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To industry, a digital twin is a
synchronized virtual representation
of some physical system




Digital twins need some pedantism
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What is 3D digital twin technology?

- . [ Digital twins are an exceptional way of capturing and sharing spaces in
Virtual TWln Expenences for “ immersive 3D and can move the needle across many industry use cases
- «
Manufacturing Industries

Explore how virtual twin technology powered by Rl revolutionizes product

Outperform your competition
:.‘lne::tl:;::n;:::gliif::zzlteﬁ:?nagement, supply chains and other key areas of W ith a D i g ita | TW i n

Leverage the comprehensive Digital Twin to design, simulate, and optimize

products, machines, production, and entire plants in the digital world before

taking action in the real world. This helps manufacturers to tackle industry’s
biggest challenges.




Systems theory provides the frameworks
needed to define digital twins

Define digital twins from a

systems perspective

Uses and limitations with
current DTs

Show frameworks for next-
generation DTs

Demonstration



What is a Digital Twin

Digital Twins for Manufacturing



A system is something that is; it is identifiable because it
behaves different than something else




“A system is not a thing but a list of variables” — W. Ross Ashby

W. R. Ashby (1956), “An Introduction to Cybernetics,” Chapman & Hall



Giving a value to a variable is known as observation

Observations can be given by measurement or simulation
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The value of a digital twin is providing observations for a
physical system
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The only role of a digital twin is to provide observations for
some System of Interest (SOI)

Monitor: Measure SOI
Analyze: Process measurements from SOI
Predict: Use measurements to simulate SOI

10 of 46



The value of a digital twin is providing information about the
SOl

How can you use information about some System of Interest?

Fault Traversal
Performance

Forecasting

Predictive
Maintenance

Automation
Role Optimization
Risk Analysis
Informed Decision-
Trade-Spf:\ce Making
Exploration
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A digital twin is a system configured to enable observation of
some analogous system




Both systems are scoped to a similar set of variables

TRUE TRUE
State 1 State 2

FALSE FALSE




Both systems also share the same behavioral constraint
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To simulate an observation requires knowledge of the system’s
behavior

TRUE >< TRUE
State 1 State 2
FALSE FALSE




We can simulate the SOI by measuring analogous outputs off the

twin

State 1

TRUE

FALSE

State 2
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We can simulate the SOI by measuring analogous outputs off the
twin

TRUE >< TRUE
State 1 State 2
FALSE FALSE




A digital twin is a system configured to enable observation of some
analogous system

J. Morris, E. Louis, D. L. Van Bossuyt, G. Mocko, and J. Wagner (2025), “Constraint Hypergraphs as a Unifying Framework for Digital Twins,” arXiv / 18 0f 46



Synchronization mechanisms are not part of the digital twin

J. Lussier, E. Y. Hua, A. Ledford, D. Thomas, D. L. Van Bossuyt, and A. Wooley (2025), “Differentiating Between 7
Digital Twins and Control Systems for Complex Systems,” J. Comput. Inf. Sci. Eng. / 19 of 46




Problems with digital twins stem
from maintaining meaning when
connecting information for complex

systems
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Understanding complex systems requires integration of
heterogeneous information and models
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Issues with modeling—such as uncertainty, verification, or

ignorance—are not unique to digital twins

Q18"

NASA (1965), “Apollo Mission SA-501 Preliminary Mission Profile,”
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Emergent behavior arises when trying to combine subsystem
digital twins
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Complex behaviors require advanced software to solve, all
which must be connected to make the digital twin

Eflpotly mmp

Web App Server Browser

Status Light

ﬂ Motion Cameras
GO 6= @
OpenCV

Current Sensor Chop Saw
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Using constraint hypergraphs (CHGs) mitigates many of these
problems

independent software



Constraint Hypergraphs

Digital Twins for Manufacturing



The behavior of a system is given by the relations, or
constraints, between system variables

What is the behavior of this cube?

