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Science is the work of describing the worlds around us




Knowing information about complex systems require
models across many domains
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Most modeling frameworks have limited universality and

descriptiveness
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Constraint hypergraphs are a framework for universal,
declarative systems modeling

CHG Definition Declarative Simulation Applications
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Introduction to CHGs

Universal System Simulation via Constraint Hypergraphs



Information is what we can distinguish about a system

Economy (L/km)

Fuel Capacity (L)

“A system is a collection of variables” —Ross Ashby



A state is data that must be temporally consistent

Economy (L/km)

10 Blue
11 Gray
12 Tan

Fuel Capacity (L)
100,000
115,000
130,000

Name
C-17 Globemaster
C-5 Galaxy
C-130 Hercules




We describe systems by either observations or simulations

Economy (L/km)

10 Blue
11 Gray
12

Fuel Capacity (L)
Name

100,000 C-17 Glob t

115,000 i - 5(; (Tmas o

130,000 ~0 aataxy
C-130 Hercules




Observations are measurements we make of reality

Economy (L/km)

10 Blue
11 Gray
12 Tan

Fuel Capacity (L)
100,000
115,000
130,000

Name
C-17 Globemaster
C-5 Galaxy
C-130 Hercules




Simulations are predictions we make based on relationships

Iwm

11
12

Fuel Capacity (L)
100,000

115,000

130,000

(Database lookup)

Color

Blue

Gray

Name
C-17 Globemaster

C-5 Galaxy

C-130 Hercules




Model relations are algebraic functions that describe behavior

fn-e(Name) — Economy Economy (L/km)

10
11

C-17 Globemaster

C-5 Galaxy
C-130 Hercules Fuel Capacity (L)
fn-c(Name) — Capacity 100,000
115,000

130,000

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



Functions can have multiple arguments

f cer(Capacity x Economy)
range

fn-e(Name) — Economy Economy (L/km)

Flight Range (km)

C-17 Globemaster 10,000
C-5 Galaxy 11,000
C-130 Hercules Fuel Capacity (L) 12,000
fnoc(Name) — Capacity 100,000
115,000

130,000




Functions compose to form greater functions

fnﬁr(Name) — Range = fce—>r(fn—>ef fn—>c)

Flight Range (km)
C-17 Globemaster 10,000

C-5 Galaxy 11,000
C-130 Hercules 12,000




We can represent all models and variables as a constraint
hypergraph (CHG)
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Every path in a CHG is a simulation
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Every path in a CHG is a simulation
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f3 f3
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Embedded behavior (paths) enables declarative simulation

N-C  LS—E E,C >R E,N - R L,S,C—R L,S,N - R
f3 f3
O (R
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Declarative models capture the semantics of the system

Los Angeles

i TSeattIe (SEA)

SLADEN

Denver (DEN)
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!

JeHI-NYC

'

New York City Houston (HOU)

Los Angeles (LA)

Atlanta (ATL)

Imperative Declarative




Declarative simulation in a CHGs is pathfinding

N-C L,S—-FE E,C > R

Imperative Declarative




CHGs reduce complexity of expressing simulation paths
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Structure of a CHG

Universal System Simulation via Constraint Hypergraphs
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There are three structures in a CHG that a declarative
agent needs to process:

o6

Partial Edges Cycles Multi-Edges

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




Partial edges occur when we don’t have an explicit mapping
for every variable

>® Goal is to calculate pressure loss from fluid flow in a pipe




Partial edges occur when we don’t have an explicit mapping
for every variable

32uvL

@ The hypergraph captures the Darcy-Weisbach relationship AP = "




Partial edges occur when we don’t have an explicit mapping
for every variable

This relationship is only valid if the flow is laminar (Re < 2300)

o
&




Partial edges occur when we don’t have an explicit mapping
for every variable

(Re, L, 1, d, v) AP

(1000, L, p,d,v) [ 0.5 d

(2000,L, u, d, v) |— 1
(3000, L, u, d, v) 1.5

@ We show this by mapping a subset of the domain



Partiality means that functions don’t automatically compose

@ The dotted line shows that our function doesn’t

handle every value of Re




Cycles indicate behavioral patterns

Plane moving at constant velocity




Cycles indicate behavioral patterns

Xo, X1, @and X, are all different nodes




Cycles indicate behavioral patterns

V =—p Xo X; =X+ Vvt X1 Xo =X+ Vi Xo




Unraveling requires an exit condition to be solvable




Multi-edges indicate competing models

\nsys

€

I

e,

@ ChatGPT




Both edges are viable (“correct”), but only one can be
selected for simulation

\nsys

€

I

e,
@ ChatGPT

° Differences might be on accuracy, computation time, software availability, etc.



