target="T3"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="344" y="283" curvePoint="false"/> 

<arcpath id="001" x="288" y="284" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="P3 to T5" source="P3" target="T5"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="368" y="272" curvePoint="false"/> 

<arcpath id="001" x="413" y="213" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="P4 to T5" source="P4" target="T5"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="456" y="270" curvePoint="false"/> 

<arcpath id="001" x="423" y="214" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="T0 to P0" source="T0" target="P0"> 

<graphics/> 
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<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="113" y="148" curvePoint="false"/> 

<arcpath id="001" x="91" y="148" curvePoint="false"/> 

<arcpath id="002" x="91" y="101" curvePoint="false"/> 

<arcpath id="003" x="179" y="101" curvePoint="false"/> 

<arcpath id="004" x="178" y="134" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="T1 to P2" source="T1" target="P2"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="179" y="214" curvePoint="false"/> 

<arcpath id="001" x="178" y="268" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="T2 to P1" source="T2" target="P1"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="288" y="224" curvePoint="false"/> 

<arcpath id="001" x="348" y="159" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="T3 to P2" source="T3" target="P2"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="278" y="284" curvePoint="false"/> 

<arcpath id="001" x="193" y="284" curvePoint="false"/> 

<type value="normal"/> 
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</arc> 

<arc id="T4 to P4" source="T4" target="P4"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="330" y="348" curvePoint="false"/> 

<arcpath id="001" x="464" y="349" curvePoint="false"/> 

<arcpath id="002" x="464" y="298" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

<arc id="T5 to P1" source="T5" target="P1"> 

<graphics/> 

<inscription> 

<value>Default,1</value> 

<graphics/> 

</inscription> 

<tagged> 

<value>false</value> 

</tagged> 

<arcpath id="000" x="418" y="203" curvePoint="false"/> 

<arcpath id="001" x="370" y="158" curvePoint="false"/> 

<type value="normal"/> 

</arc> 

</net> 

</pnml> 
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Appendix C: Additional PNSRL Example 

 The example presented in this Appendix, details a realistic nuclear reactor system 

utilizing PNSRL. 

Comparison of the graphical representation of the IMSRL model to the PNSRL model. 

 

 
Figure C-1: Nuclear Reactor IMSRL and PNSRL model (Thal, Olson and Blessner 

2018) 

 

Token assignment was applied to the PNSRL model, following the rules detailed on page 

62-62. 

IMSRL PNSRL 

Control Rods 
𝑇𝑅𝐿1= 6 

Cooling Towers 
𝑇𝑅𝐿2= 8 

Reactor 
𝑇𝑅𝐿3= 4 

Condenser 
𝑇𝑅𝐿4= 2 

Steam Generator 
𝑇𝑅𝐿5= 5 

Turbine 
𝑇𝑅𝐿6= 3 

Generator 
𝑇𝑅𝐿7= 9 

ε1 = 3 

ε5 = 4 

ε7 = 4 

ε8 = 7 

ε2 = 5 

ε6 = 2 

ε9 = 1 

Control Rods 
𝑇𝑅𝐿1= 6 

Reactor 
𝑇𝑅𝐿3= 4 

ε1 = 3 

ε2 = 3 

Steam Generator 
𝑇𝑅𝐿5= 5 

Condenser 
𝑇𝑅𝐿4= 2 

Cooling Towers 
𝑇𝑅𝐿2= 8 

ε6 = 4 
ε7 = 2 

ε9 = 3 

Turbine 
𝑇𝑅𝐿6= 3 

Generator 
𝑇𝑅𝐿7= 9 

ε10 = 4 

ε12 = 7 

ε4 = 3 

ε14 = 1 

ε3 = 3 
ε4 = 5 

ε8 = 5 

ε3 = 5 

ε5 = 5 

ε11 = 4 
ε13 = 7 

t1 
t2 

t3 

t4 

t5 

t7 
ε16 = 9 

ε15 = 1 

t6 
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Figure C-2: Nuclear Reactor PNSRL Model with Token Assignment (Thal, Olson and 

Blessner 2018) 

 

To verify the model, a reachability graph was constructed using the PNSRL token 

assigned model. 

 
Figure C-3: Nuclear Reactor PNSRL Model Reachability Graph (Thal, Olson and 

Blessner 2018) 

 

 

To calculate SRL, the Capacity SRL equation is applied. 

