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Certain commercial software products are identified in this 

material. These products were used only for demonstration 

purposes. This use does not imply approval or endorsement by 

Stevens, SERC, CCDC-AC/DEVCOM or other sponsors, nor 

does it imply these products are necessarily the best available 

for the purpose. Other product names, company names, images, 

or names of platforms referenced herein may be trademarks or 

registered trademarks of their respective companies, and they 

are used for identification purposes only. 

Copyright and Disclaimer
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Organization

• INTRO (WHY): Context/Motivation – How did we get here?

• WHAT: Digital Engineering Enabling Technologies and Methods to 
Computational Leverage Ontologies and Semantic Technologies

• HOW: “Full Stack” of Models with Integrated Workflows Coordinated 
using Armaments Interoperability and Integration Framework (IoIF)

• HOW WELL: Transitioning research using two different training 
courses for two different use cases – one which is discussed herein
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Overview on Topics
• Tool-to-tool integration challenges for cross-domain & physics-based 

analyses needed at multiple levels of abstraction (mission, system, 
subsystems)

• Integrated Systems Engineering Decision Management (ISEDM) Process 
(Cilli 2015)

• How we formalized the ISEDM process using SysML models,  ontologies 
and semantic technologies with Interoperability and Integration 
Framework (IoIF) and workflows
➢ Initial concept of formalized Assessment Flow Diagram (AFD)

➢ AFD used to characterize the parametric relationships between objectives 
represented as value properties associated with Catapult case study

➢ IoIF links mission, system, and discipline-specific modeled parameters in analysis 
to determine mission & system measures for objectives

• Demonstration of workflow and digital thread & decision framework 
dashboards
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DE Ecosystem Needs Cross-Domain “Integration” at Different Abstraction Levels 
for Decision Making

Reasoning about completeness and consistency of information across domains

Concept of Operation

(CONOPS)

What

How
How

How

How well
How well

How well
How well

How well
How well

Information Model (ontology)

   Capturing Cross-Domain

Relationships

Decision

Framework

(Performance

vs.

Cost

vs.

Time

vs.

Risk)

Mission Effectiveness

Optimization to right-size

Mission & System Capabilities

for the critical 

Key Performance Parameters (KPPs)

(”All requirements are tradeable”)

Methods for 

Identifying KPPs

Trade Space 

of system

& subsystem 

alternatives

Trade Space 

of mission

alternatives
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We Want to Visualize Mission & System Level Trades Across Cost, Schedule, Performance, 
and Long-Term Viability Dimensions & Account for Uncertainty

Cilli, M. Seeking Improved Defense Product Development Success Rates Through Innovations to Trade-Off Analysis Methods, Dissertation, 

Stevens Institute of Technology, Nov. 2015.
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Early Challenges: Lack of “Integrated” Models/Tools -> Stove Piped Analysis

Systems Engineer
•Communicating

•Translating

•Facilitating data flow
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Cross Domain “Integration” Needed for Mission/System Trade Analyses

• Mission objective: continuous surveillance

• Capability Refueling UAV

• Systems: UAV and Refueler

• Valve – Cross-domain Object

• Mechanical Domain
➢Valve connects to Pipe

• Electrical Domain
➢Switch opens/closes Value

➢Maybe software

• Operator Domain
➢Pilot remotely sends 

message to control 
value

• Communication 
Domain
➢Message sent through 

network

• Fire control Domain
➢ Independent detection 

to shut off valve

• Safety Domain

Valve
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Ontologies & Semantic Technologies Support Cross-Domain Model “Integration” through 
Interoperability
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System Model & IoIF

•Consistent syntax

•Ability to provide inputs, execute 

simulations, and process outputs

•Contextualized data storage

•Data visualization

Systems engineer
•Reasoning

•Optimizing

•Analyzing tradeoffs

Strategic/mission-level 

decision-maker
•Setting requirements & 

objectives

•Exploring tradeoffs

•Adjusting requirements & 

objectives based on 

capability information
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for Decision Making related to Objectives

SME

10



|

SERC RESEARCH REVIEW 2023  |  NOVEMBER 15

Data Across Disciplines Linked & Mapped to Computationally-Enabled Domain Ontologies 

Mechanical
Model
Data

Electrical
Model
Data

Comm.
Model
Data

Mission 
& System

Model
Data

2) Use Queries (SPARQL)

to Find “Missing” Information

3) We use Reasoners

to Infer New Information

Domain

Ontology

+

RDF

1) Discipline-specific

data extracted

from models

understood/used

by SME

4) New Data from

Cross-Domain analysis

is propagated back

(round tripped) into

appropriate models
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“Full Stack” linking Mission and Systems to Physics-based Models

Protegé

Ontology

Editor

OpenMBEE

Magicdraw/

Cameo

IoIF

Jupyter 

NotebookModelCenter

Matlab/SimulinkANSYS

Unity 3D

Gaming Engine

Distribution Statement A: Approved for public release.  Distribution is unlimited.