Weights allow the agent to prefer one edge to another

\nsys

91:2

I

92:5

@ ChatGPT




Demonstration

Universal System Simulation via Constraint Hypergraphs
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Pendulum System
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Declarative simulation provided by ConstraintHg

@ ConstraintHg QUic kSta rt @ 4 0=
@
Co n S t ra 1 n t Hg C Use PIP to install ConstraintHg into your Python environment:

[
o

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:
ConStralnthg 002-4 API ~ from constrainthg.hypergraph import Node, Hypergraph
NaeE import constrainthg.relations as R
pip install constrainthg @
Edge
Hypergraph Simple Demo
Kernel for building and simulating constraint hypergraphs. Relations Module Note that this demo is found in demos/demo_basic.py
Bl v Let’s build a basic constraint hypergraph of the following equations:
Navigation Project description Demos v
« A+B=C
e +A=-D
.
D Release history COHStralntHg CONSTRAINT HYPERGRAPHS *B=-E
« D+ E=F

& Download files CHG Overview c
. = -
Learn About CHGs



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

00 ¢ © 00 0 g O
o0 @0 g¢ ©

@)
@)

O© O

@ O
o O

Input Node: AGZ
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https://github.com/jmorris335/ConstraintHg

Process of making a CHG

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

® © ©

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

o negate o o sum o

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 — D=2.0

C=5.0

Morris, J., Mocko, G., Wagner, J., & Ramnath, S. (2025). Declarative Integration of CAD Software into Multi-

Physics Simulation via Constraint Hypergraphs. ASME IDETC-CIE 2025 conference




Declarative simulation requires only start & end points

hg.solve( L —theta(2)=0.7739

target="theta’, —omega(2)=-0.5547

inputs=( —alpha(2)=-27.74
theta=0.785, —g=9.81
omega=0.0, —theta=0.785
g=9.81, —r=0.25
r=0.25, —delta t=0.02
delta t=0.02 —omega=0

)5 —delta t=0.02 w + alt
min_index=2, —theta=0.785 ‘

Simulation call Discovered, unraveled simulation




Limitation: slow searchability (cannot be presolved)

0o Op 0000 O
o 90 oo ©




Applications of CHGs

Universal System Simulation via Constraint Hypergraphs
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CHGs provide platforms for model-based engineering and
digital twins

Maintains information in different contexts Maintains information with different models

v 1\
kﬂﬂqﬂﬁhﬂ




New behaviors can be expressed as new paths in the
union of two CHGs

Graph 1 Graph 2

46 of 67



New behaviors can be expressed as new paths in the
union of two CHGs

Graph1lu?2




New behaviors include simulation paths that go across
calculating software

Material Mechanics Kinematic Analysis Mass Properties

r

MATLAB 4\ %) onshape:
SIMULINK’ \:' P




Intra-platform CHGs show interactions 5,
calculated by different tools L
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Representing software calculations as edges makes
executable digital threads simpler
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J. Morris, A. Indupally, G. Mocko, J. Wagner, and S. Ramnath, “Declarative, Multi-physics Simulation
Between Applications via Constraint Hypergraphs,” Under review with J. Comput. Inf. Sci. Eng., (2025)




Limitation: not focused on being human readable

ONNO

equal to

make circle
call

clrcle call i
name
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make sketch A make
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document ID
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DTs are systems synchronized with another system of interest




Digital Twins are 2 systems sharing the same CHG

Shared System Behavior Vitusl Representation

Light 1 Light 2 Counter 1 Counter 2

Physical Domain

Synchronized States
System of Interest [ o 2 Digital Twin

J. Morris, E. Louis, D. L. Van Bossuyt, G. Mocko, and J. Wagner, “Constraint Hypergraphs as a
Unifying Framework for Digital Twins,” Under review with IEEE Systems Journal, 2025




Demonstration: Naval Microgrid Digital Twin

Small Building 1 & 2 &
oy
By,

Data Center Batteries

Utility Grid
-
-

Generator 1 & 2 J— Solar Array

Medium Building

Large Building




Physical Microgrid at Naval Postgraduate School

l l'(ll:l:l:l:l;