J. C. Willems (2007),“The Behavioral Approach to Open and Interconnected Systems,” IEEE Control Systems Magazine



If variables are sets, then relationships can be represented as
functions

Length Volume
mm mm3

fiL->V
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If variables are sets, then relationships can be represented as
functions

tensth —)  Volume
mm mm?3
ffVxm-p

Eemm———) Y
kg/mm3

Mass
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What inputs are needed to observe Density?

tensth —)  Volume
mm mm?3
fVXm->p

Eemm———) Y
kg/mm3

Mass
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Functions compose to make new functions

Length
mm
LXm-—
/ P Density
kg/mm3




A constraint hypergraph is a mathematical structure consisting of all
the variables (nodes) and behaviors (edges) modeled for a system

/ w Hyperedges
Nodes £ ‘)

f3

1

J. Morris, G. Mocko, and J. Wagner (2025), “Unified System Modeling and Simulation via Constraint Hypergraphs,” J. Comput. Inf. Sci. Eng. /m



CHGs are purely functional, reducing models to their primitive
constituents

Consequently, all models can be represented as a CHG

J. Morris, G. Mocko, and J. Wagner (2026), “Effects of Functional and Declarative Modeling Frameworks on System Simulation,” J. Dyn. Sys., Meas., Control /m



There are three structures in a CHG that complicate modeling

Partial Edges Cycles Multi-Edges

J. Morris, G. Mocko, and J. Wagner (2025), “Unified System Modeling and Simulation via Constraint Hypergraphs,” J. Comput. Inf. Sci. Eng. / 34 0f46



All paths through a CHG are a valid simulation

LoV M,W - m E,V-p

m,L—p

M, W,V > p

M, W,L - p

f3

J. Morris, G. Mocko, and J. Wagner (2026), “Effects of Functional and Declarative Modeling Frameworks on System Simulation,” J. Dyn. Sys., Meas., Control
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Pathfinding enables declarative simulation

CHGs are a fully simulatable framework

L->V M,W - m E,V-p

f3

Imperative Declarative

J. Morris, G. Mocko, and J. Wagner (2026), “Effects of Functional and Declarative Modeling Frameworks on System Simulation,” J. Dyn. Sys., Meas., Control / 36 0f 46



Declarative simulation provided by ConstraintHg

Constraintig  Quickstart
[
‘ 0 n S l ra I n l Hg Use PIP to install ConstraintHg into your Python environment:
~A
pip install constrainthg

SOFTWARE
Quickstart From there you'll want to import the library into your Python script. This is a pretty typical method to
Tutorial v use:

Constrainthg 0 3 2 API 2 from constrainthg.hypergraph import Node, Hypergraph

= import constrainthg.relations as R
Node
pip install constrainthg @ Edge
Hypergraph Simple Demo

Kernel for building and simulating constraint hypergraphs. G e L Note that this demo is found in demos/demo_basic.py
Plead Y Let’s build a basic constraint hypergraph of the following equations:

Navigation Project description PN YV A+B=C
R it &

O - = -
D Release history ConstralntHg CONSTRAINT HYPERGRAPHS B E
. D =
L i CHG Overview +E F
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Learn About CHGs

J. Morris, (2026). “ConstraintHg: A Kernel for Systems Modeling and Simulation,” Journal of Open-Source Software.


https://github.com/jmorris335/ConstraintHg

ConstraintHg Functionality

* Provides methods for:
* Representing and visualizing CHGs
* Forming cycles, partial edges, and edge weights

* Pathfinding for declarative simulation
* Extensive logging tools

* Merging CHGs

J. Morris, (2026). “ConstraintHg: A Kernel for Systems Modeling and Simulation,” Journal of Open-Source Software.
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https://github.com/jmorris335/ConstraintHg

Process of making a CHG

1. Identify system facts (nodes)
Parameters, application variables, API tokens, efc.

® © ©

2. Form relations (edges) between nodes
Relations show how one node is determined by a
set of other nodes

. negate . i sum .