Reference 

Architecture

Graphical 

CONOPs

Mission 

Model

System 

Models

Analysis 

Models

Digital 

Ontologies Tools

IoIF
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Decision Support Model Construct

Cilli, M. Seeking Improved Defense Product Development Success Rates Through Innovations to Trade-Off Analysis Methods, Dissertation, 

Stevens Institute of Technology, Nov. 2015.

Assessment Flow Diagram (AFD)
Identify

KPPs

Objective

Hierarchy

Value

Functions

Renderings in

New Decision

Framework Dashboard
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Scatter Plot Dashboard

for Decision Making related to Objectives

Notional Elements of AFD Concept

*Integrated Systems Engineering Decision Method (Cilli 2015): additional details in backup.

Parameter 1

Parameter 2

Parameter 3

Parameter 4

Parameter 5

Parameter n

Overall Fundamental 

Objectives of Engineered 

System

Objective 1

Performance

Objective 2

Cost

Objective 3

Time to Market

F
u
n
d
am

en
ta

l 

E
n
d
s

In
te

rm
e
d
ia

te

M
e
as

u
re

s

P
h
ys

ic
al

 M
ea

n
s 

as
 M

o
d
e
ls

C
at

ap
u
lt

Assessment 

Flow Diagram

A
m

m
u
n
it
io

n

Objective (Key Performance Parameters/Indicators)

and/or Mission Measures mapped to Parameters

P
ar

am
et

e
rs

 f
ro

m
 t

h
e
 D

o
m

ai
n

14



|

SERC RESEARCH REVIEW 2023  |  NOVEMBER 15
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Mapping AFD Concept to Generalization of AFD Modeled in SysML

System/Subsystem/Analysis

& Mission Model [1..1]

Intermediate & initial 

design parameters

Mission Model Goals [1..1]

. . . . . .  

IoIF +

Workflow +

Service +

Ontologies

Simulations [0..*] Visualization [0..*]

Blue blocks are

External Simulations 

or Visualizations

Yellow blocks are SysML 

elements

and value properties
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What is the Ontology

• Types of thing, relations between them, used to mark up graphs of 
triples

• Practically, the ontology is a language for very precise markup
➢Taxonomical relationships, logical expressions and rules, and careful 

classification of terms form the “grammar” of the ontology aligned data

• Permit automated reasoning, semantic query
16
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• Ontology enforces patterns within data irrespective of source
➢ (Patterns are sets of things and relations and with like labels)

• Reasoning means queries can be written at higher levels of 
abstraction and still retrieve specific data

➢Ontology provides the information such that a query for the left-hand side 
can return the right-hand side

IoIF Core Concept 

17
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• Instantiated AFDs expressed in an ontology tagged pattern irrespective of how 
it was created 
➢ SysML or some other descriptive model is a means to obtain the pattern

AFD Generalization

System/Subsystem/Analysis

& Mission Model [1..1]

Intermediate parameters 

& initial design parameters

Mission Model Goals [1..1]

Simulation/Analysis [0..*]

. . .

Visualization [0..*]

. . .  

IoIF +

Workflow +

Service +

Ontologies

What we want to know

What data to send 

where, and how it 

needs to be marked up

What that data is about
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Generalized AFD can be Configured for Various Types of Analyses with Digital 
Thread

Parameter

Flow Direction

Provided

Required

Value Property (parameter)

System/Subsystem/Analysis

& Mission Model [1..1]

Intermediate 

parameters and initial 

design parameters

Mission Model Goals [1..1]

Simulation/Analysis [0..*]

. . .

Visualization [0..*]

. . .  

Measures of Effectiveness

Measures of Performance

Key Performance Params

Operational Properties

etc. Notional Digital Thread

with Visualization
Models  Types
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- CFD
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- Geometry

- Exterior
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- Etc.

Visualization

or Control

- Dashboard

- Graphical

  CONOPs

- AR/VR

- Decision

  Framework

- DT Impact

- Operational

  Simulation

- Etc.