Sunny Island
Primary

AC Loads

48V 18kWh
Battery Bank

BA00 W Solar Array

C—
Sunny Boy
T. 7KW Solar

Inverter

* Loads are comprised of:

- resistive bonks
programmable power loods

- controllable outlets ond relays

6.5k'W Generator

‘) m

Suniny Island:
[2x120V = 2400 Split)
Gk\W Battery Inverter

48V 400ahR, 19.2kWh BESS




Previous Imperative Modeling of Microgrid

GINGET2 P Amay  Uliy G
=H Y i

MG_LP_Test_v10.m X

/Users/john_morris/Documents/Clemson/Research/MicrogridHg/archived_model/MG_LP_Test_v1
4L

Medium

423 %Initial Solve i

424 x(:,n) = linsolve(A2,b); SRR :

425 = e

426 %Determine if generator demand exceeds generat?-_- s N~ A A AN A

427 Gen_Demand = -x(pos.Gens,n); 12

428 4 . o o . o o 1EPS (G i H B

429 if any(Gen_Demand > [Gens.Capacityl]') : : : : : : 5 : : :

430 [ %If the B2 to Bl Buss line or BT1 line is

431 %exhausted cannot utilize ESS to make up g.

432 if MG_State.B2_B1(n) == false || MG_State.:

433 || BT1_Charge(n) < @ :

434 % Below line was useful for debugging

435 % disp(''Gens Overloaded at time step

436 Overload.Gens = true; Generalor 1
437 else 2

438 [ %0therwise set Generators at full outp=

439 [ %make up unmet demand

440 A2(6,:) = pos.Gens & MG_State{n,:};

441 b(6) = -MG_State{n,{'B1_GEN1' 'B1_GEN2 Utility Grid

442 x(:,n) = linsolve(A2,b);

443 end &

444 [ %If Generator demand is negative, then generats

445 [ %charge batteries with excess PV generation Large
446 elseif any(Gen_Demand < @) - Building 2
447 A2(6,:) = pos.Gens;

448 b(6) = 0;

449 x(:,n) = linsolve(A2,b); AI I I I

450 end

451 Battery 1

452 [ % Check for Battery Output Exceeded

453 % Add 0.1 Due to Rounding Errors in Linear Solver

454 if -x(contains(LoadVars,'BT1'),n) - @.01 > BT1.Output * (BT1_Charge(n) > @)

455 Overload.BT1 = true; Building 1
456 [ % Below line was useful for debugging in single runs. Commented out

C. J. Peterson, “Systems Architecture Design and Validation Methods for Microgrid Systems,” Master’s thesis, Naval Postgraduate School, Monterey, CA, 2019

Generator 2

Large
Building 1

Small
Building 1

Photovoltaic
Array




Transformed CHG contains 594 nodes and 334
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https://github.com/jmorris335/MicrogridHg

Includes all kinds of simulatio d modeling

priority is connected (B) receives
(Ay

determine if is connected

is shedding calc If receiving
AI I L] I Co load shedding load (8) power
g rE I : r L E S probability of generate ["(B) receiving
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hour

¥

start hour

select building
load

calc number of
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Dynamic simulation

[ lights load

retrieve

building

retrieve
filename e

retre..
csv value

get solar

load data Hhoname

extract normal column equipment lights column sunlight
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\ = =
calc solar retrieve sunlight F
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Autonomously observes and simulates the real system
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Establishing strong theory of CHGs enables new abilities in
advanced systems modeling

EEE: SYSTEMS JOURNAL

Constraint Hypergraphs as a Unifying Framework for Digital Twins
Jobn Morris, Douglas L. Van Bossuyt, Edward Louis, Gregory Mocko, John Wagner, Senior Member; IEEE
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Future work: best practices for model selection

Model Selection

Abstracted Behavior Model Preferences Viability statements




Future work: integrating Al with CHGs

Model Selection

Abstracted Behavior Model Preferences Viability statements

Neural Nets + CHGs




Future work: heuristic search methods

Model Selection

Abstracted Behavior Model Preferences Viability statements
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The structure of a CHG allows it to represent any system

Universal Modeling
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Information about a system can be discovered autonomously

