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" Model Integration Challenge: Physics ™"

Heterogeneity of Physics

Electrical Mechanical Hydraulic Thermal
Domain Domain Domain Domain

Theories, Theories, Theories, Theories,
Dynamics, Dynamics, Dynamics, Dynamics,
Tools Tools Tools Tools

Physical components are involved in multiple physical interactions (multi-physics)
Challenge: How to compose multi-models for heterogeneous physical components

Janos Sztipanovits — Vanderbilt Un.



The Model Integration Challenge:
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YR Abstraction Layers
Plant Dynamics Controller Dynamics:  B(t) =« (B, (1)..... B; (1))
Models —_ Models * Properties: stability, safety, performance

» Abstractions: continuous time, functions,
signals, flows,...

Physical desidn

Software Software Software :  B(i) = x,(B, (i),..., B, (i)
Architecture K=Y Component  Properties: deadlock, invariants,
Models Code security, ...

» Abstractions: logical-time, concurrency,

Software design atomicity, ideal communication,..
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System Resource Systems : B(t;) = x,(B, (t;),..., B, (t;))
Architecture (K= Management » Properties: timing, power, security, fault
Models Models tolerance

sttem/PIatform Design  Abstractions: discrete-time, delays,

resources, scheduling,

Cyber-physical components are modeled using multiple abstraction layers
Challenge: How to compose abstraction layers in heterogeneous CPS components?

Janos Sztipanovits — Vanderbilt Un. 4
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Integrated System Synthesis Tools -
& Environments missing

Iterate to Find a Feasible Solution/ Change as needed

COMPONENT- BASED SYSTEM SYNTHESIS &%)

Change structure/behavior model as needed

Define
) Requw_ements
Effectiveness
Measures

\ 4

Assess | Create . Map behavior
Available > ‘ Behavior

Information Sy Model

v

Allocate

Requirements

Create
Structure —
Model

Integrated Multiple
Views is Hard !

Copyright © John S. Baras 2013
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derivative
requirements
metrics

N\

Model- - based
UML - SysML - GME - eMFLON
Rapsody
UPPAAL
Artist Tools
MATLAB, MAPLE
Modelica / Dymola
DOORS, etc
CONSOL-OPTCAD
CPLEX, ILOG SOLVER,
SIEMENS, PLM, NX, TEAM CENTER
Specifications Create
Perform Sequential
TradeOff build &
Analysis Test Plan
Model - Based
Information - Centric
Abstractions
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2. Behavior

1' StrUCtu re sd ABS_ActivationSequence [Sequence Diagramy
bdd [Package] Structure [ ABS Structure Hierarchy ]) - - , . .
stm TireTraction [State Dlagramy interaction
=<block=> <<hlock== =<block== { —

Library: Anti-Lock Library:: act PreventLockup [Activity Diagram] ) state
Electronic Contr[ ; ; .
Processor ibd [Block] Anti-Lock Controller [ Basic ]) machine

d1 : Traction
d1 € et | | A el Wit L.
D\ sl activity/
=<hlock== ) .
Traction ca: :Modulate function
Detector BrakingForce
m1 : Brake Tractloss
Modulator | | } @+ — 0 | — — — —
definition use
J<_" T \
req [Package] Vehicle Specifications [ Braking Requirements ]) par [Block] Streight Line Vehicle Dynamics [ Parameters U
! toN t:% bi:N_ m: Kg
Vehicle System Specification| | Braking Subsystem Specification| (L] U |_| 1:n L] )
e1:Braking Force e2: Acceleration
=<requirement=> <<requirement=> Equation E :I Equation
Stopping Distance Anti-Lock Performance (=1 -t} a: misecrp (f=m*a}
ld="10.2" ld="33.7" \ J \ J
Text="The vehicle shall Text="The hraking system shall )
. a: misec”2
stop from 60 miles per hour preventwheel lockup under all s E — - |_| ~
within 150 ft on a clean dry braking conditions. " o4 : Distance Equstion ! )
surface” {w=dx/dt} e3: Velocity Equation
¥ | v misec v misec {a=dvidt}
F 4
x:m t:sec:l: :It:sec
________ J
- [ (1 J Il )
==deriveRect=>

3. Requirements 4. Parametrics
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System
Architecture

SysML Diagram

r’ % @ @ @@ B WP B 8

: Requirement

i Diagram
'

Behavior
Diagram

T R T |

Activity Sequence State Machin
Diagram Diagram Diagram

[ ] SameasUML2

D Modified from UML 2

..“J New diagram type

I

Use Case
Diagram

Package Diagram

|
g Parametric

] Diagram

L]

B own w i w a

OMG 2010

Tradeoff
Tools

Copyright © John S. Baras 2013 7
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as an Integration Framework

Requirement®
Repository

System

Verification Models

||
T

Analysis Models

— U(s) ﬁ%ﬁ G(s) I

= s

Ll e

Req’ts Allocation &
Design Integration

Hardware Models

Copyright © John S. Baras 2013 8
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A Rigorous Framework for .z
systems Model-based Systems Engmeermg@@
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The Challenge & Need:

Develop scalable holistic methods, models and tools for

enterprise level system engineering

Multi-domain Model Integration System Modeling Transformations

via System Architecture Model (SysML)
* Model Object

K@? i

Anabys Madets

e I—&

DO"" nA | Drc e

\JSysML

H'\ E’

System Model

Update System
Model

ILOG SOLVER,
CPLEX, CONSOL-

ADD & INTEGRATE
Multiple domain modeling tools

. _d U * Avionics
“Master System Model” \ e Automotive
/Tradeoff parameters * Robotics

BENEFITS

 Broader Exploration
of the design space

* Modularity, re-use

* Increased flexibility,
adaptability, agility

* Engineering tools
allowing conceptual
design, leading to full
product models and
easy modifications

« Automated
validation/verification

APPLICATIONS

~__ 1 SmartBuildings

DB of system

e Power Grid

OPTCAD Tradeoff Tools (MCO & CP) componen’® |+ Health care
. Validation / Verification Tools ancmocess | ¢ Telecomm and WSN
« Databases and Libraries of annotated * Smart PDAs

component models from all disciplines

Copyright © John S. Baras 2013
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 How to represent requirements?

e Automata, Timed-Automata, Timed Petri-Nets

* Dependence-Influence graphs for traceability

e Set-valued systems, reachability, ... for the continuous parts

* Constraint - rule consistency across resolution levels

 How to automatically allocate requirements to components?

