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“The Nation that has the System Engineers
has the Future”

John S. Baras, Systems and Signals, Vol. 4.2,
May 1990
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ENGINEERING RESEARCH AND EDUCATION

e First 25 years of the 21st century will be dominated by advances in methods and tools
for the synthesis of complex engineered systems to meet specifications in an adaptive
manner

e Evident from the areas emphasized by governments, industry and funding agencies
world-wide:

— energy and smart grids — environment and sustainability

— biotechnology — intelligent buildings and cars

— systems biology — customizable health care

— nanotechnology — pharmaceutical manufacturing
innovation

— the new Internet — broadband wireless networks

— collaborative robotics — sensor networks

— software critical systems — transportation systems

— homeland security — security-privacy-authentication
in wireless networks

— materials design at sub-molecular — cyber-physical systems

level

— network science — web-based social and economic

networks

Copyright © 2012 John S. Baras, ISR-SEIL
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Industrial
™ automation

Aeronautics

Building
Elevators automation
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Helping over 30 different teams and skills in
the company work together

Linking over 40 different EE design
representations throughout the entire
development process

Ensuring that the EE design flow is integrated
at the same level of quality and
performance as the 3D CAD system

Model based design and executable
specification in the OEM/supplier chain

Albert Benveniste -- INRIA
Copyright © 2012 John S. Baras, ISR-SEIL



The | 9 =
Institute tor

systems Virtual Engineering Everywhere .
CAD models

Helping over 30 different teams and skills in
the company work together

Linking over 40 different EE design
representations throughout the entire
development process

SETS ¥AD

Ensuring that the EE design flow is integrated
at the same level of quality and
performance as the 3D CAD system

Model based design and executable
specification in the OEM/supplier chain

Albert Benveniste -- INRIA
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Multi-Physics models

Helping over 30 different teams and skills in
the company work together

Linking over 40 different EE design
representations throughout the entire
development process

hydraulic_Servo_Valve
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Ensuring that the EE design flow is integrated sy
. EE -

at the same level of quality and .

performance as the 3D CAD system

Model based design and executable N H |
specification in the OEM/supplier chain

ReB5% lode1s

MODEL SIMULATE DEPLOY
Impart Test Tast Confroller
LA e Unhegrete inhs
Create Cenligure szzm.;ml Oithrar ‘é‘wilmm
Integrate Optimize Shara Modals
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Embedded Software

Helping over 30 different teams and skills in
the company work together

Linking over 40 different EE design
representations throughout the entire
development process

Ensuring that the EE design flow is integrated
at the same level of quality and
performance as the 3D CAD system

Model based design and executable
specification in the OEM/supplier chain

Albert Benveniste -- INRIA
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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.
Copyright © 2012 John S. Baras, ISR-SEIL
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the Model Integration Challenge:
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Systems Abstraction Layers i

Plant Dynamics Controller Dynamics: B(t) =« (B, (1)..... B;(1))
Models —_ Models * Properties: stability, safety, performance

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

Physical design

Software Software Software :  B(i) = x,(B, (i),..., B (i))
Architecture K=§ 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 ()
Architecture K= Management * Properties: timing, power, security, fault
Models Models tolerance

System/Platform 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?

. Lo . 11
Janos Sztipanovits — Vanderbilt Un. Copyright © 2012 John S. Baras, ISR-SEIL
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Integrated System Synthesis Tools -
& Environments missing

Iterate to Find a Feasible Solution/ Change as needed

COMPONENT- BASED SYSTEM SYNTHESIS -

Model - based
UML - SysML - GME - eMFLON
Rapsody, MagicDraw
UPPAAL
Artist Tools

Change structure/behavior model as needed

Define
Requirements
Effectiveness

Measures

\ 4

Map behavior
»  ONto SIUCIUTE oy
Allocate

Assess TN Create
Available > / Behavior
Information Sy Model

v

Requirements

Create
Structure —
Model

derivative
requirements

Integrated Multiple -

Views is Hard !

/TN

MATLAB, MAPLE

Modelica / Dymola
DOORS, etc.
CONSOL-OPTCAD
CPLEX, ILOG SOLVER

Specifications Create

Perform Sequential
TradeOff build &
Analysis Test Plan

Model - Based
Information - Centric
Abstractions

12

Copyright © 2012 John S. Baras, ISR-SEIL



IIIH[IIHIL for

Systems

Research

System-of-System Level
= 1st Level Of Decompositions
= How Our

the Over;

System Level
= Derives Subsystems
= Allocates Requiremen

Element Level

Component Design
& Implementation Level

Components
ponents

Layered MBSE -- Hierarchies

Trade Studies,
Simulation,
Specification Reviews,
etc.

Trade Studies,
Simulation,

Trade Studies,
Simulation,

Behavior,
Structure &

(Watson 2008, Lockheed Martin)

Copyright © 2012 John S. Baras, ISR-SEIL
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System
Architecture

SysML Diagram

S i d e dh R

Structure
Ciagram

Internal Block
Diagram

&

|
g  Paranvetric 1
L) Dingram I

~egubrament

Behaviar
Diagram

e ¢
[ B3k fald 40
|

i G

o,

i 5 i O e

Aativity Sequence State Machin Use Case Black Definitia
Diagram Diagram Diagram Diagram Diagram

[] SameasUML2

D Modified from UML 2

Package Diagram

.
‘i(l' E R

B o e o e SR

fenad Newdagram type

OMG 2010

Tradeoff
Tools

14
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1' StrUCtu re sd ABS_ActivationSequence [Sequence Diagramy 2' Beha\"or
bdd [Package] Structure [ ABS Structure Hierarchy ]J ) ) ) . .
stm TireTraction [State Dlagramy interaction
==hlock== ==hlock== ==hlock== g e
Libraryz Anti-Lock Library= act Preventlockup [Activity Diagram] ) state
Electronic Contr[ ; : .
Processor ibd [Block] Anti-Lock Contraller [ Basic U machlne
d1 : Traction
ch | e L.
I?\ ; * BESESELee (| activity/
==hlack== .
Traction c2: :Modulate function
Detector BrakingForce
m1 : Brake TractLoss
Modulator = == = e =
definition use
J< [ I
req [Package] Yehicle Specifications [ Braking Reguirements ]J par [Block] Straight Line ¥ehicle Dynamics [ Parameters ]J
! thom ot % i M m: kg
Vehicle System Speciﬁcatiun| Braking Subsystemn Specification ( |_| |_| |_| i M | rf ‘M |_| |
e1 : Braking Force’ e2 : Acceleration
==reguirement == ==requirement == Equation I: :I Equation
Stopping Distance Anti-Lock Performance =t (1 40} 5 misects  =MTE}
d="102" d="33" h, J » |_| J
Text="The vehicle shall Text="The hraking system shall )
. a: mizech?
stop from B0 miles per hour preventwheel lockup under all - - — p .
within 150 ft on a clean dry braking conditions. " e4: Distance Equation |_| )
surface " . Tw=dx St} e3 : Velocity Equation
X | ¥ misec W MiSec {a=dwidt}
:_ | XM t:sec[ :It:sec
==deriveRegt== ) g - i
3. Requirements 4. Parametrics

Copyright © 2012 John S. Baras, ISR-SEIL
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Analysis Models
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Req’ts Allocation &
Design Integration

Hardware Models

16

Copyright © 2012 John S. Baras, ISR-SEIL



The

Systems System Modeling Transformationsl@s’

* Mocel Dbject

/? [0 Modoloepmdoncy o
\ ‘“’% /\S ""‘
| Tool B

Don'anA Ptohlo .\-\J

. Profile
Wd‘g . .
m ' Profie '..j
.. Ny System Moo
Y

- I .
aln [
vl o

17
Copyright © 2012 John S. Baras, ISR-SEIL



The
Institute tor

\'ll‘-'i'r}

Integration of Design Space Exploration .-

Systems Tools with SysML- Integrated Models . ®V.
The Challenge & Need: BENEFITS
Develop scalable holistic methods, models and tools for * Broader Exploration

enterprise level system engineering
Multi-domain Model Integration

* Model Object

m
Sy

Domain A

koE
|°m e

\JSysML EI

Domain C

\ Ei
Sﬁmn\Muhl ‘iillllia
="' _‘f’_.»" Tool “E P
“ Master System Model” \
Update System
Model /Tradeoff parameters
ADD & INTEGRATE Ne—

ILOG SOLVER,

CPLEX, CONSOL- Multiple domain modeling tools | DB ofsystem
oPTeAD * Tradeoff Tools (MCO & CP) components
and models

System Modeling Transformations °
via System Architecture Model (SysML) .

[B] Model Dependency R

» Validation / Verification Tools
- Databases and Libraries of annotated
component models from all disciplines
Copyright © 2012 John S. Baras, ISR-SEIL

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

e Avionics

* Automotive

* Robotics

* Smart Buildings
 Power Grid

* Health care

* Telecomm and WSN
* Smart PDAs

e Smart Manufacturing

18
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Generate

Electric Driven

787 MEA ARCHITECTURE

Distribute, and Consume energy in an effective and efficient manner

Electric Engine Start Electric Wing
/ Ice Protection

TRkt

Hydraulic Pumps 1 pOEING

Electric Air Conditioning _
and Cabin Pressurization :I'Q:t"f ETPSﬂﬂthd
Systems ectrical Systems

Copyright © 2012 John S. Baras, ISR-SEIL
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MORE EFFICIENT

The 787 Dreamliner delivers: *Relative to the 767
209%™ reduction in fuel and CO;
28% below 2008 industry limits for NOx

60%" smaller noise foot print

Advanced Wing Design

Innovative Systems | Enhanced Flight Deck

Technologies

- | 0 Composite Primary Structure

Advanced Engines and Nacelles

Boeing Copyright © 2012 John S. Baras, ISR-SEIL 20
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MBSE for Fault Tolerant Vehicle Management
Systems (Electrical, Hydraulic, etc.)

