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Abstract – System of systems (SoS) acquisition is a 

dynamic process of integrating independent systems.  This 

paper describes modeling of the SoS acquisition 

environment based on the Wave Process Model. Agent-

based modeling methodology is utilized to abstract 

behavioral aspects of the acquisition process.     
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1 Introduction 

 Today, increasing number of system acquisitions 

focus on integration of independent systems into a System 

of Systems (SoS). Traditional system engineering approach 

of scoping the system boundaries and optimally allocating 

requirements to system components is not suitable for SoS 

development anymore. This is mainly due to the fact that 

SoS component systems are independent and have their 

own functionality, development processes, funding and 

operational missions. In addition changes in external 

environment such as funding, national priorities can alter 

the dynamics of the acquisition process [1], [3]. Therefore, 

SoS engineering processes need to consider change as an 

important dynamic beyond technical considerations.   

 Evolutionary acquisition models are more suitable to 

SoS development as they emphasize stakeholder 

involvement, interim milestones, increased iteration and 

concurrent development [4]. The Systems Engineering of 

SoS (SoS SE) model is developed by the US Department of 

Defense to identify the core elements of the SoS acquisition 

[1]. The Incremental Commitment Model [3] is a risk 

driven framework that can be tailored for SoS development. 

The Wave Model [1] maps SoS SE model’s core elements 

to a series of time-sequenced iterative process to guide 

implementation of the framework for practitioners of SoS 

development.    

 Regardless of the acquisition framework, in order to 

address SoS needs, SoS architects have to collaborate with 

individual system architects to leverage individual system 

functionalities. However, most system architects assume 

that SoS participants exhibit nominal behavior but 

deviation from nominal motivation leads to complications 

and disturbances in systems behavior. It is necessary to 

capture the behavioral dimension of SoS architecture to be 

able to represent the full problem space to guide SoS 

analysis and architecting phase [5]. 

 This paper builds on the Wave Process Model to 

abstract behavioral aspects of the acquisition process. An 

agent-based model of the process is discussed to analyze 

the impact of individual system motivations on the overall 

SoS architecture evolution. It is envisioned that this type of 

model will help us in understanding the intricate dynamics 

of the SoS development and improve acquisition process. 

In the following sections, the Wave Process Model is 

provided as background information (Section 2), a 

conceptual agent-based model of the process is described 

(Section 3), and finally future directions for the research are 

discussed in the conclusions section.    

2 SoS SE: The Wave Model 

The Wave Process Model presents the core elements 

of SoS SE model in a series of six time-sequenced major 

steps. The wave model or bus-stop approach is a 

development approach that is similar to the effect of 

periodic waves crashing at the shore or a bus that 

periodically stops at a specific location. The SoS has 

specific places in the development where it can accept 

updates from the individual systems. Individual systems can 

plan their deliveries to coincide with the SoS ‘bus-stops’ or 

can evaluate the effect of missing a planned SoS wave. 

Figure 1 illustrates the major elements of the Wave Process 

Model. The steps in the model are briefly introduced below 

as background information. For further details refer to [1]. 

 

2.1 Initiate SoS 

This step involves understanding the SoS objectives and 

operational concept (CONOPS) as well as gathering 

information on core systems to support desired capabilities.    



2.2 Conduct SoS Analysis 

This step establishes an initial SoS baseline architecture for 

SoS engineering based on SoS requirements space, 

performance measures, and relevant planning elements. 

2.3 Develop and Evolve SoS Architecture 

This step evolves the initial SoS baseline and develops the 

SoS architecture. The SoS architecture includes individual 

systems, key SoS functions and interdependencies among 

systems. The architecture identifies necessary changes in 

contributing systems in terms of interfaces and functionality 

in order to implement the SoS architecture.    

2.4 Plan SoS Update 

This step plans for the next SoS upgrade cycle based on the 

changes in external environment, SoS priorities, options and 

backlogs.  

 

2.5 Implement SoS Update 

This step establishes a new SoS baseline based on SoS level 

testing and system level implementation. This step is the 

end of wave cycle or ‘bus-stop’ where updates from 

individual systems can be integrated into the SoS.  