 How to automatically check requirements?

* Approach: Integrate contract-based design, model-checking,
automatic theorem proving

 How to integrate automatic and experimental verification?

the design proceeds - not at the end?

* The front-end challenge: Make it easy to the broad
engineering user?

Copyright © John S. Baras 2013
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How to do V&V at various granularities and progressively as
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| Key Challenges Addressed — “&o¥s

 Methodology to develop integrated modeling
hubs (IMH) for CPS - multi-physics and cyber

 Methodology to link IMHs with design space
exploration via multi-criteria tradeoff methods
and tools

* Linkage to component databases

 Working on the last remaining challenge:
requirements management

* Developed new methods and tools to handle
complexity in design space exploration

Copyright © John S. Baras 2013 11
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MORE EFFICIENT i

The 787 Dreamliner delivers: *Relative to the 767
20%°7 reduction in fuel and CO2
28% below 2008 industry limits for NOx

650%™ smaller noise foot print

Advanced Wing Design

Innovative Systems Enhanced Flight Deck

Technologies

- - | | Composite Primary Structure

Advanced Engines and Nacelles

Boeing 12
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Aircraft Vehicle Management System

ft Vehicle Management

®5°anironmental
Control System
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meche Smart Grids in a Sy

SYSieIg S
Network Immersed World el

Generation Transmission Distribution Utilization

Residential/Commercial

Conventional: Coal, Nuclear,
Oil / Gas, Hydro

* Low-cost “embedded”
energy sensors

+ Communications

Rnewable: Solar, Wind

* ACEEE estimates +2x energy savings

* Able to measure and manage carbon .+ Standards for process

footprint per product line SIpenL oneIgY + Integrated control &
energy mgmt.

Rockwell

56

Q

14



and Execution

Modelica
Metamodel

(Target)
Modelica Text

Copyright © John S. Baras 2013
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spdtise s SysML and Modelica Integration ;-
ysl{(.‘e‘u.mlls R
S &H RyLM
Integration framework
Design
- Magic Draw
e
Modeling “Hub”
Describos (SysML + GME)
(MetaGME Paradigm regist.)
|
Dymola/
OpgnMoc!eIica
Transformation Model - \ (Simulation)
g i ol Specification Interpretation i :

15
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Overview _
Meta-modeling Layer

(Enterprise Architect + eMoflon, Eclipse development environment)

( \

Integration Framework

Meta-modeling lay:
SysML S Consol-Optcad

Tool Adapter ® l_,[ﬁ
L ay er I ( Tool Aditer (Java) ) o
(Middleware) ?

Consol Optcad

SysML Consol-Optcad <<profile>> in SysML @
(Trade studies)
O o
\ / 0

— - Tool Layer

Magic Draw
- (Design)

(Magic Draw, Consol Optcad)

Copyright © John S. Baras 2013
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Systeims IMH and Consol-Optcad Integration /¥ )

Consol-Optcad

Trade-off tool that performs multi-criteria optimization for continuous
variables (FSQP solver) — Extended to hybrid (continuous / integer)

Functional as well as non-functional objectives/constraints can be specified

Designer initially specifies good and bad values for each
objective/constraint based on experience and/or other inputs

Each objective/constraint value is scaled based on those good/bad values;
fact that effectively treats all objectives/constraints fairly

Designer has the flexibility to see results at every iteration (pcomb) and
allows for run-time changing of good/bad values

Type | Name | Present | Good ‘Performance Comb | Bag |
® Conl timeli... 1.200e+001 3.000e+000 Lmmmm———— |rommmmnna. l=css 1.000e+000
® Conz timeli... 4.155e+000 3.000e+000 = Fe--e- |mm———————— l=aus 1.000e+000
#® Con3 timeli... 7.214e+000 4.000e+000 D | == |=5a3 2.000e+000
® Cond tineli... 6.284e+000 2.000e+000 Commemenes |- I=c0e 1.000e+000
#® Con5 timeli... 7.84le+000 2.000e+000 L ——— |=mmemm———— | T 5.000e-001
® Con6é timeli... 5.718e+000 2.000e+000 mmmmm |=————————— |=cee 5.000e-001
® Con7 timeli... 5.202e+000 5.000e+000 Sl |=ess 2.000e+000
@® Cond timeli... 5.999e+000 4.000e+000 FT--====——- |=————————— |=sas 2.000e+000
® Con? timeli... 6.709e+000 5.000e+000 F-eeee |==mmemee=- | = 2.000e+000
@®F... neecde... 3.898e+001 4,555e+001 | . 3.6884e+001
[ ] Objl fuelcost 5.710e4+002 3.500e+002 s===s=ss=s=== |sss==s== | — 6.500e+002
® 0bj2 emissions 1.099e+001 8.000e+000 ==========|==s==s==s====% |, 1.100e+001
#® 0bj3 operat... 3.285e-001 1.000e+000 ===% | Il s 2.000e+000
Fig. 1: Pcomb Fig. 2: Example of a functional constraint

Copyright © John S. Baras 2013 17
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Metamodeling Layer

= Both metamodels are defined in Ecore format

= Transformation rules are defined within EA and are based on graph

transformations

= Story Diagrams (SDMs) are used to express the transformations
= eMoflon (TU Darmstadt) plug-in generates code for the transformations

= An Eclipse project hosts the implementation of the transformations in Java

+++++++

Fig. 4. Consol-Optcad metamodel

Copyright © John S. Baras 2013
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ring.
ESting

S
- type :ESting

Enterprise Architect (EA)

model:

oooooo

+containedParameters

W
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Working Example

-]

v

w
B 5 Creste Symbol Cukbshift+y
Documer  Find..,
[JHm »
Author:¢ Generate Report > T
i DieselEngine : Dies:
4:02PH onse
Thle:, Pav W T =
i | [outout_power :R

Fig. 11: Initiate transformation

radeStudy : TradeStudy

time_ofr2 :Real | 2
L | KR constraints v String
transfer03 : Transfer |

o) |

= CONSOL for Windows - TradeStudy

Ol 2|56 @ = ] =] slo] Bl 2|

D_mt_ofra :p_MT_0FF1 |

parameter : String |

# TradeStudy
‘ - 2457 P_DG_OFF1, P_FC_ON1, P_FC_OFF1, P_FC, P_MT, P_MT_ON1;

B e v return P_MT_OFF2-P_MT_ON2; p_mt_off2: P_MT_OFF2

o

eter : String
good_value = § Lot |
T bad_value = 2
- constraint *timelimitsDGthree" hard

o S limport P_FC_OFF2, P_FC_ONZ, P_DG_ONZ, P_MT_OFF1, P_DG, P_DG_OFF2, P_MT_OFF2, P_DG_ON1, P_MT_ON2, p_mi_ont : P_MT_oM |

