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G E O R G E  M A S O N  U N I V E R S I T Y

RESEARCH OVERVIEW
• Motivation

o Advancements in AI/ML have enabled autonomy in engineered 
systems that reduce human workload and involvement in 
hazardous missions.

o Autonomous engineered systems can be integrated into 
existing SoSs to improve mission capabilities, evolving it to a 
System of Autonomous Systems (SoAS). 

o Autonomy comes in different levels (LoAs), each associated 
with uncertainty that makes the SoAS integration and Test and 
Evaluation (T&E) very challenging.

• Research Questions
o How to examine the impacts of integrating varying LoAs into 

an existing SoS during the development phase? 

o How to develop a generic architecting method to manage the 
complexity of SoAS integration while it is applicable to 
various domains?

o How to evaluate an SoAS while accounting for uncertainties 
and emergent behaviors due to varying LoAs?

Bayesian Network built for SoAS T&EExecutable MBSE architecture with LoA
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G E O R G E  M A S O N  U N I V E R S I T Y

LEVEL OF AUTONOMY (LOA)
• Traditional definition of autonomy in SoS:

• Managerial and Operational autonomy: Constituent systems operate and are managed independently.
• Definition of autonomy in AI and autonomous systems:

• The ability of a system to sense, perceive, analyze, communicate, plan, make decisions, and act/execute, to achieve its goals as assigned 
independent of human intervention.

• LoA refers to a set of these autonomous capabilities provided by a system, depending on its AI technology.

The concept of LoA is missing in SoS, as defined in AI/ML literature, 
but it is crucial to be considered in SoAS
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Torkjazi, M., & Raz, A. K. (2024a). A Review on Integrating Autonomy into System of Systems: Challenges and Research Directions. IEEE Open Journal of 
Systems Engineering. https://ieeexplore.ieee.org/document/10669760
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THE PROPOSED SYSTEMS ENGINEERING METHODOLOGY

• The architecting method employs the UAF 
and OOSEM to build various executable LoA 
architectures and simulate their performance.
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• The T&E method employs 
Bayesian Network (BN) and 
Machine Learning (ML) to 
provide a decision-making 
dashboard to explore the design 
space.

• Torkjazi, M., & Raz, A. K. (2024b). Model-Based Systems Engineering (MBSE) Methodology for Integrating Autonomy into a System of Systems Using the Unified 
Architecture Framework. INCOSE International Symposium, 34, 1051–1070. https://doi.org/10.1002/iis2.13195

• Torkjazi, M., & Raz, A. K. (2024c). Predictive and Prescriptive Analyses of Autonomy Integration into the System of Systems. In A. Salado, R. Valerdi, R. Steiner, & L. 
Head (Eds.), The Proceedings of the 2024 Conference on Systems Engineering Research (pp. 213–228). https://doi.org/10.1007/978-3-031-62554-1_14



G E O R G E  M A S O N  U N I V E R S I T Y

CASE STUDY: SEARCH AND RESCUE (SAR) SOS
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• Assume that the current SoS operations result in low-efficiency rates of fuel and the stakeholders desire to investigate 
improvement alternatives for the systems.

• One approach is using new autonomous systems available in the market that consume less fuel. 

OBJECTIVES
1) Identify the legacy systems to be replaced with autonomous systems
2) Determine the most suitable LoAs of autonomous systems that improve the SAR mission 
effectiveness metrics while considering uncertainty due to AI/ML



G E O R G E  M A S O N  U N I V E R S I T Y

ANALYZE STAKEHOLDERS NEEDS
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(a) Operational concept; (b) Use case diagram 

Levels of the SoS based on the lexicon

Output:
SoS “as-is” architecture and activities

Resources Process Flow

Resources Structure
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ANALYZE STAKEHOLDERS NEEDS
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Outputs: 
the to-be SoAS capabilities, 
replaceable system, and risks

The UAF Profile Extension for including the MBSE SWOT 
analysis
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ANALYZE STAKEHOLDERS NEEDS
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• Strategic Taxonomy view summarizes identified capabilities and their corresponding MOEs.
• Requirement table shows the identified mission and stakeholders’ requirements.
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ANALYZE SYSTEM REQUIREMENTS & DEFINE LOGICAL ARCHITECTURE

9



G E O R G E  M A S O N  U N I V E R S I T Y

SYNTHESIZE CANDIDATE PHYSICAL ARCHITECTURE
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• The implementation matrix helps identify resources with varying LoAs that are able to implement logical entities and 
their corresponding functions.