Goal: Synthesize logic
to switch between
generators and loads
on-demand and to
handle faults so as to
stay within safe
operating envelope

Joint with UTRC

[Image: hamiltonsunstrand.com]

UTRC Copyright © 2012 John S. Baras, ISR-SEIL 21
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Fig. 1. Physical
architecture of the
modern aircraft
power system

Fig. 2 :
Requirements
analysis and
allocation

Fig. 3&4: System
behavior using
SysML and Modelica
Fig. 5&6: System
structure and
constraints using
SysML diagrams

i
i @ ENGINE 2 @

@ ENGINE 1 @ @ APU @E

Figure 1: Single line diagram of an electric power system adapted from Honeywell Patent
US 7,439,634 B2. Figure courtesy of Rich Poisson, Hamilton-Sundstrand.

Copyright © 2012 John S. Baras, ISR-SEIL
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VMS Design Challeng

Results / Contributions:

* Developed a framework for a
Modeling ‘Hub’ integrated with a
Tradeoff Analysis Tool; generation

Verification/

of some VMS EPS model artifacts
from multiple DSL (Modelica,

Validation(V&V)
- UPPAAL

SysML) for proof of concept

» Extension of the SysML-based ‘Hub’
functionality with Generic Modeling

- Other HW tools

Environment (GME) toolsuite:
Metamodeling, model transformation

Implementation
- SARTURIS

and interpretation capabilities for
formal across domain model integration

« Multi-criteria optimization and trade-off analysis are carried out using the
integration of Consol-Optcad and the SysML-based modeling ‘Hub’

» Developed Modelica profile fro EPS in SysML and model creation and
transgformation using Graph Rewriting and Transformation (GReAT) Language

Copyright © 2012 John S. Baras, ISR-SEIL
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Objectives / Contributions

A framework for a Modeling “Hub” integrated with a Tradeoff
Analysis Tool is been developed ; use and generation of some
VMS EPS model artifacts from multiple DSL (Modelica,
SysML) for test case and proof of concept

Extension of the SysML-based “Hub” functionality with
Generic Modeling Environment(GME) toolsuite:
Metamodeling, model transformation and interpretation
capabilities to allow for formal across domain model
Integration

Multi-criteria optimization and trade-off analysis are carried

out using the integration of Consol-Optcad and the SysML-
based modeling “Hub”

25
Copyright © 2012 John S. Baras, ISR-SEIL
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Framework

Simulation
- Modelica
- Matlab

M s data
., exchange

Trade Studies
= Consol Optcad
- Cplex

31'@

Integrated Modeling Hub

DEL1

Modeling “Hub™
[SysML + GME)

Xtensio

Extensio

Design
- Magic Draw
- Rhapsody

# ';

Models data
exchange

I
=
<}
=

SysML

Ln

odals data
exchange

xtension

i)

Others
- PM toals
- CAD tools.

Copyright © 2012 John S. Baras, ISR-SEIL

Extensio

DELZ

Models data
exchange

Verification/

Validation(V&V)
- UPPAAL
-LTSA

Implementation
- SARTURIS
- Gther HW tools

26
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Integration framework
Design
- Magic Draw
.- Rhapsody
Modeling “Hub”
SysML Ilntamodol] M 5’5,'“_6 fSysML?GME]
(Source) Uescribes [ ppodel
Extendad Parameatric J (MetaGME Paradigm regist.) (Input)
Diagram 1%
Dymola/
OpenModelica
(Simulation)

Transformation

UMIT Paradigm Specification

(UML class diagram) .
and Execution

Modelica
Metamodel

(Target)
Modelica Text

Copyright © 2012 John S. Baras, ISR-SEIL
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Implementation Results

Integrate SysML with Modelica through GME for VMS
EPS:

SysML and Modelica metamodeling, model creation and
transformation using Graph Rewriting and
Transformation(GReAT) language

Exploration of bidirectional integration :

Modelica block view to SysML Block Definition Diagram
(BDD) transformation — successful transformation of a
Modelica Block to a SysML Block.

Implementation of a Modelica profile for EPS in SysML
(Magic Draw)

Copyright © 2012 John S. Baras, ISR-SEIL
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Modelica Profile

$

o

TRYL

= Modelica profile in Magic Draw is built to extend SysML
language and allows Modelica language constructs to be captured
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GME toolsuite contributions to the Integration framework

Infrastructure to create and add abstract syntax to concrete syntax used to
represent models in DSML and perform semantic mapping among DSML
=» formulation of mathematical abstractions specifying meaning of models

Support for the rapid creation of domain specific modeling, model
analysis and program synthesis environments[1] =»easy metamodel
creation and extension specification for integration purposes

Transformation framework (GReAT) built upon the formalism of graph
grammars (input and output models are considered as graphs); use of
Universal Data Model (UDM) framework as underlying data models for
programmatic C++ access to transformation artifacts

Multi-mechanism framework (raw COM, BON, BON2, MON) for creation
of multiple types of components =» code generation of the model artifacts
that can be executable in specified DSL based tool

Weaknesses: Limited import options for external files (created out of the
GME environment); Difficult debugging of errors: multiple/complex
Interactions among toolsuite components, proprietary constructs/syntax

30

Copyright © 2012 John S. Baras, ISR-SEIL
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Metamodels

SyshLPARAM
e pdal=

nhoe
nhParam ; fick
hasREC -
nbParis !

tiekt

bool
fiekd

t

e

ConneciConsiraint

L

v'"Modelica : focus on the
textual view to capture
different sections of
model’s equations

|

s<hiodal=>

nbParam : fieki
hasRC ! bl
nkFarts © Hikd

cannectConst © fickl |

=<onnaction==

ConnaciBF

gt
Part
<=Model=

partType : fiald
noFaram Tiald
pathwayLibrary : field

pattwayLibrary -fiekd

+

I

CannectPBP
) L Canneclionee

Q- ar n-

L T L L L =

a1 ne
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<z famez BindingFart
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[
Einw Fin
=< Afamas =efomex
flowhariable - fiald pinvariatia : fiald
Input Owput P n
A O AT o B e Ao

Parametar
“ohfomss

pathwaylibrary - figkd
parabescription : fieki

paratalue : fiekd
paralinit Tiekd
wariable ! fiekd
IsBnalaan bool
paraType - Enum
initialake : field

|\ v'SysML Parametric

diagram: expansion of
semantics of binding
connector with flow
parameters and connections
between parts to capture
Modelica semantics

M\ 1’-.‘-!;}

?-‘f s o Q
thh
Madal
==Maodal=>
nbModComponents ; field
qtyCC : field
gtyModPara ; field
glyblodSubModal @ fiald
Pt —
—
SubModeal
<=Madel|»>
nbModComponenis : field
gtyCC - field
gtyModPara ; field
E i
R [é R
ModEgqualion ModComponant
<<Moadal>= <<Model=>
gtyMaodPara : fiald
r madLibrary : field
[
T oo fos
hModParameler
- =<=Alom>=>
MadinitEg MadMainEq
<<Modal=> <<Modal>= maodStartvalue field
madLibrary | field
madParavalue field
1 modVariable ; field
9 | o o maodParalinit fiald
- modParaType : fiald
Mﬁiiﬁm“u"Eq MadCennactEqBF modPinVariable :  fiald
om==
<<Atom== modFlowariable - fiald
modRelationst : field modConnaclst field modParaDescription :fiald
a.*
ModConnaclEqPEP
e At
madConnectSt - field

G Fig. 1. SysML (input) and Modelica metamodels (output)

Copyright © 2012 John S. Baras, ISR-SEIL
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Block Diagram
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Main Generator
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Input model
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1 1
ymi— = v mu v mu Y mv o~ L vim|
ramp voltageError controller limiter signalvoltage _— loadConstraint
P
ground
e W
resistor

p1

— P . r‘

—gn - i i PE=—— g VI @

ignalCurrenti nstantd - v
!@1 signalCurre consta |7 capacitor voltageSensor

ni

& =

RelConstraint

Q Fig. 2: Asimple EPS Parametric diagram in GME (input model)

Copyright © 2012 John S. Baras, ISR-SEIL
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: 3> g:: III: v o:: g.: 3 :"'
| out| i ut

Ruled_CreateModel Test!_ModelRC

Rule22_RC_ModMamEqg| | Rule222_MainhModRelS|

Maodslicaln

Ruled MoRC_ModParam

v'Left-hand side (LHS): used to
define the graph pattern to be
matched and actions to apply
when conditions and occurrence
are met

9 Fig. 3: SysML-Modelica transformatlon specification in GME/GReAT

=<Model>>
m nbParts Integar |
hasRG
nbce Intagar
nbParam:  Integer
C ICanstraint
ol

Intagar

r atyec

" qlyMadPara ntegar
tyMocSubMadel :  Intager

RS
RSP

.SysML and Modelica Integration &

Z Q
7, 2
TRy LS AT

v'Specified as a model in
GME

v'Sequential execution of
rules applied to the input
model

lun. wa 3 out
I Out o 3 o,
In Qun i

Ot 3
Ot 3

[]In >

SysNMLPARAM
=<Model

Ruled_ModConnaectStPBF  Ruled_ModConnactStBP

]|

ModC: BP
o <<Atom=>
modCennectSt - Sting

In “AtiributeMapping
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Rulaé_CreateModSubmodal FaorBlock_Structure5ubmaods

v'Right-hand side (RHS):
specifies the output pattern
of the rule
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Challenge (cont.)

