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Objective

Show how to enhance mission analysis using a
system model developed in Cameo Systems
Modeler (CSM) by integrating it with an analytical
model.developed in the MATLAB/Simulink

development environment.
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Background
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Background: Context

DoD pushes implementing a digital engineering
paradigm to model and analyze systems, processes,
missions

This involves:

+—the effective usage of modern MBSE tools

* Integration of-descriptive and analytical models to
achieve higher-fidelity
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Background: Expected Benefits

« Reduction of misinformation

* Reduction of rework

* Reduction of the design flaws

* More realistic analysis

* Acceleration of learning curves

- __Facilitation of trade-offs

»~ Quicker-and-cheaper way to evaluate design variations
* Bridge design silos
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Background: Defense Systems

Why is this important for developing defense systems?

* Accommodation of the rapid changes in its intended
deployment and operational usage;

« EXxpansion to the new warfare domains (e.g. Space
Warfare);

« Necessity to-capture interaction between tactics and
requirements.
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Co-Orbital Engagement (COE)
Mission Modeling using SysML
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COE Mission Modeling using SysML

Methodology
* Vignettes
« MOEs
« MOPs
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COE Mission Modeling using SysML

Mission Vignette

Assessment of current and potential ASAT capabilities
North

China Russia U.S. France India Iran Japan
Korea

LEO Co-Orbital

0V-1 Free Form Operational Concept Graphic [ﬁ 0V-1 Co-Orbital Engagement Task ]J

MEO/GEO Co-Orbital

LEO Direct Ascent

MEO/GEO Direct Ascent

Directed Energy

Electronic Warfare

Space Situational
Awareness
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COE Mission Modeling using SysML

Diagrams Used for Mission Modeling

SysML
Diagram

Behavior
Diagram

Requirement
Diagram

PaN

|
Activity

Diagram

Structure
Diagram

ZI};

Mission Model

Analysis Support

State Machine
Diagram

Diagram

Sequence
Diagram

Use Case
Diagram
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COE Mission Modeling using SysML

(act [Activity] Mission Engineering Thread [ Mission Engineering Thread ])

Mission
Engineering
Thread

 Chain of events

« Task segmentation

 Task allocation

o SysML-activity
diagram
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COE Mission Modeling using SysML

Operational Requirements

req [Package] 03 - Operaticnal Requirements [ SOl Operational Requirements u

«statemachinex»

*  Proximity Requirement e tvsie c
/ N Propulsion Subsystem Blue
N
. g : /
 Fuel Requirement wveritys o watistys ,
! N /
1'% Y 2
i «reguirements «reguirement»
Mass Requirement Proximity Requirement Fuel Requirement
Id="1" Id="2" id="3"
5 Text = "The minimal Text = "During a 24 hours
P A Iass Of distance between a hostile engagement, the fuel
the system shall not be : >
greater than 10 kg." spacecraft during consumption shall r_mt .
maneuvers shall be greater exceed 10 mvs (Objective).
than 7000 m (Objective). < Threshold 15 m/s.”
Threshold 5000 m.” il eT &
x 7~ \
74 ~ \
«block» | asatisfy» 3 4 «satisfy: ~ esatlys
Measures of Performance 5 - & \
constraints I , «satisfy» i
{MinimalRelativeDistance = 7000.0} block
{DefenderFuelConsumption <= 10.0} / il
/ Tactics Logic Blue
values /
MinimalRelativeDistance : Real [ ,
AttackerFuelConsumption : velocity[metre per second}{unit = metre per second}
DefenderFuelConsumption : velocitymetre per second}{unit = metre per secondjd
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COE Mission Modeling using SysML

Mission Structural Model

bdd [Package] 01.3 Mission Structural Model[ Mission Structural Model Simplified ] )

Shows every system,
entity, and metric that
compose the mission;

Embeds the analytical
model.
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«block»
Vignette

co-Orbital Engagement

«blocks
Constants

«block»

Co-Orbital Engagement Mission

values

constants |EarthGravitationalConstant : Real = 3.986004415E14

attacker-Red

«block»

Attacker-Red-Sat1

propulsion
«block»
Propulsion Subsystem Red

propulsion

defender-Blue

Altitude : distance[kilometre] = 400.0 km {unit = kilometre}
SimulationTime : time = 4.0