-

OFF1, P_FC_ON1, P_FC_OFF1, P_FC, P_MT, P_MT_ONI;
return P_DG_OFF2-P_DG_ON2: parameter : String |

bad_v:

p_mt_on2: P_MT_ON2 |

lconstraint "timelimitsFCone" hard

import P_FC_OFF2, P_FC_ONZ, P_DG_ON2, P_MT_OFF1, P_DG, P_DG_OFF2, P_MT_OFF2, P_DG_ON1, P_MT_ON2,
‘ “Furetons Gonstrart- * (lP_DG_OFF1, P_FC_ON1. P_FC_OFF1, P_FC, P_MT, P_MT_ON1:
‘ return P_FC_OFF1-P_FC_ON1:

|bad_curve = \if{ 1 < retum 2°¢1; olso il ( 1 <= 50) retum 20.0; olso retum 6.0)"
|functionchoice_MT"P_MTachoice_f hoice_DG'P_DG"

if (1cm 10 ) rotum 3°12; olse {if (1 <= 50 ) mtum 30.0: olse retum 12.0: °

parameter : String |

p_dg:P_0G

Currenk Rteration: (rone)
transford7 : Transfer |
tr=x1 |

' parameter : String ||

EETEE—
environment

OiR
DieselEngine : DieselEngine ( —%

i

T
Fig. 12: Consol-Optcad

2 &

Twpe [Wese  [Present | Gcood [ Pectornance coab [Baa I
® Conl tineli.. 1.200e4001 3.000e+000 < 1.000c+000
@ Conz tameli.. 4.155e4000  3,000e0000 100024000
®Con3 Eineli.. 7.2146000 40004000 < 2.000e+000
®Cond izeli.. 6.28404000 200000000 < 1.000e4000
@ ConS eineli. 7.841e4000 2000000 < 5.0002-001
® Cond cieli.. 5.74e000 2.000et000 < . 000e-001
®Con? tineli.. 5.20264000  5.00es000 2. 000e4000
®Cond aneln.. £.99924000  4.000m000 * 200084000
#Con9 Eineli.. 6.709000  5.000e+000 2,000 4000
mecude... 3.838e000L  4.855e0001 388404001
fuelcost  5.710e4002  3,500e+002 6. 5004002

b3Z eatssions 1.099e+00L  5.000e+000 1. 1004001
33 operat... 3.285€-00L  1.00064000 2. 0004000

Fig. 10: Models in SysML Fig.13: Perform trade-off analysis in Consol-Optcad

Copyright © John S. Baras 2013 19
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St Microgrid Problem Formulation

Objectives

operation

N
Minimize Operational Cost: OM ($)=)_ Kom, Bt
i=1

\ P
Minimize Fuel Cost: FC($):Z:Ci r‘]’t
i=1 i
N M
Minimize Emissions: EC($) = ZZak(EFikF’iti

=1 i=1

/1000)

operation

Pi : power output of each generating unit

t . : time of operation during the day for the unit i

N. : efficiency of the generating unit i

N : number of generating units

M : number of elements considered in emissions objective
Kom, 1 Cir @, EFy : constants defined from existing tables

Copyright © John S. Baras 2013
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Constraints

.
e Meet electricity demand : P, = Demand (kW) :50-(0.6sm(ﬁ)+1.2)
Functional constraint and shall be met for all values of the free parameter t

 Each power source should turn on and off only 2 times during the day

Constraints for correct operation of the generation unit
e Each generating unit should remain open for at least a period X; defined

by the specifications: §; o1 — 1 o0 2 X and b o=t o2 2%, 1=12,..N

e Each generating unit should remain turned off for at least a period Y,
defined by the specifications:  t; o, =t o 2y, 1=12,..N

The problem has a total of 15 design variables, 10 constraints and
3 objective functions

Copyright © John S. Baras 2013 21
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Tradeoff Study in Consol-Optcad /@i

Sys ems

Performance Comb (lter= 0) (iPhase 1) (MAX_HARD=0.333333)

Iteration 1 (Initial Stage)

h‘ype ‘ Name | Present ‘ Good | Performance Comb ‘ Bad ‘ .

@® Conl timeli... 1.200e+001 3.000e+000 Lmmmmm | =————————- l=sas 1.000e+000
® Con2 timeli... 3.000e+000 3.000e+000 = 00Femmmmmem—e- I=... 1.000e+000
@ Con3 timeli... 8&.000e+000 4.000e+000 <L-----=---- |emmeccncaa l=uas 2.000e+000 d 1 1 1 d
® Cond timeli... 5.500e+000 2.000e+000 <-=====--- |======———- l=vas 1.000e+000 /Har ConStraInt nOt SatISer

® ConS timeli... 9.000e+000 2.000e+000 L--=-=--mmmm | === l=as

® Con6é timeli... 6.000e+000 2.000e+000 (mmmmm———— |=————————— l=ee.
® Con7? timeli... 6.000e+000 5.000e+000 Feme | - . 000e+000 . .
® Con8 timeli... 6.500e+000 4.000e+000 <L-======-= | === 2.000e+000 / FunCtlonal Constralnt
® Con9 timeli... 4.000e+000 5.000e+000 | == =uus 2.000e+000
@ F... meetde... 2.000e+001 7.715e+001 [ | ... 6.172e+001 bElOW the bad curve
® Objl fuelcost 2,613e+002 5.000e+002 ======= | | [ 1.500e+003
® 0bj2 emissions 4.815e+000 1.000e+001 ===% | | 1.800e+001
#® 0bj3 operat... 3.082e-001 1.000e+000 ==% | | 2.000e+000

v All other hard constraints
and objectives meet their
Export Mode
(" Text (" Graphics gOOd Values

v' Usually the user does not
interact with the
optimization process until
all hard constraints are
satisfied

Copyright © John S. Baras 2013
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Performance Comb (lter= 21) (iPhase 2) (MAX_COST_SOFT=0.522531)

Iteration 28 (User Interaction)