 

2.6 Continue SoS Analysis 

This step is the beginning of the next wave cycle and 

continuous to analyze the current SoS architecture for 

future SoS evolution.     

 

Figure 1. SoS Wave Process Model [1]  

3 Agent-based SoS Acquisition Model  

 Agent based models (ABM) consist of a set of 

abstracted entities referred to as agents, and a framework 

for simulating agent decisions and interactions. Agents have 

their own goals and are capable of perceiving changes in 

the environment. System behavior (global behavior) 

emerges from the decisions and interactions of the agents. 

The approach provides insight into complex interdependent 

processes. Agent-based modeling methodology has several 

benefits over other modeling techniques; it captures 

emergent patterns of system behavior, provides a natural 

description of a system composed of behavioral entities and 

is flexible for tuning the complexity of the entities [6]. The 

methodology is used in a wide range of application domains 

such as financial markets [8], autonomous robots [9], and 

homeland security [10] to analyze and understand behavior 

of complex systems.  

 The agent-based methodology is suitable for analyzing 

the behavioral aspects of the acquisition process as agents 

can capture independent systems’ behavior and SoS 

engineering activities. Figure 2 illustrates the agent-based 

SoS acquisition model. In the model, agents represent 

individual systems where agents embody the systems and 

the people responsible for them. The Wave process model 

applies to acknowledged SoS [7] thus there is also a 

specific agent responsible for the SoS engineering effort 

and for coordinating the individual system agents.  

Figure 2. Agent-based SoS Acquisition Model 

 The following subsections outline the general 

structure of the agent-based model and how key elements of 

the Wave Process model are abstracted for analyzing the 

impact of individual system behavior on SoS architecture 

and acquisition process.     

3.1 SoS Acquisition Environment 

The SoS agent and the individual system agents are 

influenced by the changes in the SoS acquisition 

environment. Thus the environment model includes external 

factors/variables such as national priorities, threats and SoS 

funding. As the SoS acquisition progresses through wave 

cycles, these variables are updated to reflect acquisition 

environment changes. Table 1 summarizes the model 

elements in mathematical notation.  

Table 1: SoS Acquisition Environment 

External factors/variables: 

 

 

Changes in external environment at wave time T: 

 

External factors/variables at time T: 
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3.2 SoS Agent Behavior 

SoS agent is responsible for the overall SoS 

engineering activity and coordinates with individual system 

agents to achieve the desired SoS mission. In the model, it 

is assumed that an initial SoS mission is already determined 

and an initial baseline SoS architecture is available. The 

SoS agent follows the six core SoS engineering activities 

outlined in the Wave Process Model in order to develop the 

SoS. The SoS architecture evolves based on the behavior of 

individual systems as well as changes in the external 

environment.  

 

Initiate SoS – During the initialization phase, the wave 

interval, the time interval from one wave to next, is 

determined. At each wave interval time, the SoS agent 

identifies SoS target measures which comprises desired SoS 

capabilities and SoS performance parameters for these 

capabilities in order to meet mission objectives. Since some 

of the capabilities may have higher priority levels than 

others, weighted value of each capability is also identified at 

this phase. Table 2 summarizes the abstracted model 

elements in mathematical notation.    

Table 2: Initiate SoS 

Simulation time: t 

Wave interval: epic 

Wave time: T=epic. t 

 

At Wave time: T=0  

 

Determine SoS desired capabilities:  

-  

 

Determine weighted value for each SoS capability: 
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Determine SoS desired performance parameters:  

 

 

Identify initial SoS Target Measures: 

 

 

Conduct SoS Feasibility Analysis –The SoS agent 

allocates SoS capabilities to individual systems or group of 

systems. This allocation identifies interface and 

functionality requirements for individual systems. This 

allocation defines a baseline SoS architecture. The program 

management measures such as schedule, funding are also 

identified.  The SoS baseline architecture and program 

measures information is sent to individual systems as a 

connectivity request to the SoS architecture. Individual 

systems should evaluate whether they can develop the 

requested interface with other systems and capabilities in 

the given deadline and funding. Table 3 summarizes the 

abstracted model elements in mathematical notation.  

