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What is a “Tradespace”?

« ...the space spanned by completely enumerated design variables — it is the potential
solution space
« ...the set of program and system parameters, attributes, and characteristics required

to satisfy performance standards

The enumeration of a large tradespace helps prevent designers from committing
to limited point designs and allows them to recognize better design solutions
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Analytical Constructs for Resiliency Evaluation

New requirements on how forces '
l ‘ *
Changes in Changes in

capabilities mission 4

necessitate changes in capabilities.

“A Resilient System...
= How do we compare system design

= Istrusted and effectivein a Operational concepts in the face of competing
BT RIS B G, Context or expected changes in
requirements?
» |s easily adapted to many = How do we evaluate the impact for
others through reconfiguration Chgn.gle various system designs if a key
or replacement, and Flexibility component must be replaced?

= has predictable degradation of UTILITY Multi
function.” R cosT Attribute
NC 1 .
- Utility
~ Holland, ERS Overview Dec 2013 Theory
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The “Big Picture” Process

Operational Requirements  Stakeholder expectation statements.

l

“Operational” measures of success related to the achievement of

MOEs the mission or operational objective.
KPPs Architecture High-level architecture definition for system designs.
A critical
subset of the
performance M&S To refine and identify individual system performance needs.
parameters
representing l
the most Performance
critical
capabilities l
and
characteristics. MOPs  mmmp M&S  mmmp System Design Variables
Measures that To refine and identify what Attributes expressed
characterize physical attributes are needed to as value properties
or functional attributes characterize a system that describe specific
relating to the system design and evaluate its system design

operation MOEs, MOPs, KPPs, etc. alternatives.
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Networked Workflow through a Design Space Environment

Generalized Systems Engineering Workflow showing the set of all Systems
Engineering Use Cases

. Requirements Loop
Define High

Level Needs ¢

t Define, Refine System Architecting Loop o
.. Tortsed
and Map i - Reguirement
Relax High Level Needs Requirements ¢ Metrics to Coloulate
Verify Reguirements can Distinguish Cefine System Parameters,
between System Options of Interest System Ranges
Jelermine I.'-'...|L|||..':.' . Ld|LLI|d|'.I.rI!-', T dentify or _
melrics for reguiremeants, revise .y Analyses to Execute,
. . . Jernne . .
reguirements it metrics cannot be Syvstern Parameters mal farameters, Banges
o : . Analyses
computed Required for = V
Caloulations

Cefine and Analysis
Execute

Loop
Verify Validate [radespace 1ﬁesults from Tradespace
Analyses
T Analyze

Iradespace

Redefine Tradespace

Resulis
Ranges and/or

Subsystems of Interest

A use case has a specific path through the networked workflow. Driving the tool

development with the generalized workflow helps ensure we can meet the
requirements of future use cases.
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Process Steps

 Define 4

4 )
Users describe the needs, the
analyses to assess whether or M B S E
not the needs are met, and the Model Based Systems Engineering

system(s) being designed to \_ Wy
satisfy those needs

* EXecute f

4 )
Users set conditions for and M DAO

manage/monitor the execution

Multidisciplinary Design Analysis and

of the integrated engineering % Optimization y
models

Users assess the information C
generated by the execution of M D M
the models {0 improve their Multi Criteria Decision Making
mental models of the problem - J

and the system of interest
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Web-enabled Collaborative Tradestudies

& [l W ) localhost 27380 ers/#/landing

I 7 € X

ERS Define Execute Analyze dbrowne

SEERS

ENGINEERED RESILIENT SYSTEMS

DEPARTMENT OF DEFENSE
T R A D E S P A C E

, /7~

DEFINE EXECUTE ANALYZE

Define your system of interest thiough authoring SysML Block Execute tiade studies using set distiibutions, sampling available system
Definition and Parametric Diagrams. Populate your database of options or defining Designs of Experiment.

system options with off-the-shelf and notional paits. Set your system
KPPs and KSAs as requirements.

Analyze a configuration using the Point Solution Sandbox o1

Sensitivity Analysis.