Type ‘ Nane \ Present | Good \ Performance Comb ‘ Bad \
® Conl timeli... 1.200e+001  3.000e4000 <-------mm [ l-... 1.000e+000
® ConZ timeli... 4.163e+000  3.000e4000 Feo-eee === mm l-... 1.000e+000
® Con3 timeli... 8.000e+000  4,000e4000 <-----meew |—=mmmmmmmm l-v.. 2.000e+000 . . .
® Cond timeli... 5.500e4+000 2.000e4000 €--—-----— |====m————— |-... 1.000e+000 \/A” hard Constra”‘]ts are Sat|Sf|ed
® Con5 timeli... 7.837e+000  2.000e+000 <--—m=mm-mm | = |-... 5.000e-001
® Con6 timeli... 4.398e+000 2.000e+000 <--—--mm-mm | = mmmm |-... 5.000e-001
® Con? timeli... 6.744e+000  5.000e+000 F——e-ee [ -... 2.000e+000
® Con6 timeli... 6.500e+000  4,000e+000 <--------- | === |-v..  2.000e+000 ‘/ FunCtIOna| ConStI’aInt meetS the
® Con9 timeli... 6.744e+000 5.000e+000 Fe—--ee [ l-... 2.000e+000
@ F... neetde... 4.348e+001  4.855e+001 | t====|=,.., 3.884e+001 -r
® b3l fuelcost 725264002 500068002  mmmmemesns] 1 so0ero03 specified demand. Goes below
@ 0bj2 emissions 1.343e+001 1.000e+001 ==========| | vee 1.800e+001
® 0b33 operat... 3.433e-001  1.000e+000 ===* I | 2.000e+000 the gOOd curve Only for a Sma”
period of time but as a soft
constraint is considered satisfied
(" Text (" Graphics

v'All objectives are within limits

v Because at this stage we
generate a lot more power than
needed we decide to make the
constraints for fuel cost and
emissions tighter

v’ At this stage all designs are
feasible (FSQP solver)

Copyright © John S. Baras 2013
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-Cld  |teration 95 (Final Solution)

Type ‘__Name :_?resent, Good | Performance Comb }'_Bad ‘

#® Conl timeli... 1.200e+001 3.000e+000 1.000e+000

® Conz timeli... 4.155e+000  3.000e+000 1.000e+000 ‘/ 1 1icfi

#® Con3 timeli... 7.214e+000 4.000e+000 2.000e+000 A” hard ConStraIntS are SatISerd
® Cond timeli... 6.284e+000 2.000e+000 1.000e+000

#® ConS timeli... 7.84le+000 2.000e+000 5.000e-001

#® Coné timeli... 5.718e+000 Z2.000e+000 5.000e-001 1 1 1 1

@® Con7 timeli... 5.202e+000 5.000e+000 2.000e+000 ‘/ AII ObJeCtlveS are Wlthln the

® Con8 timeli... 5.999e+000 4.000e+000 2.000e+000 H H H

#® Con9 timeli... 6.709e+000 5.000e+000 2.000e+000 neW tlg hter |Im ItS

@ F... meetde... 3.898e+001 4.855e+001 3.884e+001

#® 0bjl fuelcost 5.710e+002 3.500e+002 6. 500e+002

#® 0bj2 emissions 1.099e+001 &.000e+000 1.100e+001 . H

#® 0bj3 operat... 3.285e-001 1.000e+000 2.000e+000 / FunCtlonaI ConStraInt meets the

specified demand -- It never
goes below the bad curve

Copyright © John S. Baras 2013
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Objectives
Neng
Maximize serving of shedable loads: Z ( engine Z(Loadk_non_shedable + Loadk_shedable))
engine=1 =

Minimize Fuel Cost: ZCin—i
i=1 i

M

Minimize Procurement Cost: Y P -n?
i=1

Constraints

Meet demand for “normal flight configuration”: Vengine P, ;> Z:LoadI non_shedable
¥ : power output of each engine (design variable)
N : number of buses allocated to each engine
M: number of engines in the current configuration

N, : efficiency of engine |
Load, _non_shedable : CONSstant - non-shedable load of bus i
Load; .4anie :constant - shedable load of bus i

Ci : constant - rate of consumption cost for each engine

Copyright © John S. Baras 2013 25
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Performance Comb (lter= 1) (iPhase 2) (MAX_COST_SOFT= 1.10427)

Iteration 1 (Initial Stage)

Type | Name [Present | Good [ Perfornance Comb Bad l

@ Conl normal... 1.220e+005 9.800e+004 <-------—- | |-... 9.700e+004

® ConZ normal... 4.200e+004 1.390e+004 <--------- |t [=eas 1.380e+004 . . .

® Con3 normal... 1.220e+005 9.800e+004 <--------- |=m——————— |=-... 9.700e+004 ‘/ H ard COﬂStral ntS are SatISerd
® Cond normal... 4.200e+004 1.390e+004 <--------- | ==—mm l=cu. 1.380e+004

@® 0bjl utilicy -2.580e+004 -3.000e+004
® 0bjz fuel cost 7.364e+004  3.500e+004
® 0bj3 procur... 9.417e+004 5.000e+004

-5.000e+004
7.000e+004

3. 6005+004 v One out of three objectives
within limits

Performance Comb (lter= 16) {iPhase 2} (MAX_COST_SOFT= 1.10046)

Type [ Name ! Present I Good l Performance Comb \|\B\ad I . . . . .
® Conl normal... 1.220e+005 9.800e+004 <--------- [ l=e.. 9.7080e+004 v ObJeCUVeS St||| not Sat|Sf|ed
@ ConZ normal... 4.200e+004 1.390e+004 ... 1l.380e+804
® Con3 normal... 1.220e+005 9.800e+004 ..+ 9.700e+004

o) o T1 BT . 4.200e+004 1.390e+004 1.380e+004

—2.880e4+004 -3.000e+004 -5.000e+004 \\/ Very small improvement on the

e 7.352e+004 3.500e+004 7.000e+004 N - .

