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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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Simulating a model provides a limited view of a system
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Constraint hypergraphs are a framework for universal,
declarative systems modeling

CHG Definition Declarative Simulation Applications

;0000000 0000000
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Introduction to CHGs

Universal System Simulation via Constraint Hypergraphs



Information is what we can distinguish about a system

Fuel Capacity (L)

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




A state is data that must be temporally consistent

Economy (L/km)

Color

10 Blue
11 Gray
12 Tan

Fuel Capacity (L)
Name

100,000 C-17 Glob t

115,000 ' . 52 ‘Tmas er

— ¢ 1:;0 Ha axyl ‘
- ercuiles 10 of 66




Systems are described by either observations or simulations

Economy (L/km)

Color

10 Blue
11 Gray
12 Tan

Fuel Capacity (L)
Name

100,000 C-17 Glob t

115,000 i - 52 ‘Tmas o

130,000 ~0 aalaxy
C-130 Hercules




Observations are measurements we make of reality

Economy (L/km)

Color

10 Blue
11 Gray
12 Tan

Fuel Capacity (L)
Name

100,000 C-17 Globemast

115,000 - e T or

130,000 — alaxy
C-130 Hercules




Simulations are predictions we make based on relationships

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

Name
C-17 Globemaster
C-5 Galaxy

(Database lookup) | C-130Hercules




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)
fnc(Name) — Capacity 100,000
115,000

130,000

J. C. Willems, “The Behavioral Approach to Open and Interconnected Systems,”
IEEE Control Systems Magazine (2007) 14 of 66



Functions can have multiple arguments

f cewr(Capacity x Economy)
2ange

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

,(Name) -» Economy




Functions compose to form greater functions

fnar(Name) — Range = fce—>r(fn—>e:fn—>c)

Flight Range (km)

C-17 Globemaster 10,000
C-5 Galaxy 11,000
C-130 Hercules 12,000

16 of 66



We can represent all models and variables as a constraint
hypergraph (CHG)

Hyperedges

Nod es ‘)

Speed

f3




Every path in a CHG is a simulation

f2

Speed

f3

18 of 66



Every path ina CHG is a simulation

N->C  LS—E E,C >R E,N - R
f3
ON ©
(& (R
(V——>(c
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Embedded behavior (paths) enables declarative simulation

N-C L,S—-E E,C >R E,N->R L,S,C—-R L,S5,N >R

f3

20 of 66



Declarative models capture the semantics of the system

Los Angeles

¢ TSeattIe (SEA)

SLASDEN

Denver (DEN)

J/DEN=CHI

!

JfeHI-NYC

!

New York City Houston (HOU)

Los Angeles (LA)

Atlanta (ATL)

Imperative Declarative




Declarative simulation in a CHGs is pathfinding

N-C LS—->E E,C - R

f3

Imperative Declarative




Structure of a CHG

Universal System Simulation via Constraint Hypergraphs

23



There are three structures in a CHG that a declarative
agent needs to process:

(D) 1D

oo

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. 24 of 66



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

@ The hypergraph captures the Darcy-Weisbach relationship AP = 32:2%



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)

@8
6




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

(1000, L, p, d,v) [m—p 0.5 d
(2000, L, i, d, v) |(e—— 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

29 of 66



Cycles indicate behavioral patterns

e‘ E Plane moving at constant velocity

30 of 66



Cycles indicate behavioral patterns

E ‘ E Xo, X1, and x, are all different nodes




Cycles indicate behavioral patterns

V =—p Xo X;=Xo+ Vi X1 Xo=X; + Vi Xo

E ‘ E A more expressive way to show this is xi,; = x; + vt (unraveling)




Unraveling requires an exit condition to be solvable

E ‘ E The partial edge shows which edges of x; are mapped to x,




Multi-edges indicate competing models

\nsys

@ ChatGPT

34 of 66



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

\nsys

@ ChatGPT

e 0 Differences might be on accuracy, computation time, software availability, etc.



Weights allow the agent to prefer one edge to another

\nsys

61:2

S

92:5

@ ChatGPT
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Demonstration

Universal System Simulation via Constraint Hypergraphs

37



Pendulum System

38 0f 66



Declarative simulation provided by ConstraintHg

@ConstraintHg Quickstart @ A=

Use PIP to install ConstraintHg into your Python environment:

ConstraintHg

Q
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:
H API - i h h i t Node, Hypergraph
n r In h 2 from constrainthg.hypergraph impor » Hypergrap
co St a t g 0.3. import constrainthg.relations as R
Node
pip install constrainthg ® Edge
-
Hypergraph Simple Demo
Kernel for building and simulating constraint hypergraphs. HelnonsMoalie Note that this demo is found in demos/demo_basic.py
Auout v Let’s build a basic constraint hypergraph of the following equations:
Navigation Project description Bl Y A+B-C