Visualize and explore the results of your tiade study and DoE executions

using box & whiskers, probability graphs, scatterplot matiices, and

Compaie solutions and measuie against requirements. coordinated interactive views. Compare solutions and measure against
requirements.

Visualize and explore the results of your trade study and DoE
executions using box & whiskers, probability giaphs, scatteiplot
mattices, and coordinated interactive views. Compare solutions and
measule against requirements.

ERS About License Support Resources

Developed by ERDC and GTRI as part of a larger ERS software program development effort
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Software Architecture

e Front End "gNGULARJS
— Composed from a o
collection of Angular || Tradespace SysML Simulation
Modules and vlsuallzatﬂrl Au.th?;gg (&srﬂ o
JusetSE ugins
Javascript libraries O Gl ERSE (Plugins)
. Front End —
i API
—
« Backend el KP Task Queue
— Composed from =|
Django apps and e Core Framework
other python libraries .nmngu[m HEn Design of Experiments
— Using OpenMDAO to | "™ S — .
orchestrate the @ Resiliency Analysis ’ — .
. . Maodel | ;
execution of linked .. (Plugins) Library | [=2 =~
constraints % by S /)

Modular approach to progressively layer in analysis capabilities and help to
make code testable by focusing modules on a particular task
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Support Two Disparate Users

o, Power Users

— Are experts that frequently ]
do not need a GUI to @.pyer®
quickly build a model Notebook Client
— Can interact directly with Regular User ¥ Power User
the data through scripting |
environment (Jupyter /i// o am® — ||~ <
: o
notebooks) ¢é . & Jupytergmebwk 3| K
. . N\ s Server b o b
| Regular Users Applications ° _ S| 2 >
— Avre typically consuming | I 1 i
views of the data (e.g., django .
SysML diagrams, — django — EERMIDIAIO
tradespace analysis =7

visualizations)

— Can interact via views - - RDF Store
customized for the type of ODM . ORACLE"
actions needed

BERKELEY DB

'y

’
. mongoDB mongoengimne

.
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5

in the Browser

ragespace = .
par [block]FemyRange
= C | [ 127.0.0.1:27380/ers/#/define/sysn

Geometn Aanage = s
Geometry Manage Engine FerryRange g

ﬂ , i M E 5'21 sss ] sfc : N/s/w ferry_range : km
ERS Define Execute Analyze Detail SysML Imgart View Instances j power : W

. :[ gtow : kg
PARametric B
Project Tree SysML View : - -
) / Diagram showing 1 gt
This tree allows you to traverse your This view allows you to manipulate your nodes using SysML. [

ket e g ,: how system attributes
o L CEEEENBLEL S bdd[block]Tandem Helicopter Project
map to performance

Helicopter
TS ot e, ™ requirements; direct T
> O He — ) ]
> on ’ = T tie to Modeling and [
:;c eis atiwde_:v;-" . ?m:': e . ) L
::pc Rexll:irI;dA:Altitlee o ?;:r;_ﬁ:?;:m Slmulatlon _“
Pow ‘ AtSealevel lc_loading : kg/m* *2 raw-range
: G: I | 4
> @R
blvk
joc]
. P . ablock= Rotor
Block Definition Diagram |—== =
M \akias area : m**2
of a CH-47 HeIICOpter e N DN
rokor_speed : rpm

. req [PackaﬂéjﬁeﬂmrementsJ -
REQuirements - @"
Diagram showing ]T[?*f,:,“"ls“fif“""ﬁ?”‘*fff”““’“““"""‘“‘ ACTivity Diagram showing
lower level oo wwios s | CONSHrINtS automatically 2
derivations . linked together to create an _

e T4 e e analysis environment that

Maximum Climb Speed Operational Range Ferry Range Service Ceiling

BEp T evaluates system performance ®

Text = "null” Text = "null” Text = "null” Text = "null”
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For the “Power User”: Jupyter* Notebook Interface

/ Z Car Tutorial

o Jupyter* Notebooks
a”OW user through the - Jupyter Car Tutorial sussses (o
browser tO d|reCt|y File Edit View Insert Cell Kernel Help |P;.-thon2 o]
execute python Code B+ 22 BB A % > E C Code v Cell Toolbar: None v Ll
On the baCk end In [2]: Car = Block(name="Car', description='A four wheeled vehicle').save()