® 0233 procur... 9.402e+004 0s 9.000e+004 worst objective function value
from 1st iteration

|~ v We decide to make the utility
objective (maximize serving of
shedable loads) less tight

Copyright © John S. Baras 2013

Iteration 16 (User Interaction)
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Performance Comb (lter= 29) (iPhase 2) (MAX_COST_SOFT=0.883388)

Iteration 29 (Final Solution)

Type I Nane ] Present I Good Performance Comb I Bad I

® Conl normal... 1.138e+005 9.800e+004 <--------- | === I-... 9.700e+004

@ Con2 normal... 3.382e+004 1.390e4004 ------==c|-=cmmmmuun l-... 1.380e+004 1 1 1

@ Con3 normal... 1.138e+005 9.800e+004 L--——---=m-|=mmmmmmmun |=v..  9.700e+004 ‘/ H ard ConStraI ntS are SatISerd

|
|
@ Cond normal... 3.382e+004 1.390e+004 <--------- [=mmm |-... 1.380e+004
|
|
|

® 0bjl utility  -6.150e+004 -3.500e+004 -6.500e+004
® 0bj2 fuel cost 6.592e+004 3.500e+004 ========== ======< 7.000e+004 ‘/ 1 1 1 1 i
® 0bj3 procur... 8.534e+004 5.000e4004 ==========|======3 9.000e+002 A” Objecuves Wlthln Specmed

limits

Results

v Values of the design variables

File nName: c:\documents and settings\dimitris\desktop\coreptcadivms

PRINT --- the 29(th) iteration v Percentage of change from the
initial value

Time: 09:26:21

Name value

P_ENGL_L 3.382e+004 1.000e+000 UnFrozen
P_ENGL_R 1.138e+005 1. 000e+000 0% uUnFrozen
P_ENGZ2_L 3.382e+004 1. 000e+000 0% UnFrozen
P_ENGZ_R 1.138e+005 1. 000e+000 0% unFrozen
n_1f §5.376e-001 1.000e+000 0% unFrozen
n_hf 1.000e+000 0% UnFrozen

Copyright © John S. Baras 2013 27



The

Systems Wireless Sensor Networks Everywhere

e

\15‘)\5"7‘},

Wireless Sensor Networks (WSN) for

infrastructure monitoring

m Environmental systems
m Structural health

m Construction projects

m Energy usage

Copyright © John S. Baras 2013
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w.  [VIBSE for Wireless Sensor @
= Networks: Contributions

e Developed a model-based system design framework
for WSNs

— Integrate both event-triggered and continuous-time
dynamics

— Provide a hierarchy of system model libraries
 Developed a system design flow within our model-

based framework

— Based on an industry standard tool

— Simulation codes (Simulink and C++) are generated
automatically

— Support trade-off analysis and optimization

Copyright © John S. Baras 2013 -



systems  System Framework @

* Model libraries
— Application Model Library
— Service Model Library
— Network Model Library
— Physical System Model Library
— Environment Model Library

 Development Principles
— Event-triggered: Statecharts in SysML
— Continuous-time: Simulink or Modelica

Copyright © John S. Baras 2013 30
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Wireless Sensor Networks

Applications
(Requirements)

System Services
(Information-oriented)

Computation/Algorithms,
Data Presentation,
Communication Protocols

Physical Systems
(Functions and Resource)

| Environment i( .

Copyright © John S. Baras 2013

1>

System Models

>

Application Models
(Functionality and Performance Reqs.)

Service Models
(Distributed Data Store and Retrieval)

( Query || Naming || Location |@J

Mapping

Network Models
(Communication and Management)

| Base Station | | Wireless Channel |
-

Physical Models
(Functions and Performance)

|Sensor| |Actuator| | Router |

Environment Models

lPhenomena| | Geometry |

System Framework

J \

\\\ERSI;»P

18 56

Distributed Computing

Communication and
Sensor Database
_ Physical World

31
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I

x

SFunction/Simulink
Model Generation

Matlab/Simulink
Simulations

Copyright © John S. Baras 2013

Control Systelhi~

Simulink to SysML
Transformation

Model Integration (BDD/

D/Parametric Diagrams)

C/C++ Codes

(GGeneration

Y

Optimization ]
or Parametr|

Diagram Solv

C

l

Interative
Simulations

Statecharts
Animations

32
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1 Component Based Networking: Network MBSE for MANET

<

£y

4,
7
]

Ry1h
The Challenge & Need: Fig.2: Component Based Networking BENEFITS
Design DoD and Commercial Component-Based Network Synthesis . Reduced MANET
MANET Adaptive to Dynamic cost and fielding
Mission Requirements 1 time
* Modularity and
7 P - re-use
=~ < L >Each Block has“\ * Increased agility
_-==""Components _~ in designing,
7 S S—— modifying and
Phines: fielding new
MANET
» Broad design
Dynamic Interconnection and Interoperability Analysis Tools: Space

ILOG Solver,

exploration

+ Broadband wireless nets capable for
multiple dynamic interface points

+ Any node can serve as
interface/gateway

Fixed or

g//? : hybrid
d;k/o broadband ANET Emulation,
ey - Simulation Tools:
o] (/ Network EMANE, OPNET,

QUALNET,

Components OMNeT++

& Models

Fig. 3: Network MBSE Toolset : integrating SysML Architecture Model
with DB of network models, emulation-simulation models, tradeoff tools

Copyright © John S. Baras 2013 33
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sudtsm, Components for Routing °
Protocols

Research ARYLAS

Neighborhood Discovery Component (NDC)
— Status of nodes that are close to me (2-hop neighborhood)

Selector of Topology Information to Disseminate
Component (STIDC)

— What information should be broadcasted in the network

Topology Information Dissemination Component (TDC)
— How the information is shared

Route Selection Component
— Path selection Criteria

Copyright © John S. Baras 2013
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systems 3 Platoon Mobility Scenario ).
esearch RyLM
Long connection from 20 to O (platoon
E ) heads) ™
aty n
ﬁﬁ égu 3000} .%5500-
i = i 2000t 5 54 %500&
" s 3 tooo} s 2~ 8 e & ,—’I“
it = g
@ﬁ z Eﬁ -100¢ 3[:1 12, ; 5 :ﬁ = ?" A, . L A ‘ ) ‘
o = @ ‘ :z::i 0 Offered load in bps
ﬁﬁ ﬁ“ | ﬁ -400g . . ‘ ‘ ‘
@ S“ii -1000 5DD 0 500 1000 1500 2000 2500 Type COnnection Offered_load
’ Intra- (1,3),(2,9),(4,6),(7,5),(20, 12 kpbs
platoon 29),
(14,17),(16,11),(17,18),(1
| OLSR-ETX | SPTC-ETX 9.12),
Saturation ~ 2 Mbps ~ 2 Mbps (21,22),(23,27),(23,28)
CL Inter-  (1,18) 2.4 kbps
TC message 923 kbps 890 kbps platoon (20,11),(20,0) 6 kbps
rate (10,1),(21,10) 12 kbps
35

Copyright © John S. Baras 2013




/3 : for - 5 S
SYatsing Component-base Netwc?rks and &

Composable Security T

Universally Composable
Security of Network Protocols:
> * Network with many agents running
Ex:;:;:ﬂe F°":“‘I' autonomously.
Models - Agents execute in mostly asynchronous
manner, concurrenty several protocols

many times. Protocols may or may have
not been jointly designed, may or not be
all secure or secure to same degree.