- —
CONSTRAINT HYPERGRAPHS B E
* D+E=F

. . CHG Overview
= Downlozcles (5055 110.21105/i0s809151 | Gocs passing | tesyinter passing ] reteose B32] st commic febriary] « F=-C

Learn About CHGs

D Release history

@ ConstraintHg

39 of 66



https://github.com/jmorris335/ConstraintHg

ConstraintHg Functionality

Provides methods for: %
» Representing and visualizing CHGs o
* Forming cycles, partial edges, and edge weights 8 %
 Pathfinding for declarative simulation © O
« Extensive logging tools o0
@@ °
* Merging CHGs 00
00
00
o
W
@O
OO0

Input Node: AGZ

Morris, J., (2026). “ConstraintHg: A Kernel for Systems Modeling and Simulation,” Journal of Open-Source Software. 40 of 66


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

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

A=3.0 — D=2.0

C=5.0

Morris, J., Mocko, G., Wagner, J., & Ramnath, S. (2025). Declarative Integration of CAD Software into Mult-
Physics Simulation via Constraint Hypergraphs. ASME IDETC-CIE 2025 conference

41 of 66



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
) ——delta t=0.02
min_index=2, ——theta=0.785
)
Simulation call Discovered, unraveled simulation 0 + wAt

42 of 66
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35

Demonstration of ConstraintHg for a simple pendulum.

More examples and information available online at constrainthg.readthedocs.io

Run Cell | Run Below | Debug Cell

# %%

# Setup constraint hypergraph

from constrainthg import Hypergraph
from math import sin

# Define relational rules as methods in Python
def Rtheta_to_alpha(theta, g, r):
return —-g / r * sin(theta)

def Rintegrate(initial, slope, step):
return initial + slope * step

def Rcheck_increment(initial, slope):
return slope == initial + 1

# Initialize constraint hypergraph and add edges
hg = Hypergraph()

hg.add_edge(
sources=dict(theta="'theta', g='g', r='r'), target='alpha’,
rel=Rtheta_to_alpha, index_offset=1,
label='-g/r*sin(theta)"’

hg.add_edge(

sources=dict(initial='omega', slope='alpha', step='del_t'), target='omega',
rel=Rintegrate, index_via=Rcheck_increment, disposable=['initial', 'slope'l,

label='Integrate alpha'

Interactive-1

X Clear All

YD) Restart (@ Jupyter Variables

& Save - B venv (
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Applications of CHGs

Universal System Simulation via Constraint Hypergraphs

44



CHGs provide platforms for model-based engineering and
digital twins

Maintains information in different contexts Maintains information with different models
f o o o

45 of 66



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

Graph 1 Graph 2

46 of 66



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

Graph1lu?2

47 of 66



New behaviors include simulation paths that go across
calculating software

Material Mechanics Kinematic Analysis Mass Properties

T

MATLAB 4\ ) onshape:
SIMULINK \:' P




Intra-platform CHGs show interactions
calculated by different tools

make circle
call

—'—6]

make
extrusion

independent software

i
STEP file

" calc
deflectionT i

®

©

49 of 66




CHGs resolve inter-application APls into a cohesive

ecosystem

» o

@Eo@er ¥ e

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)
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DTs are systems synchronized with another system of interest




Digital Twins are 2 systems sharing the same CHG

Virtual Representation :

Shared System Behavior

Counter 2

Physical Domain

Synchronized States
System of Interest R s 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: Microgrid Digital Twin

Small Building 1 & 2 ’
* Ay
N

Data Center Batteries

Solar Array




Physical Microgrid at Naval Postgraduate School

Sunny Island
Primary

et oL HOURNGRRNIKNDUNDY

AC Loads

48V 18kWh
Battery Bank

l |l| nlnlulll

' g

e

T T

—_—

8400 W Solar Array

T — AN
ACBus =3

Solar
Combiner

Sunny Boy:

T.7TkW Solar
IfvErter

* Loads are comprised of:

- resistive banks

- programmable power loods

- controliable outlets and relays

6.5kW Generatos

¢ nm

Sunny lsland:
(2x1200 = 2400 Split)
6kW Battery Inverter

48V 4004k, 19.2kWh BESS
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Previous Imperative Modeling of Microgrid

BTH BiEL BiE) N EE] EX) S S GENSETI  GENSETE W Amay Ll Gid
182

2 ity Grid Connucsed
1 i

MG_LP_Test_v10.m X

/Users/john_morris/Documents/Clemson/Research/MicrogridHg/archived_model/MG_LP_Test_v1
YLl

423 %Initial Solve

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

425 =

426 %Determine if generator demand exceeds generat:

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

428

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

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_B1l(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; : Generator 1 Generator 2

437 else =

438 [ %0therwise set Generators at full outp=

439 | %smake up unmet demand N

440 A2(6,:) = pos.Gens & MG_State{n,:}; Largs
441 b(6) = -MG_State{n,{'B1_GEN1' 'B1_GEN2 Utilty Grid Building 1
442 x(:,n) = linsolve(A2,b);