Assign value properties (attributes) to Car

C' | [1 127.0.0.1:27388/notebooks/notebooks/Car%20Tutorial.ipynb Qs @ =

In [3]: Car.weight = Attribute(low=8, units='lbm’}
Car.cost = Attribute(low="8 USD")

 Example declaratively
builds up a simple
model of a Car

i

Add a part perperty, e.g. Engine

In [4]: Car.Engine = Block()

i

Add a description to Engine
In [5]): Car.Engine.description = 'The prime mover for a wvehicle'

Add Engine properties

e The Car has value
properties and
includes a Engine as I
a part property Car Engine. zave()

i Out[7]: <«<Block: <Block id=55667ebcel3B238f66a63627 name=Engines>

In [6]: Car.Engine.weight = Attribute(low='@ lbm', default='558 lbm')

Save the Car and Engine Blocks

*formerly iPython Notebook



e Jupyter* Notebooks
allow user through the
browser to directly
execute python code
on the back end

« Tandem helicopter
example shows how
SysML block are
created

Tradespace can be
executed directly

*formerly iPython Notebook

For the “Power User”

— Tandem Helicopter

(Rl
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: Jupyter* Notebook Interface

x{ -

127.0.0.1:27

o Ju pyter Tandem Helicopter Last Checkpoint 06726/2015 (autosaved)

View Insert Cell Kemel Help & |
B+ B+ ¥ BT Code v Cell Toolbar: | Hone WARE" |
Create Blocks
To capture the Tandem Helicopter Project physical architecture.
In [3]: with ActiveUser(user=users[3]):
CHA7 = Node(name="Tandem Helicopter Project™).save()
Environment = Block(name='Environment’, parent=CH47).save()
Helicopter = Block(name=‘Helicopter’, parentsCH47).save()
Rotor = Helicopter.Rotor = Block()
Engine = Helicopter.Engine = Block()
Rotor. save()
Engine.save()
& Environment Parometers
Environment.altitude = Attribute(default=0.2, low=9.2, high=5000.2, descriptions'Altitude at which helicopter must fly®, units='m
Environment.rho_at_sl = Attribute(default=1.225, lows1.145 , high=1.422, descriptions'Air density at sea level®, unitss'kg/m**3°)
# Helicopter Design Parometers
Helicopter.oew = Attribute(default=12185.0, low=5080.0, high=15000.0, description='Operating Empty Weight®, units="kg')
Helicopter.fusl = Attribute(default=3837.e, low=2.8, high=5e00.8, description='Fuel weight', units="kg")
Helicopter.pay = Attribute(default=2.9, low=2.9, high=12900.0, description='Payload Weight', units="kg")
Discover Constraints from OpenMDAO Components
In [1]: constraints = discover_components(modulesheli components, parent=CHA7)
Link executable parametric contraints to physical blocks
Used to link the contraints together into a larger executable model
In [6]: from cerebral.medels.relationship import Bind
RotorAnalysis.oew.add_link('Bind', Helicopter.oew)
RotorAnalysis.fuel.add link(’'Bind’, Helicopter.fuel)
RotorAnalysis.pay.add link('Bind', Helicopter.pay)
RotorAnalysis.rotor_diameter.add link(°Bind", Rotor.rotor_diameter)
Make Requirements
In [18]: scenario = Requirement(parent=CH47, description="Set of requirements for Tandem Helicopter®, name="Requirements™).save()
req_ceiling = QuantifiedRequirement(attribute=EndPoint(ref=Helicopter, path='ceiling'), threshold=2002, objective=3858, name='Ser
req_ferry = QuantifiedRequirement(attribute=EndPoint{ref=Helicopter, path='ferry_range'), threshold=92@, cbjective=128@, name='Fe
req range = QuantifiedRequirement(attribute=EndPoint(ref=Helicopter, path="op range'), threshold=580, objective=858, name='Cperat
Run a tradepsace
In [8]: parameters = [dsm.value_properties[attr] for attr in ['base_power’, 'rotor_speed']]
tradespace = dsm.run{parameters=parameters, num_ samples=188, async=False, name="Base Power and Rotor Speed')
df = tradespace.to_dataframe()
df[e:s].7
out[8]: 0 1 2 3 4
Node558daabbe1382302f1e05250 ferry_range | 1.408788e+03 | 1446 240485 1.243443e+03 | 1.399511e+03 | 1.1887732+03
Node558daabbe1382302f1e0526d.u_climb 1.208884e+03 |5.328574 1.176121e+03 | 1.131615e+03 | 9. 438546e+02
Node558daabbe1382302f1e05273.p_req 2 358320e+06 | 2310531.819680 | 2 603700e+06 | 2. 370552e+06 | 2. 699847 e+06
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Tradespace Execution and Visualization