Performance
Models Key question addressed :
 Under what conditions can the

composition of these protocols

Studying compositionality is be provably secure?

* Investigate time and

necessary! .
Fesource requwements

for achieving this i

Copyright © John S. Baras 2013
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Research 2R Q
(UCS) TR

Results todate (Canetti, Lindell, ...) :

When there is a clear majority of well behaving nodes (i.e.2/3) almost any
functionality is secure under UCS

When there is no clear majority then UCS is impossible to achieve unless
there are pre-conditions — typically some short of trust mechanism

Introducing special structure in the network (e.g. overlay structure, small
subset of absolutely trusted nodes) helps substantially in establishing UCS,
even without preconditions

Many applications: military networks, health care networks,
sensor networks, SCADA and energy cyber networks

The challenge and the hope: Use “tamper proof hardware”
(physical layer schemes, TPM etc. ) even on a small

subset of nodes to provably (validation) establish UCS - role of
fingerprints and physical layer techniques.

Establish it and demonstrate it?

37
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Sy Latest: Adaptive Component-Based @
%,ﬁwv@
MANET Security

Rescarch
Components of MANET Routing Protocols

Neighborhood Discovery Component (NDC)

— Status of nodes that are close to me (2-hop neighborhood)

Selector of Topology Information to Disseminate = Component
(STIDC)

— What information should be broadcasted in the network
e Topology Information Dissemination Component (TDC)

— How the information is shared
. Route Selection Component

— Path selection Criteria

e Cross-layer — MAC and Routing

* Detect attacks — mitigation strategies — adaptively change protocol
component parameters and structure

e Distributed trust an integral part
 Treat it as a Feedback Control System!
e Part of the DARPA WND program

Copyright © John S. Baras 2013 38
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Buildings as Cyber-Physical Systems

e Research focus: Platform-Based Design for Building-Integrated
Energy Systems.

Pearl River Tower Complex Green Technology Tower —— Architectural Proposal for Chicago

AP I
; 3
\

Copyright © John S. Baras 2013 39
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NIST Net Zero Energy Residential Test Facility

Courtesy J. Kneifel (2012) 40
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CURRENT CAPABILITIES AND SOFTWARE

EnergyPlus

EnergyPlus - Pros

EnergyPlus — Cons

Developed in 2001 by DOE and LBNL, currently v8.1

Whole Building Energy Simulator — Weather, HVAC, Electrical, Thermal, Shading,
Renewables, Water, Green Roof

Steady state simulation down to 1 minute time intervals

Reporting on built-in, component or system level properties.
= Reports can vary in frequency: Annual, Monthly, Daily, Timestep

Includes EML for HVAC controls (see MLE+) EnergyPlus

Highly detailed models for realistic as-builts

Captures many of the complex physical
interactions that outside and within a building

Active and wide community and support

Models can have long development time and
steep learning curve

Courtesy EnergyPlus, J. Kneifel (2012) 41
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CURRENT CAPABILITIES AND SOFTWARE

JEPlus

= Developed by Yi Zhang and Ivan Korolija at De Montfort University, UK

= Java wrapper for EnergyPlus that simplifies parametric analysis

= Extends functionality of EnergyPlus
JEPlus— Pros

» Greatly enhances parametric analysis across all platforms
= Parametric tagging system makes it much easier to code for large state spaces

Courtesy Y. Zhang

It
(osv! sql)

(cov.sal)

/ ;

‘?RYLPS\
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MULTI-OBJECTIVE OPTIMIZATION

Kheit
Problem Formulation

Design Parameters Description Constraint Initial Unit
T] Exterior Wall Insulation (R-Value) 9<1<44 | 1=19 ﬁ—_)gt%b-’-
i) Roof Insulation (R-Value) 0 <x9<TH o = 50 ftg'ogl' hr
I3 Window (U-Value) 02<123<035 |z3=0.35 P%
T4 Window (SHGC) 0.25 < 14 < 0.35 | x4 = 0.35 | Unit-less
Ty Infiltration (ACH) 06<z5<3 ze=3 | ACH
I HRV /Ventilation (% Energy Recovered)| 0% < zg < 85% | zg = 0% Vi
T7 Lighting (% Efficient Lighting) 5% < 7 < 100% |27 = T5%| %
Iy PV (Capacity) 0<x3<10240 | zg=0 W

Copyright © John S. Baras 2013
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ARy LAY

Initial Cost Objective Function
Minimize

IC = Z(Icwau + ICroof + ICwin +1Crpf + ICvent + ICLight + 1Cpv

where
ICwa = Awall (.0666 (561 — 19) + 0.7)
ICRoof == ARoof (01 (513‘2 - 49) + 25)
ICwin =  Awin (456.2 — 2633 23 — 216.6 24 + 3863 23 + 942 3 24
IOInf _ Vr;om (052 :135_0'7462)
ICvent = 42(8.571 2 + 0.8571 x¢) + 1300
ICLight = 0.2237 (1281 — (—2676 x7 + 3288))
ICPV — 2.0 L8,

44
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Energy Use Objective Function

Minimize
24 o)
EU — Z (PPV (t) —|_ PLighting (t) + BtPHpVAC)
s 60000

B¢ is the On/Off factor for the HVAC unit at timestep ¢
P 4o = 1000

45
Copyright © John S. Baras 2013



In\t!tlllL for

Systems

Rescarch

MULTI-OBJECTIVE OPTIMIZATION .f

Energy Use Objective Function

va(t)

9000

8000

7000

6000

5000

2
T

PV Output [kWh]

3000

2000

1000

10.55

(69706 (5511 3014 %) + 6870e™ (*ZoEa> )? )

10240

va Curve Fit

© Original PV Output Data
—Fit Curve

Copyright © John S. Baras 2013

Time [hr]
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Energy Use Objective Function
(0 for 0<t<6&8<t<18
(0.25)(—2676 x7 +3288), for 6 <t <7 &22<t<24
PrLighting(t) = < (0.5)(—2676 z7 + 3288), for 18 <t < 19
(0.75)(—2676 x7 + 3288), for 7<t<8 & 21 <t <22
| (—2676 27 + 3288), for 19 <t <21
gsuo— -
47
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Operational Cost Objective Function