req [Model] Dafa [ requrements

aequrenents
Performance

d="1"
Tead = "The system should
be effectve and efficient”

[ aequrements
|Adente Powes Spnly | <constrts
d="11" | Matlab_Function
Tert="The electrical astistys e
systemshouldproide £ — = - = T T 7 -
adequate power 10 support paameiey
alleast the primary loads of -
the plane, including cases
of emergency” .
abloci
Main_Bus
atistys , ~ [ |
- _Transfer_Bus
wequemerts » 7 oty _ -~ L
Redundancy =" |
ld="1.2 € wnr-__,jm
Ted="Thesystemshould € = — = ~ —_—
have enough redundancyin & ~ — _ cstistys
order o deal wih gystem k. T c e _ )
faults S < ot Backup, GEN
™~ ook
1APU_GEN
<constrats
arquremecty Weight
Total_weight cwaspants
W 1 . {Check_weight = if{ (APU_weight+l._Backup_GEN+R_Baciup_GENeL_DG+R_IDG+50000,0,1))
Ted="Thelolalweightof & — — — == — - — 4 PanT
the generators and the m““-m»w oo}
wiring should not exceed 1L Bockup, GEN. kgt = oz s)
50,000 kg.* IR_Backup_GEN  Ig/urt = kiogram)
L.100 : kgiund = kiogram)
RJDG: kgiunt « idogram)

aeqiremerts

Load Shedding
ld="1.4
Ted="In case there is not
acequate power o support
all operations, a load
shedding should take place
with higher priority ba the
primary loads*

Copyright © 2012 John S

. Baras, ISR-SEIL
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Challenge (cont.)

wim [State Machine] STM_Blectric_System| STM_Electric_System |]

FevStartup [ext_power==TRLE]

OPERATING
EXT POWERED
@ cciry i send_svani(evisse £PC Lo BB, Rgh BTE)
I stable) / s6nd_¢ APU GEN)
APU ONLY

entry / send, evClose, APE)
nuumj'ﬁvx‘:(vom.m:l.mzl

ot (Prismary syatens e ready) / 5and_svert(evStat, Len DO, Rigit 00)
[Exmor in Dot DG | / end_svent(evSiop APU)

TWO I0Gs

[Both D53 ave OK] / send_eveniievSiop APY)

[Error in one ©6]

entry | send_evert{evCiose Left OCB fught OCB)

e l [PrioeRy==APU / send_sverti(evStan APU) L

entry i send_

(Prioety==hONE]

[Priority==Backup] / send_svert(evStan BACKLP)|

1 36nd_evert(evSton BACKP) BACIUR 06

o _svent(evStan BACKLP)

(Priorgy==APU]

+ ertry | send_evert(evClose CCB)

[Priorgy==NONE]

ONE IDG ONLY

BACKUP ONLY

entry / sond_evert(evCloso Lef CCB, Rgrt CCB) }_lﬁuw— NOVE) Fogod sveri(ovEer SATHAR) >

«eblock»
<<modelicaModel>

Main Generator
MODELICA MODEL

model MainGenerator “MainGenerator”

equation

( APULBACKUP ke PrickymeAPl)
eriry 1 560d_svert(evClose CCBAPE) |
wend_
PvStutdown
®

end MainGenerator

input Real v[6],
omega;

output Real y[6);

parameter Real Lls=.., LA=.., LB=.., Lskg=..., Lsfd=...,
Ligk=..., Lmkg=..., Lifd=..., Lfdqd=..., Llkd=..,, Lmkd=...,
ra=.., rb=.., re=.., rkq=.. rfd=..., rkd=...,
Pi=3.1415926535;

Real r[6]=]ra, rb, rc,-rkq,-rfd,-rkd];

Real Ls[3,3]=[Lls + LA-Lb*cos(2*theta), -0.5* LA-LB*cos(2* (theta-Pi/3)),-0.5*LA-
LB*cos(theta+Pi/3);-0.5* LA-LB* cos(2*(theta-Pi/3)), Lis + LA-LB*cos(2* (theta-2/3*Pi)), -
0.5*LA-LB*cos(2* (theta+Pi)); -0.5* LA-LB* cos(2*(theta+Pi/3)).-0.5* LA-
LB*cos(2*(theta+Pi)), Lis + LA-LB*cos(2* (theta+Pi));]

Real Lsr[3,3]=[Lskq*cos(theta), Lsfd*sin(theta), Lskd*sin(theta); Lskq*cos(theta-Pi/3),
Lsfd*sin(theta-2/3*Pi), Lskd*sin(theta-2/3*Pi);Lskq* cos(theta+2/3*Pi),
Lsfd*sin(theta+2/3*Pi), Lskd*sin(theta+2/3*Pi)];

Real Lr[3,3]=[LIkg+Lmkq,0,0;0,:Ifd+Lmfd,Lfdkd;0, Lidkd, Likd + Lmkd];

Real L[6,6];

[1:3,1:3]=-Ls; L[1:3,4:6]=Lsr; L[4:6,1:3)=-transpose(Lsr); L[4:6,4:6)=Lr;

der(lambda) = diagonal(r)*inv(L)*lambda+v;

der(theta) = omega;

y=lambda;

Copyright © 2012 John S. Baras, ISR-SEIL
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pat [Systen] Bechric_Sysen Beclic System Parametc |

' DC_Load:0C_Load Dcmlpm,n <onshraints Fuel Poter Lt uel Boost Pump: Fuel_Boost Pump
‘ Primary Loads :Primary Loads Constr | B ——
‘ [ power :Power Unit | ” gﬂm_mmﬁwu_m&)-_&_.‘m:m“ APU:APU_GEN | Left I0G: 106 Right IDG: 10G
! ) | capacity:Power Uni [ capacty: Power Unit capacty: Power Unit |
Avonics : vionics. | Avenis: owe Ut Wodow FoperLit | Window HT: Window HT | ‘ | J
- o pm—— e e | 5 e ol
power :Power Unit | Loy | mm_l?gls:mui [i] - p— \M.lmal \mmwl st ege
T o
€ - & &9
&
pimary - Power Uik AP sts: e | A9 copochy: Power Unk L 00, s legr L[ capocty:Power Lk R DG,sttus: e | R DG copacy: Power Lk
[ U (= U U U
|M_M:m-m . m:m_w_fm ‘
50 ﬁ output=xtwEternalmatod functon check_power APU_status APU capacty R DG statusR_DG_capacty L DG stetus . DG _capacty R Backup GEN stetus R Baciup capacty L Backup GEN status._Backup _capacty Primary Secondary))
oudpud: teger
o Seamsy:Powe L L Bl BN s Hger | Backup, copucy:Pomer Lt Bk 081 sl lger =0 Ay 0ty Powe L
1] [ [H []
&t
Tota_secandary_oad: Power Uk -
| Mycrac: ool | e oo et U €2 Right 56 : Backup_GEN
i | <constraink
Mw:l’mﬂﬁ —] Second_Loads : Secondary_Loads_Constr LeftB_GEN: Backup_GEN i T
\ {Toalsecondsry g = ightsoHyckauiceCoong FanseFus Overie P + Fuel_Jetison Pungsice Risn Protecion)
loe Rain Prolcton: Power Uk capacity: Power Unit .
[ | stts: teger
stitus:
m_ﬁs:mm Lg%PcmrLﬂ Fel et P Power Uk Fu Overie P Powes L al
\ ] |
Cooling fans : Cooling fans Lights: Lighs Fuel Jettison Pump: Fuel Jetison Pump | | Fuel: Fuel Override_Pumps | ' lce_Rain Protecton:lce_Rain Protecton
Power Unit | | power :Power Unit | Power Unit
power : power : Power r .  power :
Vool e Fw:m«w

Copyright © 2012 John S. Baras, ISR-SEIL
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Design Space Exploration: @

Institute for

Systems

werh |ntegration of Logic and
Optimization

'

e Expressed as multi-objective optimization problem

e Approaches

— Exact: Integer Linear Programming, Branch and Bound,
Constraint Programming
—> Prohibitive large computation times

— Heuristics: Polynomial complexity, especially crafted for the
particular optimization problem
—> Reasonable quality solutions

— Meta-heuristics: Simulated Annealing, Tabu Search,
Evolutionary Algorithms
— Good quality in reasonable time

Copyright © 2012 John S. Baras, ISR-SEIL
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INTEGRATION OF CONSTRAINT-BASED REASONING
AND OPTIMIZATION FOR NETWORKED CPS TRADEOFF

To enable rich
design space
exploration
across various
physical
domains and
scales,

as well as cyber
domains

and scales

ANALYSIS AND SYNTHESIS

ILOG
OPL Studio

Progtammlng__.-"' Introduction of new active Search

sensors for column generation b

Variables reduced cost that will
be used by CP for selection of
new potential active sensors

40
Copyright © 2012 John S. Baras, ISR-SEIL



Sydtsms Trade-off Analysis Integration @

Research & Pyt

with Modeling “Hub”

Integration of SysML-Modelica-MATLAB “modeling hub” with
UMD Consol-Optcad tools for detailed trade-off analysis of
complex systems with multiple objectives and for better design

space exploration

<<Modeling hub>>

)

INTEGRATION

Modelica

<<Multi-criteria Optimization Tool>>

Consol - Optcad

Copyright © 2012 John S. Baras, ISR-SEIL
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Rescarch TRYLAS

Implications along the complete Energy value chain

On the Supply Side

e Optimize T&D infrastructure

e Optimize quality and availability of supplied
power

e Influence demand consumption

e Deploy modern IT infrastructure

Copyright © 2012 John S. Baras, ISR-SEIL
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The . . S
Systems SmartGrid-Energy Efficiency (cont.) @

On the Demand Side

e Acton Users

e Acton loads

 Optimize quality and availability
of on-site power

e Optimize supply costs

Copyright © 2012 John S. Baras, ISR-SEIL
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The for - I 'j
sydtsis SysMLand Consol-Optcad Integration @,
Overview

Meta-modeling Layer
(Enterprise Architect + eMoflon, Eclipse development environment)

( \

Integration Framework

Meta-modeling layer
SysML S Consol-Optcad

Tool Adapter ® I
Layer I ( Tool Aditer (Java) ) o
(Middleware) ?