A tradespace can be generated by varying
the independent parameters in the analysis

Tradespace 2 Editor

Weight

oot Taeoll Weght

]

Low. 982280 | Migh: 2004179

Speod

Fova el §1ght Soems

2 will b 1nn wieng the Iniialize scton o e 1olbar sbove

The results from a tradespace can then be
evaluated using an interactive visualization (in this

Scatter/Bubble plots can
be used to show
multidimensional trades

case a brushable parallel coordinates plot)
Parallel Coordinates
Bubbleplot
- Increasing
2200 ‘. Pay load
1,800 - .
o 1.E0-
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400 .“
Z:IFI: *; ‘

Engine Power




UNCLASSIFIED

Dynamic Analysis

Rate_of__CI‘im__b
B om o8 B os B @ 8 M

000 13000 14000 15,000 14.000 17.000 18,000

. Gro's; Takeoff Weight

) T
1,000 40D 1000 1800 2000 2300 2400 2800

12 0 1800 B
Ferry Range

* Able to select regions of interest within a
tradespace

 Increasing

Takeoff Weight

______________________

* Note that as Takeoff Weight is increased, a
tradeoff emerges between Rate of Climb and

Ferry Range
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Dynamic Analysis

 Increasing
Engine Power

Rate of Climb

______________________

Histogram
[
4
|
=
i | | [

Engine Power L

1300 1400 1800 1800 2000
Ferry Range

* Able to select regions of interest within a
tradespace

 Note that as Engine Power Is Iincreased, a

tradeoff emerges between Rate of Climb and
Ferry Range
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Interfacing Tradestudies with Simulation Operational Scenarios

 Executable Architecture Systems Engineering (EASE)
— Links analytical, experimental and training objectives with Modeling and
Simulation
— Explore operational aspects of the analytical questions in simulation
 ERS effort develops interface between MBSE/Tradestudies and
Army Research Lab investment in executable, cloud-computing

resources —
= S ENGINEERED RESILIENT SYSTEMS
5l T R A D E S P A C E
- Capabilities
? < > ExecutahFe hrn:hltel:lure Svslems £ngmeenng
I Probability of Detection User Interface System Design
ars o .0.?3 .0.99
Numbor of Detecion Execute “ v:]v " “
—5 5 |@ " < S R — s
k Cloud Execution
/i)
Results 4

AN\
v
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Next Steps

e Extend a limited “CAD in
the browser” capability

 Integration with High
Performance Computing
assets at DoD HPC

Centers

e Application to DoD
acquisition programs

'*'i’iw'.:“ . A . 3 = teah
= e A kW - e e |
TS s L s v e e
- A S
R, " 3 e
= - c.’ al P
P - , _
- A e -
2 - { Jf; = Y - o
e - gk e : - -
>
Te
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Parting Thoughts...

Tradespace exploration supports DoD leadership by helping
identify the impacts of decisions across a system's acquisition
lifecycle

Critical program decisions are often made based on the outcomes
of trades defined by multiple types and quantities of data and
information

Tradespace exploration for ERS is grounded on big data and
iInformation analyzed and presented in a holistic view

Trades data and information must present the perspectives of
multiple decision makers across numerous time steps

ERS tradespace exploration is using a process to identify
requirements and attributes that define appropriate trades
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