EarthRadius : distance[kilometre] = 6378.1363 km {unit = kilometre}

moe «block»

«block»
Defender-Blue-Sat2

Propulsion Subsystem Blue ‘

«block»

tactics Logic Red

«block»
Tactics Logic Red

GN&C

«block»
GN&C Subsystem Blue

tactics Logic Blue

«block»

Measure of Efectiveness

mop

«block»
Measures of Performance

consirainis
{MinimalRelativeDistance > 7000.0}
{DefenderFuelConsumption <= 10.0}

Tactics Logic Blue |
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COE Mission Modeling using SysML

Subsystem-Level Structural Model

bdd [Package] 02.1 - Attacker Structural Model (ASAT) [ ASAT Structural Model Simplified ] )

bdd [Package] 02.2 - Defender Structural Model (SOI) [ SOI Structural Model Simplified ] )

«block»
«block» ayload R structure | Structure Subsystem Red
Payload Subsystem Red Attacker-Red-Sat1
0.1 sensor Red s
grappling Arm Sensor Red
«blockx»
Grappling Arm

communications

«block»
Communications Subsystem Red

propulsion

«block»
Propulsion Subsystem Red

«block» avionics
Avionics Subsystem Red

tactics Logic Red
«blockx»
Tactics Logic Red

«block» «block»
Payload Blue F£2Y1°%¢

«blocks C ications
Communications Subsystem Blue

Defender-Blue-Sat2

harness Subsystem

«block»
Harness Subsystem

«blocks avionics
Avionics Subsystem Blue

GN&C

«block»
GN&C Subsystem Blue

tactics Logic Blue
«block»
Tactics Logic Blue

ower Subsystem
«block»
Power Subsystem

propulsion

«blocks
Structure Subsystem Blue

«block»
Thermal Subsystem

thermal Subsyst

«blocks
Propulsion Subsystem Blue
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COE Mission Modeling using SysML

Parametric
Diagram

« Compares the
requirements with
results from the
physics-based model
and

e (Classifies mission
success or failure
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par [Block] Measure of Efectiveness [ Measure of Efectiveness ] )

| p1
| mop.MinimalRelativeDistance : Real |' ‘_' \
o «constraint»
mindist Min Distance Pass or Fail : MinDist Test
U {p1>=7000}
«constraints
Check Min Distance : Check Min Distance
{r1 = mindist > 7000}
B
[
IDistanceReqSatisfied : Boolean |
«constraint» i
mop.DefenderFuelConsumption : velocity[metre per second] I Check Mission Success : Check Mission Success |
— = - r1 j {r3=r1*2 >0}
|_f'uelt:onsump 3 2 :]
«constraints — — I'_'l'ré
Check Fuel Consumption : Check Fuel Consumption
{r2 = fuelconsump < 10}
[_I I IMissionCheck : Boolean
- - J L. T i

| IFuelReqSatisfied : Boolean |

—Ip2

P2 <10}

«constraints
Fuel Consumption Pass or Fail : Fuel Consumption Test
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Inter-Platform Communication
Framework
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Inter-Platform Communication Framework
Graphical User Interface

: 2 Mission Analysis |
Missien Analysis x
co-Orbital Engagement I -
# Figure 1 . x
RESU|tS Avallable File Edit View Insert Tools Desctop Window Help >
Dede @0E rE
Trajectory Plot
Red Trajectary
Commands — Blue Trajectory
start plot trajectory Measure of Effectiveness 2
{
T " —~ Il
simulate (default parameters) replay trajectory Mission Check Fail g B4 i
= \ —— i
Measure of Parameters g 2 "I N\ /
simulate (news parameters) replay trajectory and fuel ntg \ TN |
Minimal Relative Distance (km) | 0.0019 ) N \
save terminate analysis Attacker Fuel C: (mis) | 10.3880 "-"”I\\
Defender Fuel C (mis) 23400 N
"Wy
------ ~
Requirements Check ____\_A_.-«»-C o 20
..... <~ -
— New Simulation Parameters - Time Fuel Cor Pass e . 0
20
4.0000 hours. Proximity Requirement Not Pass In-track (km)
’
1 N
Propulsion
BlueSat Fuel Limit {ms)
Tactics Propulsion
Fuel Limit {m/s)
. 2000.0000