Consol Optcad

@ Consol-Optcad <<profile>> in SysML @
(Trade studies)
© o
k ) >

Tool Layer
(Magic Draw, Consol Optcad)

Copyright © 2012 John S. Baras, ISR-SEIL

Magic Draw
_ (Design)
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Systel’l’lls IMH and Consol-Optcad Integration w

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

BEE

Type | Name Present Good Performance Cowmb Ead |
# Conl timeli... Ll.200e+001 3. 000e+000 A |-====-——- [ 1. 000e+000
# Con2 timeli... 4.155e+000 3.000e+000 0 Fo-——- |-====-——- [ 1. 000e+000
# Con3 timeli... 7.214e+000 4. 000e+000 Lmm | === |=uun Z.000e+000
# Cond timeli... 6.254e+000 Z.000e+000 Lmm | === |=uun 1.000e+000
#® ConS timeli... 7.84le+000 2.000e+000 L-mm———— | === I-... 5.000e-001
#® Cond timeli... 5.718e+000 2.000e+000 L-mm———— | === I-... 5.000e-001
# Con? timeli... 5.202e+000 5. 000e4+000 Flommmm I-... 2. 000e4+000
#® Cond timeli... 5.999e+000 4, 000e+000 F-—-—--m—e | === I-... 2. 000e4+000
#® Cond timeli... 6.7092+000 S.000e+000 0 Fe-——e | === I-... 2. 000e4+000
®F... meetde... 3.8985e+001 4, 85524001 | =... 3. 884e4+001
# 0bjl fuelcost §.710e+002 3. 500e4+002 ==========|======= I ... 6. 500e+002
# 0bj2 emissions 1.059%e+001 5. 000e4+000 ==========|==========% __, 1.100e4+001
# 0bj3 operat... 3.255e-001 1.000e+000 ===% | I ... Z.000e+000
Fig. 1: Pcomb Fig. 2: Example of a functional constraint

Copyright © 2012 John S. Baras, ISR-SEIL 45
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wdiier . IMH and Consol-Optcad integration @
Rescarch 4’4;:"‘;1 ;:**Q

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

Enterprise Architect (EA)

- type ESting

=min_soft

A

Fig. 5: Story diagram

Copyright © 2012 John S. Baras, ISR-SEIL
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Consol-Optcad Profile

A profile is used to extend the notation of SysML language and allows
Domain Specific Language constructs to be represented in SysML

A profile is created by declaring new <<stereotypes>>, the relationships
between them as well as the relatlonshlps W|th eX|st|ng constructs

asterectypes Q
Block
[Class]
i e R - [{isEncapsulated : Boclean [0.1] SR e R S e e ]

«stereotypes

estereotypes Design Parameter
Consol Optecad |- [Class]
[Class] +name : String ="
+name : String =" +variation : String ="
+desParam : Design Parameter [1..] : : i . . . 2 - +min_soft_lowhound : String ="
+ohjFunc : Ohjective [0..*] . : . E : : : t +min_soft_upper baund String =
e ! - |+constr : Constraint [0.4] [ S i e Bolaciiogee e <+« |+min_hard - String =
Tracestuey +funcobiFunc : Functional Objective [0..] |- : : : 2 i H . TR RE i e
sl Dyteinds +funcConstr : Functional Constraint [0..*] |- i i . : : . . max_suﬂ_uppz_al bound : String =
! : e L A : : : L sttt Secaen|teb el e Therd Sing =
i [ N 1 +init : String = "
e | SRR : : : : T TR T R RN
Lo 4 R ! f : R : ; . 7 I 3 . astersotypes
o - : ] ; astereotypes | L0 Lo p— T P T .| Functional Objective
Constraint 3 £ ! E B E g i [Class]
{Funs] : : : : : : : : +name : String ="
+name : String =" +low_limit : String ="
*|+type : constrairt_type A p . : 8 & Y 4 +upper_limit : String = "
. |+ineq_type : ineq ST SRR ST AN - N I B pihy St ... |+mesh:mesh_type
ol Lad na | i +good_value : String =" +step ® String = "'
i | s | g wlbmciives | 2 - |+bad_value : String =" : 2 5 : i ] i . +function : String ="
| » { ke Conmumplion | Sposd ‘:P'""m' { ... ... |+function : String ="" R T e L e L ] K e Coloout oo o oL [+optimization_type © minmax
prse——, ] s e r 1 : 4 i : 4 E 3 i _ . SRR b Sirge ™
Tramsler parwecter Sy | jparwmster - S bad_yalun E . E i 2 i E 1 ki E i : 4 +bad_curve : String ="
ety e froerep——— furlion ="s_CongumptinD +0. FEpeede THI =
tyes) S s RO et s e TR BN R s st T
ma_har 5§ ma,hard s 130 Nt = 5 3 E = : : p ; : : : : :
ide_sof_kwbound == min_g uI'IJvM.lwld i OpRTTION_ g = minimize | esterectypes
ma_zoft_upparhous | imaz_sof_uy upper =" | £ Functional Constraint |
AiiA_horg="= | g iy g : astereatypes : : : : ; : : [Class] :
¥ |* I min_sot Jowbound== | Imin_ne_owbound = . | ; Objective 2 : { b ] 3 2 : ] 3
men_s0f_upperbound == i S0 _upperbound = = min_sof_uwpperound== | i = [Class] |~ A0 Ll ek e Rl e R S ©oc|+pame: String="" |-
name == name =" | name == 3 i - - . . E i . +ype : constraint, WPE
variation s 0 5 variation s = | |variagans= : +name : String =" ; e : E: ; x d : Jow_limit : String =
L 1 | | <o |+optimization_type : minmas SRR NN LSRN ORI ST R 8 [ SS o - | +upper_imit : String =
[TRNE S g +mesh - mesh_type
; +bad_value : String = : . . g . : . 3 +step - String = ™ : .
-+ {+funclion : String = [EEERE R Dok Tonde Db b L L inction - Siring =™ TR
k ' . : +ineq_type : ineq - .
M . H +good_curve : String ="
Ig Slng Constructs O OnSO - ptca L R e e o e e | HOOREONS N |+

. . . . ; & . o E «enumerations aenumerations eenumerations zenumerations
rofile in MagicDraw environment O
LR P e R TR - . ... [E=F - g e CoTY, Iy
smaller maximize hard times
. . |dec

Flg 7. Consol Optcad proflle In SysML
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The

Sy IMH and Consol-Optcad Integrat

Hesear L- 1

Tool Adapters

Tool adapters act as a middleware between the generated code from the
transformations and the tools (MagicDraw, Consol-Optcad)

They are used to access/change the information contained within the
models g e

§
= WS
TRYLAS

GO nomagic magicdraw pluging com nemagic magiedraw actions
o mDescriptor: PluginDescriptor & MD Action(String String Key Stroke, String)
& Pluging & MDAction( String,String,int, String)

© getDescriptor()PluginDescrigtor @ actionPerforme(ActionEventy:void

a setDescriptor(PluginDescriptor): void ® updateStatevoid
ey perform the

clase()-boalean
o isSupportedtbaiean

transformations by calling 7

<= Class== (& DefaultBrowserAction
2 e
] fyEiliom —Java Classes =
n r V plug ® Cortiauratar o mTres: Tree
& MyPlugingy plugin browssrAction | ® DetaullBrowserfction(String String ey Strake Siring)
@ initQrvoid & Configuralor) e @ setTres(Tree ) void
@ ciosc(xboplcan © configuretActionshanager, Tres) vaid RN i)
@ isSuppontedCybookean & getPriority(rint &' getFirstElement(Tree): BaseEiement
© gelfirstElement() BaseElement

< getSelectedObject(): Object
@ getSelectedObjects() Collction

=2lawa Classss

Tool Adapter layer is

. @ TransformationToText ==Java Class==
plugin (® BrowserAction
I I I l e l I I e I I e aS a & TranstormationToText0) Phan
&' desparam(Butferedvhiter, String String String String String, String String, String String) Butieredvriter & BrowserAction()

& ohisctive(Butferedriter, Wector String,String String String String): Buffer sdviiter -{ & prirtMap(Map) woid

- -
()S constraint(Bufferediititer Vector String String String String, String String): Butferediiriter bz @ actionPerformed; ActionEvent): void
ag I ( : raW p u g - I I I & tuncionalobjectivetButferedviiter Vector String,String String,String String String String,String String ) Bultersdvriter

@ tunctionalconstrait(Buttersciriter, e ctor String String,String String String,String, String String,String String): ButteredATiter

