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Problem Statement 
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Need for Model-Based Systems Engineering 
Approaches for Network of Systems (NoS) 



What is a Network of Systems (NoS)? 
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Definition:  Aggregation of system of systems (SoS) and complex cyber-physical 
sytems (CPSs) operating in a networked environment. 



Network of Systems Backbone: CPS and SoS 
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Distributed System Behavior Modeling for NoS 
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Source: Coelho, Austin and Blackburn, 2017. 



Motivating Application: Safety of Self-driving Cars 
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Key Challenges:  Distributed and concurrent behaviors; networking obstructions; 
delays; safety-critical operations; need for formal approaches to analysis. 



Transition to Semantically-enabled 
MBSE 
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Two basic questions: 1. What does state-of-the-art MBSE 
for NoS look like? 2. How efficient are the semantic 

foundations? 



State-of-the-Art MBSE Capability 
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Semantics in MBSE 
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Strategic Approaches to Development  
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Basic issue: How to remain productive in the face of rapidly 
increasing system complexity? 



Tenets of Our Approach 
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Enabling Infrastructure: Semantic Web Layer Cake 
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control 



System Architecture (Work in Progress) 
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Simple Example  
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Simplified Semantic Modeling of a Family …. 
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Event-driven 
evolution of 
semantic graph. 

Ontology 

Source: Delgoshaei, Austin, Pertzborn 2014. 



Behavior Modeling of Family-School Interactions 
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Source: Coelho, Austin and Blackburn, 2017. 

Semantic graph and 
interface model 



Family-School-Urban System Dynamics 
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Zone 1 

Zone 2 



Temporal and Spatial Logic  
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Basic issue: How do notions of space and time affect safety 
in safety-critical NoS? How should we reason with spatial 

and temporal phenomena? 



Hierarchies of Logic 
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Temporal Logic: Describes how the conditions of a system changes over time: 

Spatial Logic: Is concerned with regions and their connectivity, allowing one to 
address issues of the form:   

Spatio-Temporal Logic: Spatial logics are combined with temporal logics, 
allowing one to address issues of the form:  

We want to know what is true, and when? 

We want to know what is true, and where? 

We want to know not only what is true, but when and where? 



Allen’s Temporal Interval Calculus (ATIC) 
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Illustration: ATIC-based Time Ontology and Reasoning 
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Time Ontology 

Event-driven 
evolution of the 
Semantic Graph 



Reusable Semantic Block (Time) 
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Jena Rules 

Built-in Functions Ontology (OWL) 



Region Connectedness Calculus (RCC) 
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Illustration: RCC8-based Ontology and Rules 
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Spatial Reasoning with Jena and Jena Rules 
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Excerpt of 
Region Class 

Statements 
associated 
with Spatial 
Reasoning 



Model Integration  
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Basic issue: How to integrate models in the semantic 
framework for effective simulation and analysis of NoS? 



Whistle: System Integration Language 
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For a description of Whistle, see 
Delgoshaei, Austin and Pertzborn 
[2014]. 

Networks of finite state 
machine behaviors 

Systems Integration 



Application: Traffic Intersection with No Traffic Lights 
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Behavior 
modeling and 
control. 

Visualization of 
race track 
pathways and 
geometry 

Statements in the 
Semantic Model 

Car Ontology 
Interface 



Spatio-Temporal: Reasoning, Communication and Control 
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Intersection 
Manager / Vehicle 
Communication 



Scaling Things Up  
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Work in Progress (2017-2018)  
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Research Challenges: Large volumes of data; semi-automated synthesis of 
semantic models; dynamic integration of ontologies and rules in decision making. 



Summary 
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Management of Software Complexity 
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Proposed Implementation Process 

www.incose.org/symp2017 37 



www.incose.org/symp2017 