SysML

SysML

Tool Proxy Flow:

IoIF Service or

Direct (e.g., REST)

IoIF +

Workflow +

Service +

Ontologies
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Example Case Study for Catapult

From Brian Chell Dissertation

Three Scenarios

1. Baseline set of requirements

2. Requirement change

3. Mechanical part change

20
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Catapult Structural Model
• Case study and exercises focus on structural model, but logical and 

functional models could also be incorporated into IoIF

21
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Mission/System Models Tagged with Stereotypes that Map to Ontology Classes

Stereotype

“Tag”

map to 

Ontology

Classes
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IoIF Catapult Demo: SysML Profile

• Extend the model with stereotypes
➢This is not the only way, but it is a very 

convenient one and good for teaching concepts

• Three (3) Purposes:
➢Unambiguously and repeatably tie 

SysML elements to an ontology term

➢Provide a means to “retrofit” a model 
to IoIF

➢ Indicate elements in the model 
that are of interest to IoIF

• Allows IoIF to interpret an arbitrary SysML 
model

23



|

SERC RESEARCH REVIEW 2023  |  NOVEMBER 15

AFD is Blueprint for Facilitating IoIF Data Exchanges between Analysis Tools
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Generalized Abstraction of Assessment Flow Diagram (AFD)
•Aggregates multiple models (MISDs) into a larger analysis

•Makes explicit connections between analysis models, system model, and system and/or mission 
objectives

•Provides notion of sequence and flow through port directions

25
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Digital Thread Associated with Interfaces and Disciplines 

26



|

SERC RESEARCH REVIEW 2023  |  NOVEMBER 15

DEVCOM Team Executed IoIF on Army Network for Catapult Use Cases

• An objective of SERC is to enable sponsors to Execute and Transition research results

• DEVCOM successfully demonstrated to other Army Sponsors an Armaments Case Study and 
Workflow on Army computers and networks

Role:

Systems

Engineer

& IPT Lead

Role:

Geometry

Modeler

Role:

Operator

Aiming

Role:

Ballistics

Simulation

Role:

Team

Trade space

Analysis
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Scenario 1: Requirement Change

• Update value properties (parameters) in Dashboard (next slide) and 
change type of analysis in workflow and re-execute necessary 
workflow cells

Analysis Type
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Dashboards

• Reasoning means queries can be written at higher levels of 
abstraction and still retrieve specific data

➢Anything captured in our digital thread can be accessed for visualization by 
query, which need not be project specific

• Create visualizations and interactive tools 
➢Perspectives on the data, a simplified means to do useful data operations

29
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Digital Thread Impact Analysis Visualization

• Data rendered in dashboard is live data coming from IoIF

Req.

Part

Output

Input

Key

Range is

modified

parameter

• Blue indicates entities upstream of a changed 

parameter

• Red indicates entities downstream that may be 

affected 
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Setup Tab for Dashboard

• Used to setup analyses based on impact analysis
➢ Interactive table allows values to be changed in an instance, push button 

lets those values be pushed to IoIF

➢ Internal logic figures out how to populate unchanged variables based on 
impacted variables selected in impact analysis tab

Comparing / Updating

’Analysis as Designed’ (Source) vs

‘Analysis Requirement Changed’ (Updated)

Source

Values

Updated

Values

Push to 

Update 

IoIF

Copy 

Source to 

Updated
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Decision Making

• Create parametric that describes the specific variables that will be 
passed to the decision tool, variable names, etc.

• Instantiating the decision analysis and linking the system instances 
will allow output of information to run decision tool

32
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IoIF Decision Dashboard Renders using Live Data from IoIF
Dashboard Implementation

is Python-based 

Notional Rendering

of Scatter Plot

Trade Space

Alternatives

Cost

Performance

Performance

M
is

si
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n
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o
st

Value Graph Objectives Value Functions IoIF

Range
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Conclusions – How Well
• Developed seven (7) case studies with different ontologies using an evolving 

IoIF Methodology, including two (2) new manufacturing use cases
➢ Methodology formalizes mission & system objectives and parameters using an Assessment 

Flow Diagram (AFD) based on Integrated System Engineering Decision Method

➢ Mission and System models are tagged with stereotypes that are aligned with the 
Ontologies used by IoIF

➢ IoIF use AFD to represent interconnection of models, simulations & visualizations used in 
the analyses

➢ IoIF coordinates workflow of the simulations and visualization of
Digital Thread and Decision Framework dashboards

• Developed and delivered two IoIF training course to transition research

• IoIF Training is part of the Digital Engineering Research Transition workshop

34
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Discussion
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New Book: Systems Engineering in the Digital Age: Practitioner Perspectives 
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Stay connected with SERC Online:

Thank you
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Email the research team:

mblackbu@stevens.edu

Dr. Mark Blackburn

https://www.linkedin.com/company/systemsengineeringresearchcenter/
https://twitter.com/SERC_UARC
https://www.youtube.com/channel/UCj4FvYXhmNOtjin_ToD3NWw
https://sercuarc.org/
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