Inside the Eclipse e

SysmiOpteadTranstformation impl

- <F Transformerimpi)
eStaticClass()EClass
e nVI rO n l I I e n ® ConsolOptcad(String): OptcadModel
@ DesignParameter(Optcadhodsl ProblemDescriptionFile String String String String String String,String String,String) ProblemDe scrigionFile
© ObjectiveFunction(Cptcadiiodel ProblemDescriptionFile String,String String String String): ProblemDescriptionFile
© test(Block):FunctionalOkjective
@ Constraint(Optcadiiodel ProblemDeseriptionFile, String String String,String String, String )k ProblemDescriptionF e
® FunctionalObjective(Optcadodel ProblemDescriptionFile String String String String String String String,String, String: ProblemDescriptionFile
@ FunctionalCanstraint(Opteadhaciel ProkiemDescriptionFile, String String,String String,String String,String String,String String - ProblemDescriptionF e
© elnvokeint EList<?=y Chject

==lava Interface==
3 Transformer
Sy=miptcadTransformation

@ ConsalOptead(String): Optcadhacel

@ DesignParameten(Optcadhindel ProblemDescriptionFile String, String String,String String String String String String): ProblemDeseriptionFie

© ObjectiveFunction(Cptcadiiodel ProblemDescriptionFile String String String String String) ProblemDescriptionFile

© test(Block):FunctionalOkiective

@ Constraint;Gpteadhiodel ProblemDescriptionF e, String String String String String, String) ProblemDescriptionFile

@ FunctionalObiective(Opteadhodel ProblemDescrigtionFile,String, String,String String,String, String,String String String): ProblemDescriptionFile

@ FunctionalConstraint(Opteadbiode! ProslemDe seriptionFile String,String,String,String, String,String String,String String String ) ProblemDe s criptionFile

Fig. 8: Consol-Optcad MagicDraw plug-in class diagram
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Parametric Diagram
In SysML both the system model and the trade-off model are defined

Parametric diagram is used to link the values of element attributes to the

design parameters of the trade-off model
From the parametric diagram the user can initiate the transformation

process by calling the developed plug-in

par [Bock) Gnd| Grd
=nonsirai.
; =2l
¥ fEing

tranafer < Trasslar

WicroTurbing : MicroTusiing
sanp_powar :Feal |
1 el e y - Sting
||m ot < Feal | Trans a2 : Trone i |
! . fr=1
: s Tk By : Trade Sudy
Tima_otiz2 : el
|. T ComTants ¥ Sirirg 1
rera fari - Trom e — | D_I'I'I! L“T
tma_oni -Aeal P B T
paramair : Siring
tma_onz :Feal | o b
z { | eoOnsTans Etring ;
wanatords Trams_| Lot ot .2 W oFF1 |
b= paramatr : Siring
X o Pl [ S y - Shting RmL el : F T OFF2 §
: |
’—wnhﬁﬁ .Tru-u;;l e

| pmt_on2 : P_NT_OW2
ParaMIET : Sing

Fig. 9: Parametric diagram
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Working Example

a
< ¥
. B
B S Creste Symbel Cirishitsy
Documet  Fnd
Clnm
Jugherid  Ganerste Repait... 3 Diesetfngine :
Created I e
sz
Tel:, Poratagic » sunpan_pawer : A
i e 3 bimmadion Flow
- time _off1 2 Rea
tirme_off? - Res

. 11: Initiate transformation

]
e

Tad curvs « W 1<x 19 }iwtm 201, #ime (11115 50] rvtam 20.0; ol retven 8,05
funcionichoxce MT'P_MTechoice FCP_Flachoice DGF_0G™
gttt T (10 | 1ot 0 o {111 3 ) it 0.8 alin syl 12.0;
T Y
::a‘-:'-" (HAOZI2 D145 P
mama .~
e
bl
g fiit o 34"

F|g 12 ConsoI-O tcad environment

Fig. 10: Models in SysML

Flg 13 Perform trade-off analysis in Consol-Optcad
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Objectives

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

operation

\ 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 © 2012 John S. Baras, ISR-SEIL
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Systems s
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, =Y, 1=12,..N

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

Copyright © 2012 John S. Baras, ISR-SEIL
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Performance Comb (lter= 0] (iPhase 1) (MAX_HARD= 0.333333)

Iteration 1 (Initial Stage)

Type Nane | Present | Good Performance Conb Ead

# Conl timeli... 1.200e+001 3.000e+000  <--==--=-m- | =m———————— |- 1.000e+000
# ConZ timeli... .000e+000 3.000e+000 e - . 000e+000
# Con? timeli... .000e+000 4,000e+000  £--------- . 000e+000
# Cond timeli... . 500e+000 2.000e+000  £---------

1
2
__________ [-... 1l.000e+000
5
5

v'Hard constraint not satisfied

(= e s Y R Y |

|
|
#® Con5 timeli... 9.000e+000  2.000e+000 <--—--—--- . I-...
® Cons timeli... 6.000e+000  2.000e+000 <--—------ . l-... 5.
® Con? timeli... 6.000e+000  5.000=+000 — J000e+000 v . .
® Cond timeli... 6.500e+000  4.000e+000  <--mmmmmmm [P 77, z.000e+000 FunCt|Ona| COﬂStI’aInt
® Cond timeli... 4.000e+000  5.000e+000 | ... Z.000e+000
@ F... meetde... Z2.000e+001  7.715e+001 [ | «.. 6.172Ze+001 beIOW the bad curve
® 0bjl fuelcost 2.613e+002  5.00084002  =======7 | | ... 1.500e+003
® 0bj2 emissions 4.815e4000  1.000e+001  ===7 | I 1.800e+001
#® 0bi3 operat... 3.082e-001  1.000e+000 ==% | I 2. 000e+000

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

0K | Help

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

- r T Tt 1 T T 1 T ¥ @ =

Copyright © 2012 John S. Baras, ISR-SEIL
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rQ

Performance Comb (lter= 21) (iPhase 2) (MAX_COST_SOFT=0.522531)

Type | Hame | Present | Good Performance Comb Ead
#® Conl timeli... 1.200e+001 F.000e+000 L--------- | === I-... Ll.000e+000
#® ConZ timeli... 4.163e+000 3.000e+000 00 Fo———- |- l-... 1.000e+000
# Con3 timeli... &.000e+000 4.000e4+000 L-———-———- |- l-... 2.000e4+000
# Cond timeli... 5.500e+000 Z.000e+000  <---=-=-=——- | === I-... 1.000e+000
#® ConS timeli... 7.837e+000 Z2.000e+000 L-----—-——- | === I-... 5.000e-001
® Cond timeli... 4.395e+000 2.000e+000 L--------- | === I-... 5.000e-001
#® Con? timeli... &.744e+000 L.000e+000 0 Fo———- |- l-... 2.000e+000
#® Cond timeli... &.500e+000 4.000e4+000 L-———-———- |- l-... 2.000e4+000
# Con?% timeli... 6.744e+000 5.000e+000 0 Fo-——- | === I-... 2.000e+000
®F... peetde... 4.348e+001 4.855e+001 | F====|=... 3.884e+001
#® 0bjl fuelcost 7.282e+002 5.000e+002 ==========| I ... 1. 500e+003
#® 0bj2 emissions 1.343e+001 1.000e+001 ==========| |l ... 1.800e+001
# 0bj3 operat... 3.433e-001 1.000e4+000 === | | 2.000e4+000

Export Mode

" Text (" Graphics
[1):4 | Help

pRST
AERSIry
N c

7, N

rd - 4
ARYLAS

Iteration 28 (User Interaction)

v'All hard constraints are satisfied

v Functional Constraint meets the
specified demand. Goes below
the good curve only for a small
period of time but as a soft
constraint is considered satisfied

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 © 2012 John S. Baras, ISR-SEIL
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Trade-off Study in Consol-Optcad

B= £

Type Name Present Good FPerformance Comhb Ead |
® Conl timeli... Ll.200e+001 3.000e+000 1.000e+000
® ConZ timeli... 4.155e+000 3.000e+000 1.000e+000
® Con3 timeli... 7.214e+000 4. 000e+000 Z2.000e+000
® Cond timeli... 6.284e+000 Z2.000e+000 1.000e+000
# ConS timeli... 7.54le+000 Z.000e+000 S.000e-001
# Conf timeli... 5.718e+000 Z.000e+000 S.000e-001
# Con? timeli... G5.20Ze+000 S.000e+000 Z.000e+000
# Conf timeli... 5.99%9e+000 4. 000e+000 Z.000e+000
# Con% timeli... 6.70%9e+000 S.000e+000 Z.000e+000
®F... neetde... 3.593e+001 4, §55e+001 J.884e+001
# 0bjl fuelcost  5.710e+002 J.500e+002 G. 300e+002
#® 0biZ emissions 1.09%e+001 G.000e+000 1.100e+001
# 0bj3 operat... 3.285e-001 1.000e+000 2.000e+000

v'All hard constraints are satisfied

v" All objectives are within the
new tighter limits

v Functional Constraint meets the
specified demand -- It never
goes below the bad curve

Copyright © 2012 John S. Baras, ISR-SEIL
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Objectives
Neng
Maximize serving of shedable loads: Z (Prgine Z(Loadk_non_shedab.e +L0ad, gedanie))

P 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 i
Load, _non_shedable : CONstant - non-shedable load of bus i
Load; .4apnie :coONstant - shedable load of bus i
C. :constant - rate of consumption cost for each engine

i
Copyright © 2012 John S. Baras, ISR-SEIL 56
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Performance Comb (lter= 1) {iPhase 2) (MAX_COST _SOFT=1.10427)