50.0000
Tactics 80.0000

Thruster Saturation (N) 10.0010

30 60 80 120 150 180 210 240 270 300 330 360 380 420 450 480 510 540  Thruster Saturation (N |
0.1000 30 90 120 150

210 240 270
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Inter-Platform Communication Framework

stm [State Machine] Mission Analysis [ Mission Analysis ] )

State Machine Diagram

Underlies the GUI Analysis to
e command transition
e allow different simulations

« take advantage of MATLAB
graphical features
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————————————— entry / a=a+1;

Save Result

do / Save Results

start

entry / Initializati
do/ a=0;
results={};

[ Model Initiation

exit / Results Table

new parameters‘ I final

ion

final

e
Ti'mu late

[ Simulation

save

N do / Co-Orbital Engagement Simulink

M

|

| Recover Default Parameters

entry / Recovering Default Values

new par:

" Restart Simulation

exit / New Parameters

N >
{

Show R TJ?\ final
replay traje¢tor

ameters
H

final

replay trajectory and fuel

Clean Workspace

entry / filename = results.xlsx’;
writecell(index, filename,'Sheet’,1,'Range’,'A1’);
writecell(results, flename,'Sheet’,1,'Range’'A2");

ission

save

v

final

plot
|) Resetup the Simulation
entry / Erase Results clear workspace )
do / Refresh M
'[ i [ Show Trajectory ) ]‘
new parameters do / Trajectory Plot final
save _(\_f’\ﬁ
fingl replay trajectory anq fuel c i
replay trajector
flew parameters Replay Trajectory and Fuel Consumption
entry / close all
save do / Replay Trajectory and Fuel Consumption
N exit / New Parameters
Replay Trajectory
entry / close all —

new parameters

do / Replay Trajectory

exit/ New Parameters
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Inter-Platform Communication Framework
Analytical COE Model

 Physics-based
representation of system’s
behavior

« Totally developed in
Simulink environment

« Legacy model
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12:34

Sat 1 Simulation Time s

tf

Time Limit

[SAT2_State_Truth]

State Truth Sat2

fgt_fraj

<

To workspace State Truth Sat2

nval

"

Orbital Parameter

current_time

end time

tgt state

chaser state

Thrust (N)

Int_Time

4

[zoixr—;ll ]

initPosRic_m

sat1_control_signal

[vo_re11]

initVelRic_m_s2
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Control Signal (N) SAT1
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Red Team Tactics

dv_limit_sat1

| ThrustCmded_ N

Initial DV m_s

P initDV m_s

Truth chaser state RIC

chaser accm_2

Out of fuel Flag

DV remaining m_s

Thrust Actual N

> [SAT1_State_Truth]

» satl_traj

chaser states Sat1

» satl_acc

chaser acc

| —

N

>= 500 STOP

Coast Time Stop DV Cap SAT1

i
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o —

+

A

P| dv_remain_satl
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www.incose.org/symp2023 #INCOSEIS

20

- chaser/tgt diff



CSM/MATLAB Integration
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Model Execution With MAGIC MODEL
ANALYST / CAMEO SIM TOOLKIT

- Standards based model execution and analysis * Trade Studies
« Model and system logic debugging *  Monte Carlo Simulation
* Integrations:

MATLAB, Simulink, Maple, FMU 2.0,
Mathematica, Dymola, Process Composer
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CSM/MATLAB Integration
Establishing Shared Workspace

“matlab.engine.shareEngine”

command in MATLAB

“kill matlab” command in
CSMMAT

WA=
Integration

Road map InSta”at'OHC%f_I:[he olug-in ' i . i
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CSM/MATLAB Integration

Data Flow Overview

source of truth

C @ )

background solver

Simulink

4 _‘ ‘ MATLAB N

/

N

[

i

/

AMEO
SYSTEMS MODELER
~ | | ==
@AMEO Dats Flow " Shared
SIMULATION TOOLKIT |, Workspace
N =
E Instance Table l \

DodsananG

15-20 July - 2023 www.incose.org/symp2023 #INCOSEIS

| User Interface Modeling
@ Simulation Configuration



CSM/MATLAB Integration

Inter-Platform Data Sharing

; 7>>.Consolex
o @© o -

matlab> > |

 Matlab

O Action O] Action
] Object Node ¥| © Call Behavior Action
€ Activity Parameter Node @9 Call Operation Action

"4, Control Flow

"% Object Flow

[ Send Signal Action
21 Accept Event Action
X Time Event

® |nitial Node

@ Activity Final

@ Flow Final
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[B¥ Specification of State <>

Specification of State properties

Properties drop-down list to see more properties.