 

Table 3: Conduct SoS Analysis 

Identify set of individual systems to satisfy the target 

SoS measures: 

 

Allocate SoS capabilities to individual systems: 

For i=1..n 

      For j=1..n 

 

 

 

Determine deadline for each allocated SoS capability: 

 

Determine funding for each allocated SoS capability:  

 

Define initial baseline SoS Architecture:   

 

Send SoS Connectivity Request to individual systems:   

 

  

Develop and Evolve SoS Architecture – The SoS agent 

updates the baseline SoS architecture based on information 

received from individual systems. Individual systems may 

decide to cooperate at the requested deadline, may decide to 

cooperate at a later time or may decide to not cooperate at 

all depending on their motivation. These decisions will 

affect the SoS architecture evolution. At this step, based on 

information received from individual systems, the expected 

SoS architecture at the end of the wave cycle is updated. 

Table 4 summarizes the abstracted model elements in 

mathematical notation.  

Table 4: Develop and Evolve SoS Architecture 

Receive information from individual systems (see 

Section 3.3, Table 8): 

 

 

Architecture update factor: 

 

 

Expected SoS architecture at wave time T: 
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Plan SoS Update – At the end of the wave cycle, the SoS 

agent evaluates changes in the external environment. The 

SoS target measures and wave interval for the next cycle is 

updated based on environment changes and architecture 

gaps analysis. The gap analysis is also conducted at the end 

of the wave cycle during the SoS implementation step which 

is described in the following step. Table 5 summarizes the 

model elements in mathematical notation.  

Table 5: Plan SoS update 

At wave time T: 

- Adjust/update SoS Target Measures: 

Capability update factor 

 

 

Performance update factor 

 

 

SoS Target measures update factor  

 

 

at T=0  

 

SoS Target measures at time T: 

 

- Adjust wave rhythm interval 

 

- Adjust budget/schedule for allocated capabilities 

 

 

Implement SoS – At the end of the wave cycle, the current 

SoS architecture is evaluated against initial SoS baseline 

architecture to identify the functionality and performance 

gaps. This step is an input to planning SoS update step. 

Table 6 summarizes model elements in mathematical 

notation. 

Table 6: Implement SoS architecture 

At wave time T: 

Gap analysis: 

 

 

Continue SoS analysis – The next wave cycle of the SoS 

development starts once the SoS target measures and wave 

interval time are updated.   

3.3 Individual System Behavior  

Individual systems receive request for connectivity to SoS 

architecture. Since each system is independent and has its 

own goals and motivations, the system has the option to 

cooperate or not cooperate with the SoS agent. The 

decision depends on several factors including system’s 

willingness to cooperate which measures the degree of 

selfishness of the individual system to be part of the SoS, 

and system’s ability to cooperate which depends on 

system’s resources that will allow the system to be part of 

the SoS. If individual system decides to cooperate, it sends 

information to the SoS agent on the probability of meeting 

the requested capability at the given deadline. If individual 

system decides to not cooperate, it has the option of 

requesting a later deadline to provide the capability. Table 

7 and Table 8 summarize the abstracted model elements in 

mathematical notation for individual systems.  

Table 7: Evaluate SoS Connectivity Request 

Individual system: 

System performance: 

System capability:  

Willingness to cooperate:  

Ability to cooperate: 

- Receive Connectivity Request from SoS agent: 

 

- Evaluate SoS request: 

 

 

 

 

Table 8: Reply back to SoS agent 

If  

 

where 

 

else  

Time to cooperate: 
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4 Conclusions 

 This paper outlined a generic agent-based model for 

analyzing behavioral dynamics of SoS acquisition based on 

Wave Process Model. Modeling key aspects of such an 

intricate process is challenging but necessary for 

understanding the behavioral dynamics. Future research 

will focus on generation of models for various SoS 

acquisition applications based on this generic model. It is 

envisioned that these models will provide insights into 

strategies for improving the SoS engineering process.  
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