443 end

444 [ %If Generator demand is negative, then generat i

445 L %scharge batteries with excess PV generation ;=== . Large Small

446 elseif any(Gen_Demand < @) Building 2 Building 1

447 A2(6,:) = pos.Gens;

448 b(6) = 0;

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

450 end

451 Battery 1 Pho’;?:.'oltaic
452 [ % Check for Battery Output Exceeded &
453 % Add 0.1 Due to Rounding Errors in Linear Solver

454 if -x(contains(LoadVars,'BT1'),n) - 0.01 > BT1.0utput * (BT1_Charge(n) > @) 4 o

455 Overload.BT1l = true; Bulding1  Building 2

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




ransformed CHG contains 594 nodes and 334 edges

Small Building 1 & 2

Utility Grid
-

Generator 1 & 2

Large Building

Data Center

Medium Building

Batteries

Solar Array

[ (®) receives
m (A)

determine if calc if receiving

load shedding

generate
tailure

retrieve

probability
of failing

notany is failing

max calc battery
output charge level

calc battery
demand

demand

(B) receiving
from (A) matrix

linear
solve

connectivity

matrix

get random get random
day

calc number of

type leapysars

get building

filename

retrieve
csv value

retrieve
csv valus

get solar
filename

calc hour
index

extract

equipment
cev data

column name

calc solar
supply

retrieve
csv value

extract
csv data

calc next
refueling time

next refuel starting
hour. fuel level

dail
is connocied prob dally | et

refueling

is out

calc generstor
demand
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https://github.com/jmorris335/MicrogridHg

Includes all kinds of simulation and modeling

Algebraic rules

Dynamic simulation

Database queries

priority

determine if

load shedding

is shedding
load

max calc battery

cale battery

2 domand

max charge rate cm";m

select building
-

squipment

~* building
> load load

retrieve
csv value
~

retrie.
csv value

building
filename

load data =1
—

extract

normal column equipment

cev data

calc solar
supply

efficiency

demand

magnitudes

charge level

sum

critical
load

total power
balance

is connected

ndom
failure

(A)

is connected

: name B
probability of generate
retrieve being fixed fallure

is shedding
load

“— is connected

Y

is failing

] is overloaded

A1

(B) receives
from (&)

calc if receiving
power.

@ rmm T

<« Stochastic models

probability
of failing

state

demand

o

(B) receiving
from (A)

| “state |

connectivity

matrix

Linear equation solvers

lights load

lights column

sunlight

is connected

demand 44

retrieve
cav valus

hour
index

retrieve

prob daily
refueling

calc generator
demand

max
output

matrix

our

L] L

start hour

calc day

terate one hour

current
|mul

o i \gm

—_———

get solar
filename

tuel
capacity

calc number of
leapyoars

[iai]

. File input/output

starting
fuel level




Autonomously observes and simulates the real system

1000 -
S00 -
=
<
= 0
v
=
°
-
500 -
—-1000 A
0 25 50 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
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Reasoning is provided by automatic path composition,
leading to deterministic, explainable Al

Discover * Traceable Validated
Inputs Simulation : Output
q' palance matrix S0l matrix
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Needed for domains with complex information integration

oty mmp

Web App Server Browser
Manufacturing PLM t Status Light
CAD/CAE/CAM E
ERP .
lloT ' Raspberry Pi

Motion Cameras

T - g«

OpenCV

Current Sensor
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Needed for domains with complex information integration

Manufacturing PLM
CAD/CAE/CAM
ERP
lloT
Efooty  mep Personal Digital Twins
Web App Server “Browser Medical records
“! Monitored biometrics
...... Status Light Therapeutic diagnostics
:[m: W
‘Ra:;l;.erryPi ' :

t [Sot v
ﬂo - Mouorﬁmeras - &o@ )

OpenCV 4 &*\;“ 5

Current Sensor Chop Saw ‘
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Needed for domains with complex information integration

Manufacturing PLM System Planning
CAD/CAE/CAM Procurement
ERP Design
lloT Validation and Verification
ooty wmp
Web App Server Browser
M Status Light
EEE N !
& Rospberry P “” f Personal Digital Twins

t » Medical records

0 Mot,o,, A ﬁ Monitored biometrics
O = - *’ Therapeutic diagnostics
OpenCV h%“

Current Sensor Chop Saw ‘
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The structure of a CHG allows it to represent any system

Universal Modeling

63 0f 66



Information about a system can be discovered autonomously

Universal Modeling Declarative Simulation

64 of 66



Models are connected across domains, scales, and tools

Universal Modeling Declarative Simulation Executable Digital Threads

65 of 66



CHGs provide a universal language for

declarative systems modeling

Universal Modeling Declarative Simulation Executable Digital Threads

3o

John Morris
jhmrrs@clemson.edu
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