2w B @

Documentation/Comments
- Navigation/Hyperlinks

- Usage in Diagrams

- Internal Transitions

X
Specify properties of the selected State in the properties specification table. Choose the Expert or All options from the
<>
Z b l = ® e abg Properties: All v
I
)
Behavior Type <UNSPECIFIED >
Behavior Type <UNSPECIFIED>
Body

Inner Elements
Relations
Tags

- Constraints

-~ [B] Traceability

- [E] Allocations

Client Dependency
Connection
Connection Point
Container

Deferrable Trigger

v

Documentation
Element ID
Element Import
Entry

Exit

Image

Imported Member
Incoming

kxt [Model]

&R Function Behavior

_2021x_6090209_1658800298499_250235_379¢ £ state Machine

=5 Interaction
EZ  Protocol State Machine
T3 Activity

B Opaque Behavior

/" Transition:[Model::: -> Model:::] [Model:]

’Q Type here to filter properties
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CSM/MATLAB Integration

Interoperability Challenges

«block»
Attacker-Red-Sat1

values
mass Red : Real
RadiallnitialPosition : distance[metre] = 0.0 m {unit = metre}
IntrackinitialPosition : distance[metre] = -10000.0 m {unit = metre}
CrosstrackinitialPosition : distance[metre] = 0.0 m {unit = metre}
RadiallnitialV elocity : velocity[metre per second] = 0.0 m/s {unit = metre per second}
IntrackinitialVelocity : velocity[metre per second] = 0.0 nVs {unit = metre per second}

CrosstrackinitialV elocity : velocity[metre per second] = 0.0 m/s {unit = metre per second}

o

[ Environment Options

Simulation options

Change various Simulation options and configurations.

Q Type here to filter options

(‘act [Activity] Attacker-Red-Sat1 Initialization [ Attacker-Red-Sat1 Initialization ] )

o

v

— r0_rel1=[RadiallnitialPosition;IntrackInitialPosition;CrosstrackInitialPosition];
v0_rel1=[RadiallnitialVelocity;IntrackInitialVelocity;CrosstrackInitialVelocity];

®
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[P General
% Diagram
‘Eg Browser
% Composition Inspection
&9 Collaboration
% Update
P Network
& Keyboard
=@ Plugins
@ Resources
PV Path Variables
A7 Spelling
Ij Launchers
E Experience
[»] External Tools
=1 Notifications
@ Code Engineering
@ Concept Modeling
S Eclipse UML2 XMI
E/> Enterprise Architect Import
Macros
Report Wizard

- S
Ouar

-
=

Simulation
i ‘ = | = =%
Active Color =RGB [255, 0, 0]
Visited Color =RGB [0, 255, 0]

Breakpoint Color
Last Visited Color

RGB [255, 255, 0]
RGB [255, 200, 0]

Auto Open Diagrams [[false
ESimulation Framework

Check Model Before Execution [Cfalse

Default Language JavaScript Rhino

[on] fUML Engine

[on] Interaction Engine
[on] Parametrics Engine
[on] SCXML Engine

Engines Priority

Silent [Cfalse
Auto Start [[false
Autostart Active Objects [Mtrue
Treat All Objects as Active ue
Terminate Behavior on Exception Thrown [Mtrue
Initialize Empty Values to 0 [[false
=3 Diagram
Record State Change Mtrue
Record Value Change [Atrue
Record Timestamp [[false
EFUML Engine
Use fUML Decision semantics [(false
Auto Create fUML Object of Output Pin [Mtrue
EParametric Evaluator
Solve After Initialization Mtrue
Default Parametric Evaluator Built-in Math
jExternal Solver Timeout 00

EMathematica Engine
Local Mathematica Directory
ESCXML Engine

C:\Program Files\wolfram research\mathematica\9.0

Use Fully Qualified Names in SCXML Export [Mtrue
State Activation Semantics Before entry
Completion Events and Transitions [Mtrue