Type Hane I Present | Good ] Ferformance Comhb IBad |
@ Conl normal... L1.220e+005 9.800e+004 <--------- |-——=————= P2 e 9.700e+004
# Conz normal... 4.200e+004 Ldietid: wiirreermons [Ersrmnssms frmaens 1.350e+004
# Con3 normal... L.Z220e+005 9.800e+004  <--------- ettt by 9.700e+004
#® Cond normal... 4.200e+004  1.390e+004  <-—-—-—-—n |==mmmm e l=vus 1.380e+004
® 0bjl utilicy -Z.880e4+004 -3.000e+004 =5.000e4+004
# 0bjZz fuel cost 7.364e+004 3.500e+004 7.000e+4+004
# 0bj53 procur... 9.417e+004 5.000e+004 9.000e+004

SRSy
v _.r,_r

VMS Tradeoff Study &

’77'r—_fQ

4R}1“$

Iteration 1 (Initial Stage)

v' Hard constraints are satisfied

Performance Comb (lter= 16) (iPhase 2} (MAX _COST_SOFT=1.10046)

7. 35 2e+H00
9. 402e4+004

3.500e+004
5. 000e+a04

7.000e+004

=
@ 0bj3 procur... 9. 000e+004

| Type Hame | Present | Good Performance Comb \1\B\ad
# Conl normal... 1.2Z0e+005 9.5300e+004 Lmm l=mmmnmsmms | 9. e4+004
@ ConZ normal... 4.200e+004 1.390e4+004 Lo m e [mmmmmmm == |iatans 1.380e4+304
@ Con3 normal... 1.220e+005 9.500e+004  L--------- Pty et I 9. 700e+004
®cC . 4.200e+004 1.390e+004  f--------- s mmras s bt 1.350e+004
=2.580e+004 -3.000e+4+004 Fl==========|=,,. -5.000e+004

v One out of three objectives
within limits

Iteration 16 (User Interaction)
v Objectives still not satisfied

v Very small improvement on the
worst objective function value

from 1St iteration

|~ v We decide to make the utility

objective (maximize serving of
shedable loads) less tight

Copyright © 2012 John S. Baras, ISR-SEIL 57
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Performance Comb (lter= 29) (iPhase 2) (MAX_COST_SOFT=0.883388) E|7|@ It . . .
— eration 29 (Final Solution)
Type Hame I Present | Good Performance Comb IBad |
@ Conl normal... 1.138e+005  9.500e+004  <£-—------- | === |-v..  9.700e+4004
# Con2 normal... 3.362e+004  1.390e+004 <£——------- | === |-... 1.380e+004 1 1 1
# Con3 normal... 1.138e+005 9.800e+004  L--------- e e e e |aas 9. 700e+004 \/ Hard ConStraIntS are SatISerd
# Cond normal... 3.3682e+004  1.390e+004  <£-——------- [Zassmrisn=s |-... 1.380e+004
@ 0bjl utility -6.150e4+004 -3, 500e+004 | -6.500e+004
& 0bj2 fuel cost 6.592e+004 3. 500e+004 |======
|

7.000¢+004 v" All objectives within specified

9.000e+004

# 0bi3 procur... B8.534e4+004  5.000e+004

limits

Results

v Values of the design variables

File Name: ciidocuments and settingshdimitrishdesktop It cadhwms

PRINT - the 20(th) iteration v Percentage of change from the
initial value

Time: 09:26:21

Mame value

3. 3820+004

P_ENGL_L 1. 000e+000 UnFrozen
P_ENGL_R 1.138e+005 1. 000e+000 0% UnFrozen
P_ENGZ_L 3.3872e+004 1. 000e+000 0% UnFrozen
P_ENGZ_R 1.138e+005 1. 000e+000 0% UnFraozen
n_1f 5. 376e-001 1. 000e+000 0% UnFrozen
n_hf 1, 000e+000 0% UNFrozen

Copyright © 2012 John S. Baras, ISR-SEIL
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Networks: Contributions

* Propose a model-based system design framework for
WSNs

— Integrate both event-triggered and continuous-time
dynamics

— Provide a hierarchy of system model libraries

 Propose 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 © 2012 John S. Baras, ISR-SEIL
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 Model libraries
— Application Model Library
— Service Model Library
— Network Model Library
— Physical System Model Library
— Environment Model Library

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

Copyright © 2012 John S. Baras, ISR-SEIL
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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( 1

System Models

>

Application Models
(Functionality and Performance Reqs.)

Service Models
(Distributed Data Store and Retrieval)

1>
( Query || Naming || Location || Syn |
Mapping
Network Models
> (Communication and Management)

| Base Station | | Wireless Channel |
e —

Physical Models
(Functions and Performance)

|Sensor| |Actuator| | Router |

Environment Models

|Phenomena| | Geometry |

Copyright © 2012 John S. Baras, ISR-SEIL
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Distributed Computing

Communication and
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_ Physical World
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SFunction/Simulink
Model Generation

Matlab/Simulink
Simulations

Model Integration (BDD/
D/Parametric Diagrams)

Control Syste

Simulink to SysML
Transformation

C/C++ Codes

(Generation

Y

Optimization ]
or Parametr|

Diagram Solv

C

l

Interative
Simulations

Statecharts
Animations

Copyright © 2012 John S. Baras, ISR-SEIL
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* Trade-off analysis and design space exploration

— Each component is described with performance index
— Parametric Diagrams
— Parametric Constraint Evaluator or CPLEX

e Simulate in Matlab/Simulink
— All SysML blocks are transformed into a single S-function
— Generate Simulink source file

 Simulate in IBM Rational Rhapsody

— Generate C/C++ source code
— Statechart animation
— Interactive simulation

Copyright © 2012 John S. Baras, ISR-SEIL
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e Physical Platforms
— Battery, CPU, sensors and transceiver

ibd [block] PhyMote [IBD_PhyMote )

Model Libraries

. . pRegMote
1 itsBat:Battery " pSetTxPower
[3 ithPU:CPU oé Wm
pnmﬁ pMACMoteCtrl pDead pConsumption pChSendDone
oed | | o
pConsumption >
pMoteCri I I itsRadio:Transceiver "él
-« | pConsumption pMACSend meend {
! pDead pMACRO’ m
Y > | pMoteCtri PMACCCAQ |, M
[1 itsSen:Sensor ", pMACCCAR w
“ MoteCtri
pEnvDataQ o P A pChSend :' @U\S’ .
> _| pEnvDatar I PCAQ
pMeasData ¢ | | pSensorOutput pecAQ '
pDead _ PCCAR | PCCAR
pConsumption .

Copyright © 2012 John S. Baras, ISR-SEIL
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st [block ] Transcelwer [statechart_4]
L ]
Hies ewDaad -
eviConsumphonl getCnmpl currentPower batlpdastel ste ) to pCorsumplion
i batUpdateRate) |
® fourrentPower = sleepPowear, | Shandby
evMACCCARICCAV alue == CCAThrashold) to pMACCCAR
¥ L]
| .
e Example: behavior model
v CCCAG fmoteQuery newuery AR telD b .
rewluery motelD = jtsMote- =getlD(); e R A L t
L rewuery motelnfo = ikMate- sgettatalnfol It T O a ra n S Ce Ive r u S I n

llsMota= »@etID{)]/CC AV alue

fowrentPower = sleepPower) = params- =CCAY slue)

b wiMoteClrl[(parsme-»lyps == RADIO) B8 A .
Sleeptlade paramz-=turnon]fourrentPower = standbyPower; Standby

Statechart in IBM
=] ~ Rhapsody

[paramd=slype == RADIO]) S
Iparams- sturnOn LicurrentPower = despPower
Wis W E-sRSS
auMACSand/mewPackal = params: srewPack el ‘---rlr.F:.:I":fTrlo:t{f-;;;:f:-yu::r.l-.nl
me txTima = newPackel=»cize/bandwidih) = params= srawPacket;
s rew Tirne =
TuModae wvChSendinawPacke) to pChse | [mewPackat- stiza/b andwidih)
’ dalD = parems- =dst D)
ugStrangth = params=»RES)
B : ber = params-»BER|
avConsumphoni gel Crmpl xPovwaer IxTime ) lo pCansumption

ewCoreumption] getCrrmplrevPower rowTime ) to pConsumption

Rcﬂ;lnda ™ G [else]
[dstID == dsMats-=getID()]

ewMACRov(newPacket, sigStrangth, ber) to pMACReY

66
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* MAC Layer Components

— Low Power Listener: adjust radio’s power state based on
channel activity

— CSMA/CA Channel Access: gain channel access right in
CSMA/CA mechanisms

— CSMA/CA Sender: send one packet with retransmissions in
CSMA/CA mechanisms

— MAC Controller: specify the control logic of a MAC protocol
(ports are defined, but behavior should be customized for
each protocol)

— Slot Manager, Queue Manager, TDMA Sender, Receiver ...