Universal Modeling Declarative Simulation




Models can be connected across domains, scales, and
even tools

Executable Digital
Threads

Universal Modeling Declarative Simulation




CHGs provide a universal language for

declarative systems modeling

Universal Modeling Declarative Simulation Segnelile PiFiEl
Threads
>
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Add Relations

def Rtheta to alpha(theta, g, r):
return -g / r * sin(theta)

def Rintegrate omega(omega, alpha, delta t):

return omega + alpha * delta t

def Rintegrate theta(theta, omega, delta t):

return theta + omega * delta t

w + alt

\)




Add Edges

hg = Hypergraph()

hg.add edge(
sources=("'theta', 'g', 'r’),
target="alpha’,
rel=Rtheta to alpha,

hg.add_edge(

sources=('omega', 'alpha’, ‘delta_t’), @+ alt
target="omega’, ‘

rel=Rintegrate_omega,




Cycles violate transitivity, indicating conflicting models

PN

Power out Status

Can be dealt with in two ways:
1. Separation
2. Unraveling

Number of ships =——» Load

Morris, J., Mocko, G., & Wagner, J. (2025). Effects of Functional and Declarative Modeling Frameworks on System
Simulation. [Manuscript Submitted for Review to the ASME Journal of Dynamic Systems, Measurement and Control].




Separating cycles into distinct graphs

N

Good for isolating competing models Power out Status

Power out Status

Number of ships =—» Load

Robinson, M. (2017). Sheaf and Duality Methods for Analyzing Multi-Model Systems. In Recent Applications of Harmonic Analysis to
Function Spaces, Differential Equations, and Data Science. Springer International Publishing.




Unraveling nodes allows cycles to extend the hypergraph

Good for pattern adaption Power out (2) ‘—\

U.nravellmg occurs while sgarchlng fgr Power out (1) Status
simulation paths and requires an exit edge

Number of ships =——» Load

Morris, J., Mocko, G., & Wagner, J. (2025). Effects of Functional and Declarative Modeling Frameworks on System
Simulation. [Manuscript Submitted for Review to the ASME Journal of Dynamic Systems, Measurement and Control].




Example computing Fibonacci sequence using cloning




Independent behaviors make the hypergraphs
immediately modifiable

e N

Functions can be rewritten, removed, or
Power out Status

added without affecting the consistency of
the graph (no side effects)

Number of ships =——» Load

Morris, J., Mocko, G., & Wagner, J. (2025). Effects of Functional and Declarative Modeling Frameworks on System
Simulation. [Manuscript Submitted for Review to the ASME Journal of Dynamic Systems, Measurement and Control].




Caveat: scope changes are not guaranteed to be
consistent

Nodes can be modified only if all connecting
edges are also updated to maintain
consistency (only local side effects)

Power out Status

Behavioral assumptions may be affected

Number of ships = Load,




Composable with other graphs along shared nodes (union)

Generator on/off

All simulation paths remain consistent if F ol lovel
new scope does not violate behavioral uelleve

assumptions
Power out

Power out —T—> Status

Number of ships =——» Load



Emergent behavior is provided entirely from composition

All simulation paths remain consistent if Generator on/off

new scope does not violate behavioral
assumptions
Fuel level
Power out —T—& Status

Number of ships =—» Load



Weights allow model characterization

/_12\
Edge labels allow models to be compared Power out Status
(model selection)
Labels can reference a model’s computation 6

time, availability, parallelization, etc.

2
Number of ships =—» Load

Morris, J., Mocko, G., & Wagner, J. (2025). Unified System Modeling and Simulation via Constraint Hypergraphs.
Journal of Computing and Information Science in Engineering, [In Press] 78 of 67



Emergent behavior arises out of composed functions

System is fully defined




When the models do not compose, the emergent behavior
IS not provided

77

System cannot be represented as desired with the given nodes



Composition must be provided by showing the
relationships between nodes

I
6, = —%sinGA
Oy = _ll (X5 cos By + sin Bz (Y5 + 9))

New model shows how the pendulums can be joined



When composition is given, the emergent behavior can be
fully realized

. 1
Op = — T (Xg cosOg +sinfz (5 + g))
B

where:
X¥p = ly(ay cos B, — w3 sinO,)

Vg = Ly(ay sin B, + w5 cos B,)

Solving for ¥z and yz using terms from the graph for A gives you the emergent behavior ‘
82 of 67
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