3. Pass to CHG solver
Solver parses the CHG

@ ConstraintHg

4. Request simulation
Solver simulates requested output by finding the
Shortest path mapping it to a set a known inputs

Input Simulate D Output

A=3.0 ﬁ D=2.0

C=5.0

J. Morris, A. Indupally, S. Ramnath, G. Mocko, and J. Wagner (2026), “Declarative, Multi-physics Simulation

Between Applications via Constraint Hypergraphs,” In press with J. Comput. Inf. Sci. Eng.
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Demonstration: Microgrid Digital Twin

Small Building 1 & 2 r—

2
4
—_

Data Center Batteries

Solar Array

Medium Building
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Physical Microgrid at Naval Postgraduate School

48V 18kWh
Battery Bank

Sunny Island
Primary
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AC Loads

l lll l'lllllll‘

PTIVY Wi R h e

v

6400 W Solar Array

Sunny Boy:
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- resistive banks

- progrommable power loads
controlloble cutlets and relays

6.5kW Generator

¢ |

Sunny Island:
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6kW Battery Inverter
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Previous Imperative Modeling of Microgrid

N

BUS2 21 23 - @4 - &5 26 Cﬂ!if‘v: GENSET2 FVA"I:V Uslity Gid
82 1 2] 4 &5 6 JGENT SGEN2 ad UG
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423 %Initial Solve 2 : - i
424 x(:,n) = linsolve(A2,b); nE H y -
425 o) A
426 %Determine if generator demand exceeds generatif —
427 Gen_Demand = -x(pos.Gens,n);
428 21 23 4 25 6 JGENL GEN2 Ll UG
429 if any(Gen_Demand > [Gens.Capacity]') ; : i i ; 5 ; : i ;
430 EE %If the B2 to Bl Buss line or BT1 line is : o — |-
431 %exhausted cannot utilize ESS to make up il e 3 X
432 if MG_State.B2_B1l(n) == false || MG_State.:. : :
433 || BT1_Charge(n) < 0 ::: . :
434 EE % Below line was useful for debugging ;3 3 7
435 % disp("Gens Overloaded at time step "I Do
:gs elseo"erload'Ge"S = true; ,,m J| I ] i ] : i ] : ; B i : {: Generator 1 Generator 2
438 [ %0therwise set Generators at full outp=
439 L Qsmake u -t d d 54 nded "E') 04 95 "96 ‘:mu ‘:ﬂﬂl "v WG -
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440 A2(6,:) = pos.Gens & MG_State{n,:}; ; - - Large
441 b(6) = -MG_State{n,{'B1_GEN1' 'B1_GEN2 ey & Utilty Grig Bulding 1
442 x(:,n) = linsolve(A2,b); ‘ i .
443 end o i
444 [ %If Generator demand is negative, then generat:: : i -
445 L %scharge batteries with excess PV generation ;=== S Large Smal
446 elseif any(Gen_Demand < 0) Building 2 Building 1
447 A2(6,:) = pos.Gens;
448 b(6) = 0;
449 x(:,n) = linsolve(A2,b); 4' I I I
450 end
451 Battery 1 Pho}{(:;/oltaic
452 [—E % Check for Battery Output Exceeded i
453 % Add 0.1 Due to Rounding Errors in Linear Solver
454 if -x(contains(Loadvars,'BT1'),n) - 0.01 > BT1.Output * (BT1_Charge(n) > 0) .
455 Overload.BT1 = true; B“S:;';‘g‘, Busi,';:gz
456 [ % Below line was useful for debugging in single runs. Commented out

C. J. Peterson, (2019). “Systems Architecture Design and Validation Methods for Microgrid Systems,” Master’s thesis, Naval Postgraduate School 42 of 46



ransformed CHG contains 594 nodes and 334 edges
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Includes all kinds of simulation and modeling
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Autonomously observes and simulates the real system

1000 A
500 A
Z
- 0
;
-
500 4
—-1000 -
0 25 S0 75 100 125 150 175
Time (hours)
- BESS === Small Building (1)  =====- Medium Building Generator (1) == Photovoltaic Array
- Warehouse == Small Building (2) ~—  Large Building === Generator (2) e Utility Grid

45 of 46



You can make your own digital twins using VisualCHG

« File Info
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Digital twins require foundations that can handle modern

challenges in modeling and simulation

Digital twins are analogs of Twinned systems share the Pathfinding leads to
a real system same CHG autonomous observation

John Morris m SEKRCH

i i NIVERSITY OF
JOhn'h'morrIS@uah'edu ALZBHEB;.JA IN HUNTSVILLE. SystemsEngineeringAppIiedResearchLab
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