Copyright © 2012 John S. Baras, ISR-SEIL
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ibd [block] ZigbeeUnslottedPAN [1BD_ZigbeeUnslottedPAN | pMoteCtrl
1 itsBCastDead
pDead
pDeadOut pDeadIn
pMACMoteCtri
! itsCSMACASender YA (N 4 PMACSetTxPower
pMACSendDone pSetTxPower
pMACSendDone pDead >
MACSend \ {
P pMACSend I itsZigbeeUnslottedPANController %,
pCSMACAQ pCrriSendDone - pCtriSendDone
pDead
PCSMACAR pCtriSend pCtriSend o
— - pCuriRev pSendDone -
MACUnslottedCSMACA ., pQueueRetrieve | _
MACAQ pENMACQueue pSend
PMACCCAR — pDead pENMACQueueDone
PMACCCAR | i
pPMACCCAQ L1 itsMA eueManager 7,
PMACCCAQ ‘ L
pPENMACQueueDone
1 itsMACReceiver 2 _ PENMACQueue
PMACRcv pQueveRretum
i PMACRCY pCrriRcv pQueveRetrieve
pDead pDead

Example: IEEE 802.15.4 unslotted mode for Controller

Copyright © 2012 John S. Baras, ISR-SEIL
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e Physical Environment
— Modeled using Simulink or Modelica
— Built using the Embedded Coder to generate C/C++ codes
— Imported as SysML blocks
— New environment information are pushed to event-
triggered blocks periodically

e Wireless Channels

— Radio propagation models, channel fading models and BER
under different modulation schemes

— Currently support: free space model, UDG model, ITU
indoor model and Rayleigh fading model

Copyright © 2012 John S. Baras, ISR-SEIL
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e Simulation scenarios

— Wireless + No Pipe: disable pipe, send data
wirelessly, measure period is 5 seconds

— Wireless + Pipe (5s): similar to above, but pipe is
enabled

— Wireless + Pipe (60s): similar to above, but
measure period is 60 seconds

— Wired + Pipe: temperature data are available
immediately and directly

Copyright © 2012 John S. Baras, ISR-SEIL
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pCCAQ PG

)

Enable C_Pipe

m
3
o
=1
©

T LR Pipe_On/Off

;

—
-
e
=3

Pipe_On/Off

C_DC

Pipe_Out

I (3 )»®»71Dc  AC_ONOS AC_OnOff  T_DC Pipe_in G.LR
I . T_DC_In T_DC_Out
1 Mote_DC:5ensorMoti Data Center
- 22 —» T_Goal Heater_On/Off Heater_On/Off T_LR
pCCAQ pChRe Desired Indoor c c
[ ] pCCAR pChSendDord  1omperature ontrol Genter Living Room
[ pEnvDataR. pChSen p————E— S —— E— T
r =1 5 = ; hSendDone PRegMote| |
pEnvDataQ  PRegMote| || [ penyDataQ ~ PRegMote ] (/< Enableireal.T_ pRegMote | L] pliendbons
. . . YYY
Al | 1 ENV_DC:Environment "g, :f 1 ENV_LR:Environment %, 1 SL f_‘untmlsmm*ﬂuiltlngﬂurmnltunh‘ulﬁpte“
: pEmrDataQ 5 pEnvDataQ ¥ Enable:real T
. pEnvDataR pEnvDataR — 1 = T_DE_In:reai_T Y[
| Costreal _T| =}
= pPhnmData i B pPhnmData = T_LR_In:real_T
- ; . - T_LR Outrreal T T _DC OQut:real T
/A |1 PHNM_DC:DataCenter x| /A | ! PHNM_LR:LivingRoom %, L : Y
| pphnmData T DC_Out:real | — | PPhnmData T_LR Out:real_ R eare O 2 |
< < > T_LR_Out: neaI_T
Transfer Efficiency
Environment
Temperature
72
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— Wireless + No Pipe

Simulate Results

Wired + Pipe Wireless + Pipe (5s) Wireless + Pipe (60s)

A/C On/Off

| | | | | | |
600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200
Heater On/Off

! ! ! !
600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200

Pipe On/Off

Institute tor
Systems
Research
ON
OFF
0
ON
OFF |
0
ON
OFF
0

| | | | | | |
600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200
Time

73
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Problem

Large, complex systems have many tunable
parameters

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

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

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

Copyright © 2012 John S. Baras, ISR-SEIL 74
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To perform tradeoff analysis at system level, of complex systems a
simplified view of the underlying components must be available

Challenge: create an abstract, tractable component representation

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

Results/Contributions:

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

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

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
Copyright © 2012 John S. Baras, ISR-SEIL 75
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SYSTEM COMPLEXITY ANALYSIS
AND CONTROL

Verification of Hybrid Automata via reachability analysis. Designer specifies a region of
undesired behavior and method determines whether the system will exhibit it.

More recent method uses
system locality
to increase the
efficiency of
rigorous analysis
via optimization,
probabilistic inference or
logical inference
by embedding
system in special
structure.

Solution consists of a

local computations.

Evaluate the Metrics
Block by sampling its
parameter spaceand
taking intersections
additionally with

Complexity grows propagated data.

linearly in the
size of the system vs exponential

partially ordered set of

y —

Propagate the
shared variables
{drop Weight by
projection).

Sample the parameter space

of the Perch Block and

determine which points are

feasible.

Propagate shared variables {drop

PerchTime by projection).

v

Evaluate the Weight Block
by sampling its parameter

space and taking
intersections additionally

with the propagated data.

Whole is greater than the sum of its parts -- Divide and Conquer

Copyright © 2012 John S. Baras, ISR-SEIL

A

Propagate the
shared variables
{drop FlightCurrent
by projection).

Sample the
parameter space of
the Range Block and
determine which
points are feasible.
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“*  Divide and Conquer

e Defeat in detail.
e Wedge issues.
e Divide and rule.

e Separation effective because the “whole is greater than the sum of
its parts”.
— Difficulty of problem grows faster than the sum.

— An enemy group of size N has strength « NZ. strength < firepower *
durability. Both firepower and durability grow ~linearly with N.

e System analysis.

— Analysis complexity grows ~exponentially with system size measured
in the number of parameters.

Copyright © 2012 John S. Baras, ISR-SEIL
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e System represented by an undirected graph G =<V, E>.
— Nodes, V, correspond to variables.
— Aformula f (x4, ..., x,) = C induces edges (x;, x;) Vi # j € [1,n].

— Edge, (x,y) € E, means that variables x, y are in mathematical
relation.

e Rules of system partitioning.

1. Choose a subset of nodes that completely separate the graph into
subgraphs.

2. Separation produces an interface relation that contains all the
nodes in the separator.

— By adding links, brings resulting subsystems closer to inseparability.

 Due to recursive partitioning this decomposition results in trees.

Copyright © 2012 John S. Baras, ISR-SEIL
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Interfaces (Chordal Example)

Two possible tree decompositions. dfg bcdg

d bcdg b abg .(Iﬁ_mi
/ ‘4 S SA d

Copyright © 2012 John S. Baras, ISR-SEIL 79
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fillins
e b e e
d C adef abcdf
' 4
§I adf |/ Fﬁ

adef abdf bedf
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Treewidth Definition

e The “width” of a decomposition can be defined as the size
of the largest component in that system.

e The treewidth is the minimum possible width over all tree
decompositions-1.

* |n general treewidth is NP-hard to compute.

 For many NP-complete problems on graphs, including
vertex cover, independent set, dominating set, graph k-
colorability, Hamiltonian circuit, network reliability, and
dynamic programming , the complexity is exponential in
treewidth and linear in problem size.

81
Copyright © 2012 John S. Baras, ISR-SEIL
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yfsms Differences Between Chordal ‘&
and Non-chordal Systems
Chordal : all cycles of length >3 are bridged by a chord.

In chordal systems, decomposition is unique and can be
performed in /inear time using maximum cardinality
search (MCS).

Contrast with non-chordal systems where
decomposition is not unique and NP-hard.

Chordal decompositions create no fillins.
Fillins needed in non-chordal systems.

Copyright © 2012 John S. Baras, ISR-SEIL 82
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TRYLN

«constraint» l\:}m Payload Payloadlﬁ «constraint» ) PerchTime PerchTime
: Cost : PerchTime D
J L ]
Cost D
Battery
Cost Payload
«constraint» L weight |Wweight || Weight [ «constraint»
: Weight J L : Current
Cost D
Battery FlightCurrent
«constraint»
: Tradeoff Battery
Range
Battery
Range Rangel:(‘ «constraint» ﬂ:}FlightCurrent FlightCurrent
C : Range ]

Copyright © 2012 John S. Baras, ISR-SEIL
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NO |Func Name

1 |Cost Cost,Battery,Payload

2 |Tradeoff |Cost,Range

3 |Range Battery,Range,FlightCurrent
4 |Weight Weight,Battery,Payload

5 |PerchTime |Payload,PerchTime

6 |Current FlightCurrent,Weight

Tool input from parametric diagram.

PerchTime

Payload

Cost

Range

Weight

= FlightCurrent

Weight to range fillin created.

Copyright © 2012 John S. Baras,

Quadrotor Analysis

n

PerchTime

Payload

Cost

Range

Initial graph.

84
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PerchTime

Payload

Weight to range
fillin created.

Quadrotor Analysis (cont.)

PerchTime

» Payload

Weight
Cost i’,’ €9

Range

' 4

[Payload, PerchTime]

[Battery, Payload, Range, Weight]

[Battery, Cost, Payload, Range]

[Battery, FlightCurrent, Range, Weight]

Copyright © 2012 John S. Baras, ISR-SEIL

Join tree created.

FlightCurrent

Payload to
range fillin
created. Graph
is now chordal.

The tool implemented
currently uses elimination
order rather than separators
to perform analysis. They are
mathematically equivalent.
An implementation using
separators is underway.
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«block»
Metrics

constraints

{Cost(Cost,Battery,Payload)}

«block»
Perch

constraints

Quadrotor Factor Join Tree

{PerchTime(PerchTime,Payload)}

/

{Tradeoff(Cost,Range)}
values

Battery

Cost

Payload

Range

PRSI,
B RS

o)

18

Payload Iﬁ

"fR

’i’? r _fe\

-
Bl

~

yib

«block»
Range

values
Payload
PerchTime
«block»
Weight
constraints
{Weight(Weight,Battery,Payload
values
Battery
Payload
Range
Weight

nge

Battery,Payload,R

constraints

{Current(FlightCurrent,Weight)}

{Range(Battery,Range,FlightCurren

T

values
Battery
FlightCurrent
Range
Weight

ght

Battery,Range,Wei

Copyright © 2012 John S. Baras, ISR-SEIL
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Solution consists of a

Tradeoff Analysis using
Summary Propagation

partially ordered set of

local computations.