Minimize
24 o)
oc=Y" Ctarigs (8)[Ppv (t) + Prighting (t) + Bt PHy ac
‘s 60000

48
Copyright © John S. Baras 2013
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Operational Cost Objective Function

0.0978,
Ctam;ff(t) =< 0.1124,
0.1341,

for 0 <t <8
for 8<t<12&20<t<24
for 12 <t < 20

PEPCO Time-Of-Use Tariff Schedule
Crarie

0.14, T

0135

013

0125

Tariff [$/kWh]
! e
e

N

T

=
o
=
@
T

e

o

=
T

0105

01—

Copyright © John S. Baras 2013

10 15 20
Time [hr]
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Rescarch

User Comfort Objective Function

Maximize
24
Ul = Z Tt
t=0
where

N = ]-7 for Troom,t < Tinresh
07 for T’room,t 2 Tth'r‘esh

Home Performance Objective Function
Minimize

24
HP =3 B
t=0

Copyright © John S. Baras 2013
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Heat Transfer Equations

Qnet — Qwall + Qroof + Qwin + sz’nrad + Qinfil + Qvent + Qint + QHVAC'
Awall

I

Qwall —

(Te:ct (t) o Troom [t] )

where A, = 1280ft°

Aroo
Qroof — T ! (Temt(t) - Troom [t])
where A,or = 2240ft>

Q'win — Awin 3 (Tea:t (t) — Troom [t])

where A, = 137.5ft°

51
Copyright © John S. Baras 2013
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MULTI-OBJECTIVE OPTIMIZATION

Heat Transfer Equations

PPeople(t) — {

-~
)
S

Occupancy Load Schedule [Watts]
= - N N « w
—] o = o = o
= =l = = =3 =
I T I I T I

o
=)
|

<
|

Copyright © John S. Baras 2013

400, for0<t<8&18<t<24
0, for 8 <t <18

OccupanchLoa:l Schedule

I — I

10 Smaii 15

20
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Simulation

Initial Values

Design Parameters:

x1 - Exterior Wall Insulation [R] = 19.00

x2 - Roof Insulation [R] = 50.00

x3 - Window U-Value [U] = 0.35

x4 - Window SHGC [SHGC] = 0.35

x5 - Infiltration [ACH] = 3.00

x6 - HRV/Ventilation [% Energy Recovered] = 0.00
X7 - Lighting [% Efficient Lighting] = 0.75

x8 - PV [Watt] =0

53
Copyright © John S. Baras 2013
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Simulation
Simulation Results
95
I [ I . Exterior Air Temperature
90 ——Room Air Temperature

Temperature [ °F]
L= (-]
=] o
| |

7

— Setpoint Limits

25

i NSNS VWYY
b o i
65 | L 1 |
0 5 10 15 20
Time (hr)
250 T T
——Cooling Load
200— / — Cooling Supplied by HVAC ||
'E o |1 Sddma® = % /
5 150 L | | _
s i
[]
= 100 — N )
o
E NN P |
o 0 P fom st . 1
.50 | ] ] |
0 5 10 15 20 25
Time (hr)

Copyright © John S. Baras 2013
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Simulation
0 Energy Use (Minimize) Objective Function RG‘ZS;I Its Operational Cost (Minimize)
15F =
¥ -l
: "9l
st 0.5}
o 1 [} 1 1 1 0 1 1 1 1 ]
User Comfort (Maximize) HVAC Performance (Minimize)
1500 200
600}
gmao X %
400
£ 500 H
= = 200t
0 0
o X 10° Initial Cost (Minimize)
1.5F
o 1
0.5+
o 1 1 L 1 ']
55
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Research

Simulation

Next Iteration

Design Parameters:

x1 - Exterior Wall Insulation [R] = 30.00

x2 - Roof Insulation [R] = 50.00

x3 - Window U-Value [U] = 0.35

x4 - Window SHGC [SHGC] =0.35

x5 - Infiltration [ACH] = 3.00

x6 - HRV/Ventilation [% Energy Recovered] = 0.00
X7 - Lighting [% Efficient Lighting] = 0.75

x8 - PV [Watt] =0

Copyright © John S. Baras 2013
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Simulation Results
95
I [ I . Exterior Air Temperature
90— — Room Air Temperature
— Setpoint Limits

)
o
I

7

Temperature [ °F]
L=
=]
|

~

=
|
>

|

|

|

-
(5]
(=)

5 10 15 20 25
Time (hr)

250

——Cooling Load
200— - — Cooling Supplied by HVAC ||

—
o
)
I
=
3
1
L3
Y
=
SR
7
|

o
-
I

|

Cooling Rate[BTU/min]
>
(=
T
I

I
/
i
L

&
=
o

Time (hr)

57

Copyright © John S. Baras 2013



The

Svstems MULTI-OBJECTIVE OPTIMIZATION

) £
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Energy Use (Minimize)

User Comfort (Maximize)
1500

1000+

500+

Minutes/day

x 10° Initial Cost (Minimize)

151

0.5

Copyright © John S. Baras 2013

Objective Function Results

2.5

Operational Cost (Minimize)

2F
1.5F

$iday

1k
0.5+

0

HVAC Performance (Minimize)

Minutes/day
g
(=}

[~

(=]

>
T
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Research

Simulation

Next Iteration

Design Parameters:

x1 - Exterior Wall Insulation [R] = 30.00

x2 - Roof Insulation [R] = 50.00

x3 - Window U-Value [U] = 0.25

x4 - Window SHGC [SHGC] = 0.25

x5 - Infiltration [ACH] = 3.00

x6 - HRV/Ventilation [% Energy Recovered] = 0.00
X7 - Lighting [% Efficient Lighting] = 0.75

x8 - PV [Watt] =0

Copyright © John S. Baras 2013
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Simulation Results
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Operational Cost (Minimize)

HVAC Performance (Minimize)

Energy Use (Minimize) Objective Function Results
20 2.5-
15F er
=

8 = 1.5}

z 10 £

z s 1t

50 0.5
o [} 1 1 ) 0
User Comfort (Maximize)

1500 600
P >
1000} § 400}
173 “

8 £
E g
£ 500t £ 2001
0 0
%10 Initial Cost {Minimize)
2 y
1.5}F
» 1
0.5
0 L 1 1 J
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[—— m
File Actions Help

