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Motivation

• Models provide understanding of the scientific and technical world

− In Physics, Newton’s Law of Universal Gravitation

− In Technology, Model of a Rocket

• Models …

− Developed to answer specific questions

− Support specific reasoning

− Have Accuracy, Precision, and Fidelity

− Are Verifiable

− Are Falsifiable

• If you don’t have a model for something, you don’t understand it

Elevate Physical Models

to be as important as the Cyber Model for a CPS



Modeling Spectrum

• Properties

− Weight

− Electrical Power

• Behaviors

Modeling Spectrum

Requirements Systems Physical

• Model-based systems engineering

− SysML

• Physical model

• Tied to physical understanding

− Science & Engineering



Modeling Driven Development

Modeling Spectrum

Requirements Systems Physical

• System Structure and Behavior

• Activities

− System Requirements

− Design Analysis

− V&V 

• Conception → Disposal

MBSE

Cyber Model

MBE
• Models as part of the 

technical baseline

Physical Models
Category Theory



Outline

• Category Theory

• Epidemic Modeling

• SysML

• Physical Modeling of a Cyber Physical System

• Summary



Category Theory

• Category Theory

− Objects: 𝑋, 𝑌, 𝑍

− Morphisms: 𝕀, 𝑓, 𝑔

− Composition: 𝑔 ◦ 𝑓

• That’s It

• Foundation for Mathematics

• Why ???

− The power of category theory lies in its artful application to a topic

• Definition of categories

• Relationship that arise between the categories



Epidemic Modeling



COVID-19 Epidemic Model for Canadian Government
John Baez, et. al.

Vaccinated

Susceptible Infected Recovered

Not

Vaccinated

Susceptible Infected Recovered



Stock Flow Model of COVID for Canadian Government
John Baez, et. al.



An algebraic framework for structured epidemic modeling

“We propose a compositional modelling framework that uses high-level 
algebraic structures to capture domain-specific scientific knowledge and 
bridge the gap between how scientists think about models and the code 
that implements them.”

“These algebraic structures, grounded in applied category theory, simplify 
and expedite modelling tasks such as model specification, stratification, 

analysis and calibration. ”

SYNTAX

SEMANTICS



Syntax and Semantics

• SIR – Population

− S = Susceptible

− I = Infected

− R = Recovered

• Syntax

− Open Petri Nets

− Composable, Nestable

• Semantics

− Differential equation

− Computer code for evaluation

• Julia

SYNTAX

SEMANTICS
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SYNTAX SEMANTICSFunctor

Semantics is auto generated from the syntax



Syntax and Semantics

• Modeler defines model using the syntax category

− Resulting model has properties induced on it by the syntax category

• Simulation of the model is in the semantic category

− Simulation computer code is generated by a mathematical transformation of model

− In category theory, this mathematical transformation is called a functor

• Benefits

− Easy to explore model variants

− Model is automatically V&Ved, by construction

SYNTAX SEMANTICSFunctor

Semantics is auto generated from the syntax



SysML
 

– and –
 

Physical Modeling of a CPS



SysML 
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Operads

Operads were invented for Algebraic Topology in 1968



Syntax and Semantics for CPS

• Syntax 

− Categories: Operads, Petri, …

• Semantics

1. Physical Simulation of System

• Spatial and Logical

2. Tailored Projections

3. … 

1

1.2

1.2.3 1.2.2 1.2.1

1.1



NextGen Airspace 
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Spatial and Logical Views of the National Airspace

LOGICAL

SPATIAL



Summary

• Models provide understanding

• Physical modeling is as important in a CPS as cyber modeling

− Today, physical modeling is subordinate to cyber modeling in MBSE

− Primarily based on interface standards for exchange of information

• Category Theory provides a foundation to unify modeling

− Syntax for describing the system

− Semantics for using the model

This work will be starting in Fall 2024

Your comments and participation would be appreciated