Control Rods 
k=1 

Reactor 
k=1 

Steam Generator 
k=1 

Condenser 
k=2 

Cooling Towers 
k=1 

Turbine 
k=1 

Generator 
k=1 

1 

1 

1 

1 1 

1 

1 

1 

1 

1 

1 1 

1 

1 

t1 t2 

t3 

t4 
t5 

t7 

1 

t6 
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𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (TRL1, 𝑇𝑅𝐿2, 𝑇𝑅𝐿3, 𝑇𝑅𝐿4, 𝑇𝑅𝐿5, 𝑇𝐿𝑅6, 𝑇𝑅𝐿7) =  (6, 8, 4, 2, 5, 3, 9) 

𝐼𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = [(ε1, ε8), (ε3, ε4), (ε2, ε6), (ε5, ε7, ε14), (ε3, ε10), (ε11, ε12, ε14), (ε13, ε16)]

=  [(3,5), (5,3), (3,4),   (5,2,1),   (3,4),   (4,5,1),    (7,9)] 

 
Capacity = 𝑘 = (1, 1, 1, 2, 1, 1, 1) 

 

𝐼𝑇𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
∑ ((𝑘 ∗ 𝑇𝑅𝐿)𝑛

𝑖=1 + 𝐼𝑅𝐿𝑖)/(𝑐 + 1)

𝑛
 

 

Table C-1: ITRL Formulas for the Capacity PNSRL Method of the nuclear reactor (Thal, 

Olson and Blessner 2018) 

Technology ITRL Formula 
ITRL 

Value 

Control Rods 
𝐼𝑇𝑅𝐿1 =

(
(1 ∗ 6) + 3

2
+

(1 ∗ 6) + 5
2

)

2
 

5.0 

Cooling Towers 
𝐼𝑇𝑅𝐿2 =

(
(1 ∗ 8) + 5

2
+

(1 ∗ 8) + 3
2

)

2
 

6.0 

Reactor 
𝐼𝑇𝑅𝐿3 =

(
(1 ∗ 4) + 3

2
+

(1 ∗ 4) + 4
2

)

2
 

3.75 

Condenser 
𝐼𝑇𝑅𝐿4 =

(
(2 ∗ 2) + 5

3
+

(2 ∗ 2) + 2
3

+
(2 ∗ 2) + 1

3
)

3
 

2.22 

Steam Generator 
𝐼𝑇𝑅𝐿5 =

(
(1 ∗ 5) + 3

2
+

(1 ∗ 5) + 4
2

)

2
 

4.25 

Turbine 
𝐼𝑇𝑅𝐿6 =

(
(1 ∗ 3) + 4

2
+

(1 ∗ 3) + 5
2

+
(1 ∗ 3) + 1

2
)

3
 

3.17 

Generator 
𝐼𝑇𝑅𝐿7 =

(
(1 ∗ 9) + 7

2
+

(1 ∗ 9) + 9
2

)

2
 

8.5 

 

Table C-2: Acquisition phase for each ITRL value (Thal, Olson and Blessner 2018) 

Technology 
ITRL 

Value 

Normalized 

ITRL Value 
Acquisition Phase 

Control Rods 5.0 0.56 Technology Development 

Cooling Towers 6.0 0.67 System Development and Demonstration 

Reactor 3.75 0.42 Concept Refinement 

Condenser 2.22 0.25 Concept Refinement 

Steam Generator 4.25 0.47 Technology Development 

Turbine 3.17 0.35 Concept Refinement 

Generator 8.5 0.94 Operations and Support 
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𝑆𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
∑ [𝐼𝑇𝑅𝐿𝑚]𝑗

𝑚=1

𝑗
 

𝑆𝑅𝐿𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = (
0.56 + 0.67 + 0.42 + 0.25 + 0.47 + 0.35 + 0.94

7
) = 0.52 

 

Table C-3: ITRL and SRL values compared between Capacity PNSRL and IMSRL 

models (Thal, Olson and Blessner 2018) 

Technology Capacity PNSRL ITRL IMSRL ITRL 

Control Rods 0.56 0.33 

Cooling Towers 0.67 0.33 

Reactor 0.42 0.33 

Condenser 0.25 0.11 

Steam Generator 0.47 0.33 

Turbine 0.35 0.11 

Generator 0.94 0.78 

Composite SRL 0.52 0.11 

 