Two Possible alternative physical architectures 

• LoA2 employs remotely operated drones and needs drone pilots.
• LoA3 is fully autonomous, and the drone provides autonomous navigation as well as image 

recognition.

Implementation Matrix
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DEVELOP EXECUTABLE MODEL
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Parametric diagram Simulation configuration diagram

Output:
Evaluation data for trade study analysis
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OBTAINED DATASET
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• The dataset contains:
• SoAS-level MOEs and MOPs
• System-level TPMs
• Measures from the operational environment
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EVALUATION CHALLENGE AND SOLUTION APPROACH

• Challenge: Varying LoAs with uncertain performance can lead to undesirable performance as noticeable changes in MOEs. 

SoAS executable model
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• Solution approach: Employing BN to enable decision-making under uncertainty.

Uncertainty in TPMs leads to uncertain MOPs and MOEs



G E O R G E  M A S O N  U N I V E R S I T Y

THE PROPOSED T&E METHOD
• Objective: Choosing the best SoAS configuration in terms of improved MOEs while considering uncertainty.
• The proposed method integrates MBSE architecture with Bayesian Networks and further improves the analysis by using 

Machine Learning and optimization algorithms.
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Torkjazi, M., & Raz, A. K. (2024c). Predictive and Prescriptive Analyses of Autonomy Integration into the System of Systems. In A. Salado, R. Valerdi, R. Steiner, & L. Head (Eds.), The Proceedings of 
the 2024 Conference on Systems Engineering Research (pp. 213–228). https://doi.org/10.1007/978-3-031-62554-1_14
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THE RESULTING BN
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G E O R G E  M A S O N  U N I V E R S I T Y

PREDICTIVE ANALYSIS WITH VARYING LOAS
• The LoA 2 and LoA 3 architectures were compared in terms of improvements in mission time and fuel consumption. 

• In the current design, the MOEs fall within the Very_Low category (i.e., MOE_Time = [0.69 0.77] and MOE_Fuel = [1.04 2.33]).

Output: Predicting potential undesirable SoAS performance 
and understanding suitable LoAs

Predictive analysis: (a) LoA 2 design; (b) LoA 3 design

Increased the probability of
MOE_Time = [0.82 0.86] and 

MOE_Fuel = [2.33 3.19]

Did not make a significant change 
on MOE_Time but 

Increased the probability of 
MOE_Fuel = [3.91 7.2]
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G E O R G E  M A S O N  U N I V E R S I T Y

PRESCRIPTIVE ANALYSIS WITH VARYING LOAS

• Assume a scenario for the LoA 2 architecture in which an 
undesirable emergent behavior was noticed in 
MOE_Availability resulting in a value within the 
Very_Low category, i.e., [0.5 0.58].

Output: 
Possible root causes of undesirable emergent 

behaviors that help determine 
preventive strategies

BN with emergence in the MOE_Availability

Possible root causes
• Availability of Searching unit: 

probability of 68%
• Drone 1 interface MTTR: 

probability of 26% 
(longer repair time leads to lower 
availability rates)

17



G E O R G E  M A S O N  U N I V E R S I T Y

CONCLUSIONS
• LoAs in systems exacerbate both architecting and evaluation challenges for SoAS.

• To address the architecting challenges, we proposed a UAF-based MBSE method that
 establishes step-by-step guidance on how to begin the initial analysis, how to model the SoAS architecture, what 

UAF views to build, and what outputs to deliver in each step
 produces multiple executable SoAS architectures within a single MBSE environment composed of varying LoAs
 generates evaluation data for trade study analysis.

• To address the T&E challenges, we proposed a data-driven BN-based method reinforced by ML and 
optimization algorithms to provide
 predictive analysis to examine various scenarios and predict undesirable changes in MOEs, and
 prescriptive analysis to identify root causes of a possible undesirable performance and suggest preventive 

strategies.
 These two analyses together help with a more informed identification of the suitable LoAs to be integrated into 

the existing SoS.
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THANK YOU!
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