.. ® l."‘ ‘.a
..-§..= % o.'o
r r.. .2‘:'.‘.‘-
] » J- 00 0 0g%0 o0
)

2,500 3,000 3,500 4,000 4,500 5,000 5,500 6,000 6,500

-3,000 -2,500 -2,000 -1,500 -1,000 - 1,000

1,500 2,000

Operational Cost [ Dollars]
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S, Integrating Siemens PLM Tools '
for MBSE in Energy Efficiency
e Teamcenter, 4GD, NX CAD, PLM elements like Cost

* Smart-grids at various scales from a few

TRYLAS

houses to neighborhoods to regions
T * Retrofit design of existing houses for
Sy improved energy efficiency
o D, « Zero or positive energy houses by design
}"‘:Af;)"“-, « Partitions and design elements (4GD)

e  Manufacturing (read Construction) process
management

e Collaborative design and requirements
management (Teamcenter)

e Linking Teamcenter, NX CAD, 4GD, with
our MBSE framework suite; especially with
our advanced tradeoff and design space
exploration tools

Copyright © John S. Baras 2013 63
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Copyright © John S. Baras 2013

Transcend areas of application: from
space to micro robotics

Include material selection in design

Include energy sources, resilience,
reliability, cost

Include validation-verification and
testing

Use integrated SysML and Modelica
environment

Link it to tradeoff tools CPLEX and ILOG
Solver

Demonstrate reuse, traceability,
change impact and management

o4
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Research

= Micro-robots design and manufacturing
require control algorithm and physical
layer (material and geometry) co-design.

= This insect-like robot is modeled in
Modelica language using Differential

\‘ A Algebraic Equation.
) . \ = We are working on a Model-Based
®)

-

Systems Engineering approach to
perform analysis, modeling and tradeoff
for robotics and its material and control

parameters.

CAD designand
process management

(a)

Siemens Tools Utilization
Siemens

<<Modelling
TeamCenter &
NX

Hub>>

= Designand analysis CAD SysML

model at the design phase Rafine Modal

= (Guide requirement to .
implementation from CAD Trade Off Code Generation Model linking
; : A . & Synchronizati
design to physical simulation FCHICnEAi

<<FEA>>
Comsol

il

Modelica Model

I

Copyright © John S. Baras 2013 65
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e Coordinate transformations

(o), = (), + (1), + (

e Direct Kinematics

[
_____
H

) g3 N L
P _ 3€;
(VB/Q)Rg - (leg X 93€§> S0
AT —
2/1 R3 (lge?c + lei) X 9262

One can express the motion of point P
in terms of generalized coordinates
and its derivatives using a coordinates
transformation.

) ) 1 Mechanical model of one single leg.
CORCI WL
1/0 R3 (lle},: + lgei + lei) X 916;

Copyright © John S. Baras 2013 66
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e Leg Model

revi

L xogApoq
{0'0's500°0}=1

frame_a

fijcedtranslation2

rev

Modelica Model &

fixedtranslation1

a
I

bodyBox

bodyBox3

a

={-0.0015,0,0} =
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Limit Cycle Analysis

PWM

New geometry alters the
problem dramatically.

— Although the new joint
dimension should improve
stability, it is hard to verify.
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AUTONOMOUS SWARMS — s

18

NETWORKED CONTROL

« Component-based Architectures

« Communication vs Performance
Tradeoffs

e Distributed asynchronous

e Fundamental limits
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systems  Design Space Exploration @
Problem

e Large, complex systems have many tunable
parameters

 To perform tradeoff analysis at system level, a
simplified view of the underlying components
must be available

e Challenge: create an abstract, tractable
representation of underlying components.

* Hypothesis: Although components are not
perfectly decoupled, structure provides useful
information for parametric decomposition
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Space Exploration and Decomposition

e To perform tradeoff analysis at system level, of complex systems a
simplified view of the underlying components must be available

e Challenge: create an abstract, tractable component representation

* Hypothesis: Although components are not perfectly decoupled,
structure provides useful information for parametric decomposition

e Results/Contributions:

e Starting from an undirected graph representation of the system developed a
“divide and conquer” methodology and tool to choose subsets of nodes that
completely separate the graph

e Separation produces interfaces -- leads to system decomposition in trees; “width”
of a decomposition the size of the largest system component while “treewidth” is
the minimum possible width over all tree decompositions

e Decomposition complexity is exponential in treewidth and linear in problem size

* By using novel organization of tradeoff queries for design space exploration, the

method leads to chordal systems — decomposition performed in linear time
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Tradeoff Queries

 The query itself influences the shape of the
resulting graph

e A query that is not local can create links
between non-local variables

 The resulting graph and analysis complexity is
dependent on the query
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X, as head
2 X, as head
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SysML Parametric Diagram = Functional Dependence
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Figure: SysML Parametric Diagram (Factor Graph)
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SysML Parametric Diagram =» Functional Dependence
Graph =» Join Tree
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Figure: Functional Dependence Graph (step 1)
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SysML Parametric Diagram =» Functional Dependence
Graph =» Join Tree = Factor Join Tree

[Payload, PerchTime]

[Battery, Payload, Range, Weight]

[Battery, Cost, Payload, Range]

[Battery, FlightCurrent, Range, Weight]}

Figure: Join Tree (step 2)
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Graph = Join Tree = Factor Join Tree = Summary
Propagation
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< €
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Figure: Summary Propagation (step 4): (& = Projection, ® = Intersecion)
Complexity of system analysis: reduced from D to 3D* + D?
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Please enter the name and parameters for each function.
Parameters are case sensitive and must be separated by
commas.

NO  Func Name 7 Parameters

1 PER per, size
2 Reliability rel, dist
3 Energy energy, £0nﬁg, pCAP, pGTS
4
2]
6
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9 ]PGTS pGTS, pldle, pRey, pTx, config
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Copyright © John S. Baras 2013

78



NS

lns(‘il-t!l]ft‘c for 5 O
OYSICp How to Use It? 3 @

< g N
TRYLAS

* |nput constraints of SysML Parametric Diagrams

 |Interact with our tool to generate a factor join
tree

* Roll back if necessary

 Create SysML Block Diagrams

* Revise the original SysML Parametric Diagrams
e Analyze the system using summary propagation
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Thank you!

baras@umd.edu
301-405-6606
http://www.isr.umd.edu/~baras

Questions?