External Solver Timeout
Specify the duration (in seconds) of waiting for the External Math Engine Solver before a timeout occurs.

www.incose.org/symp2023 #INCOSEIS

26




GUI Implementation
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GUI Implementation
Dynamic Data Visualization

bdd [Package] 01.3 Mission Structural Model[ Mission Structural Model Simplified ] J

stm [State Machine] Mission Analysis [ Mission Analysis ] J

Save Result new parameters

Model Initiation
enlryl Intialization

fts=3;
ext/ Resuts fable

final

entry / a=a+1;
do / Save Results

Simulation

Jdos

Simulink

Recover Default Parameters.

entry / Recovering Defautt Values

Resetup the Simulation

entry / Erase Results clear workspace

Restart Simulation
exit/ New Parameters.

1
1 Show Results I

new wmme}s

final

replay trajeftor

replay traj

P —

ctory and fufel

«blocks
Vignette

co-Orbital

«blocks
Co-Orbital Engagement Mission

nstants

«blocks

B

defender-Blue,

Defender-Blue-Sat2

i

14
378.1363 km {unit = kiometre}
Alitude : dumnce[kdomeh'e] 400.0 km {unit = kiometre}

: timefhour] = 4.0

sensor Blue,

sensor Red1

Propulsion Subsystem BIueI

Sensor Suite Blue

«blocks I

«blocks
Sensor Suite Red
propulsion

«blocks
Propulsion Subsystem Red

GN&C,
«blocks
GN&C Subsystem Blue

mop
«blocks
Measures of Performance

consiraints
{MinimalRelativeDistance > 7000.0}
{DefenderFueiConsumption <= 10.0}

Classifier
Behavior

new parameters.

Show Trajectory
do / Trajectory Plot

| do/ Refresh Mission

final T

fin

3
z

arameters.

Replay Trajectory and Fuel Consumption

Teplay frajectory and fuel

entry / close all
Fa T | do/Replay Trajectory and Fuel Consumption
exit/ New Parameters

eplay trajector

final

Replay Trajectory

save niew parameters

entry / close al

do / Replay Trajectory
exit/ Nevs Parameters
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2
«readStructuralFeatures
defender-Blue

UML

- From GUI |-~

MATLAB
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GUI Implementation
emaining Challenges

I 1)

: 3 Mission Analysis |
Missien Analysis
co-Orbital Engagement I -
# Figure 1 =
RESU|tS Avallable File Edit View Insert Tools Desctop Window Help
Dsads @ 0B RE
Trajectory Plot
Red Trajectary
Commands —— Blue Trajectory
start plot trajectory Measure of Effectiveness 2
{
T " — Il
simulate (default parameters) replay trajectory Mission Check Fail g B4 i
= \ —— !
Measure of Parameters g 2 "'. \ /
simulate (news parameters) replay trajectory and fuel ntg \ TN |
Minimal Relative Distance (km) ~ 0.0018 \ \ |
save terminate analysis Attacker Fuel C: (mis) |10.3830 | "-"”I\\
Defender Fuel C (mis) 23400 N
------ ~
Requirements Check IS T o 20
..... <~ -
New Simulation Parameters - Time Fuel Cor Pass e . 0
20
4.0000 hours. Proximity Requirement Not Pass In-track (km)
1
BlueSat
Tactizs

Propulsion
Fuel Limit {m/s)
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2000.0009
v

30 B0 80 120 150 180 210 240 270 300 330 360 380 420 450 480 510 540 Thruster Saturation (N
0.1000
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Propulsion

Fuel Limit (mis)

50.0000

Thruster Saturation (N) 10.0010
Tactics 80.0000

y
30

90 120 150 210

240 270
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s

Example of COE Mission Analysis
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Cross-track (m)

Example of

COE Mission Analy3|s
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Conclusions
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Conclusions

Connected models
allows faster updates of
information between
stakeholders

Better understanding of
the system under
development

One possible solution:
Analytical models as a
black-box nested within
the descriptive model

...and improved design
space exploration and
requirement validation
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Main Takeaways

Scalable models that
can evolve during

“The Future of Systems _
system’s lifecycle

Engineering is predominantly
Model-Based.” INCOSE 2035

Bridge between
SME and other

It is necessaryto stakeholders

connect descriptive
models with other
discipline models
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