Evaluate the Metrics
Block by sampling its
parameter space and
taking intersections
additionally with
propagated data.

h

Propagate the
shared variables
(drop Weight by
projection).

Sample the parameter space
of the Perch Block and
determine which points are
feasible.

Propagate shared variables (drop

v PerchTime by projection).

Evaluate the Weight Block
by sampling its parameter
space and taking

intersections additionally
with the propagated data.

h

Propagate the
shared variables
(drop FlightCurrent
by projection).

\;\'_R \'.i ]'-}_
s

= ™. O
) )
15 56
LN PR

P

TRy LN

Sample the
parameter space of
the Range Block and
determine which
points are feasible.

e Builds tables of feasible values for each of blocks.
e Uses (weighted) natural-semijoin on tables to propagate

information.

 Applies (aggregated) projection on tables to hide
unnecessary information.

Copyright © 2012 John S. Baras, ISR-SEIL
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Range: d* complexity of construction Weight: d* complexity of construction

attery | Fighicurrent | Range | weight JR vatery | Payioad | Range | Weight

‘ projection

T3
Weighted Natural Join
m Removes elements from Weight that do

S not occur in T3.

T4: Natural semijoin of Range and Weight.

ttery | Payload | Range | Weight_

88
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Tradeoff Queries

 The query itself influences the shape of the
resulting graph

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

 The resulting graph and analysis complexity is
dependent on the query

Copyright © 2012 John S. Baras, ISR-SEIL
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. Systems Exploration Type Problems

 Quintessential factor graph problem:

% S fX)
— Where f(X) is a product, for example f(X) =
fa(x)fp(x) f (g, X0 x3) f (X3, X4) f (X3, X5)
e Applicable to any commutative semiring.

— (R,max,+) (tropical) : for optimization problemes,
including integer programming

— ({0,1},V,A) : Boolean inference
—([0,1],+,-) : Bayesian inference

Copyright © 2012 John S. Baras, ISR-SEIL
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Query Induced Hierarchies

X, as head
2 x; as head

Copyright © 2012 John S. Baras, ISR-SEIL
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Abstraction by applying Zx4 szf(X)

fa(x) fpCe)f o (xq, x5, x5)
s fp(xs, x) f (3, X5)

= faCx) fp(e)f (g, x5 %3)
Zx4 sz fpCxsx,) fg(x3 Xs5)

= Zx4 Zx

Summation remains local!

Abstraction

e Summing out variables creates abstract,
higher level views of the data.

Copyright © 2012 John S. Baras, ISR-SEIL
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Implementations

* Trees and a query define a partial order so
parallelism exists to be exploited.

e Cligues define local, encapsulated
calculations. These are suitable for distributed
evaluation, either by computers or by teams
of engineers.

Copyright © 2012 John S. Baras, ISR-SEIL
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systems  Behavioral Generalization @
(Ongoing Work)

 The systems examined thus far can be treated

statically. What happens when the components
have behavior?

e [Ferrara 2005] proves that evaluating this is
EXPSPACE hard in general.

~0000

2eee

94
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y Rescarch for ITU Management

Monitor performance, C> Build models,
generate ideas, <:: analyze operations,
Implement changes predict changes

Copyright © 2012 John S. Baras, ISR-SEIL
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~<whas a MODEL Integration Framework ™%

MATLAB, . Requiremen'®
Scheduler, COQ, Planning, Repository VMS, UPPALL,

Fault Analysis, Cost Estimation IF, BIP, COQ

System
Athitqcture Model

E =5
| ]

Verification Models

Analysis Models

— U(s) %%% G(s) > j

Req’ts Allocation &
Design Integration

Patient and

Resource Models Software Models

UML, UPPALL

Patient, ARTIST,
Equipment, MA_P_LE’
Personnel Policies-Rules

(Nurses-Doctors)
Copyright © 2012 John S. Baras, ISR-SEIL
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e Discrete Markov chain consisting of
communicating subchains.

 Time is discretized.
* Interarrival times are geometrically @
distributed.

e Dispatcher allocates arriving
patients to the appropriate bed.

e Patients are modeled as classes of
discrete phase type distributions.

e Each state of the patient chain is
associated with an associated cost
vector.

e Blocking probability given by the
probability that all the beds are full.

* Expected cost per unit time
evaluated as a function of the
stationary distribution.

e N beds.

Dispatch

Copyright © 2012 John S. Baras, ISR-SEIL 97
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e Patient class modeled after arrival to bed by a
orobability mass function.

e |t addition to patient states, Bed has states
unoccupied and discharge.

G _I_

>P3 Class,

1-s

s is information from
Dispatch. It is O if
this bed is
unoccupied and 1 if
this bed is occupied.

Class,

1 These are exiting transitions from the classes with well defined
probabilities possibly representing multiple exit paths.

Copyright © 2012 John S. Baras, ISR-SEIL 98
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Systenis Patient Class @)

 Discrete phase type distributions.

 Time evolving Bayesian Network (reducible to finite state Markov
chain).

e Each state associated with some cost vector.

ICP Management,
Hemodynamic
Monitoring,
Respiratory

Management

Post-
traumatic

Epilepsy

Neurological
Exam

Neuroendocrine

Rehabilitation Disorders

UMMC STC protocols can be used here, but need further data on transition
probabilities, timing and cost information.

Copyright © 2012 John S. Baras, ISR-SEIL
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Patient Progression Model

* Finite state Markov chain
e States associated with patient clinical stage
e Each state associated with some cost vector

InitLovh ‘rTgh
=

Low > Dead

Discharge Empty

Copyright © 2012 John S. Baras, ISR-SEIL 100
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[Litvak 2009] describes the cost of nursing as dependent
on the occupancy in the following manner.

— Nurses are staffed to maintain a constant ratio with the
varying ICU occupancy.

— Nurses may be either

* roster nurses, who are constantly employed, independent of
demand

e or supplementary nurses, who ~4x more.

 The stationary occupancy distribution can be computed
from Dispatch states.

e Each occupancy level is associated with a cost based on
the above so expected cost can be computed from the
occupancy distribution.

e Nurse model can depend on several other parameters

Copyright © 2012 John S. Baras, ISR-SEIL
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Nurse Resource Model and Cost “*
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Cost Evaluation E

e Determine the stationary distribution of the
Markov chain, giving the probabilities of
each state

* This leads to the expected cost

* Alternatively we can use “operationa
analysis, i.e. non stochastic models — this
allows time varying models

 Operational analysis also links cost models
with patient states and progression

|II

Copyright © 2012 John S. Baras, ISR-SEIL 102
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e Composition of Markov chains creates
enormous state spaces (from patients, nurses,
doctors, equipment ...)

 For example
— Assume we are composing N Markov chains.

— Assume each chain has | Q]| states.

— There are then | Q|" states in the composed
machine.

 This is an exponential dependence between
the number of components and the
complexity the resulting system.

* Storing or performing any computations on
such large systems is difficult.

Copyright © 2012 John S. Baras, ISR-SEIL
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Analysis Engine

Dynamic ICU Model

Logical Inference Engine (Java)

Multidimensional

Markov : .
Chain (MMC) (Multiple | Binary) B o) tion
Decision Diagram Methods
ROMDD / MTBDD
tﬂescribed
using Numerical Analysis
(Matlab)

UML Profile

Domain
Specific
Language translates

e

XSLT
(Xalan)

DOM
parsed

UML
Activity
Diagram

1

DTD

(DSL)

Specified
XML

Metadata
Interchange
(XMI)

Copyright © 2012 John S. Baras, ISR-SEIL
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. Fine

e UML2 for Eclipse is used to describe the Markov chain.

e We parse the XMl exported from this tool.

e This should mean that we can easily parse the XMl
generated by other UML tools.

Copyright © 2012 John S. Baras, ISR-SEIL 105
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== Summary Product Works

* |t reduces the number of states of the machines tested by several fold.
— One ICU model tested was reduced from 17496 to 3071 states.
— The reduction was achieved this primarily by symmetry reduction.
— The models are input as products of identical patient state machines.
— This is simple for the user to input, but leads to redundancy in the model.

— There is no explicit symmetry reduction code, but the splitting algorithm of Valmari does it
implicitly.

— We verified the stationary distribution computed by the eigenvector of the reduced machine
against Monte Carlo simulation and the results were very close.

e However, memory is a bottleneck.

e Even very modestly sized Markov Chains (>7000 states) lead to out of memory
errors.

— If the matrices are dense (as the reduced machines are), 7000*7000 = 50 million transitions.
— This becomes tricky to analyze and further work will be needed.

 Even though the example has 17496 states, no more than ~6000 states are ever
simultaneously examined due to the summary product strategy.

Copyright © 2012 John S. Baras, ISR-SEIL 106
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e Measure the overflow probability, the occupancy
and the expected cost.

Distribution of Occupancy for the case of 7 beds with armval rate 0.8
T T T T T T

Distribution of ICP level with arrval rate of 0.8 and 7 beds

Qccupancy

Stationary distribution DBN used to query Stationary occupancy

distribution as observed
observer added by occupancy observer

Copyright © 2012 John S. Baras, ISR-SEIL 107
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Evolution of flattened states size

10°¢ T T
Result states size for occupancy
; Result states size for arrival 4= ==
10" ’/ E
E % Result states size for ICP level 4
’
= = = Direct result without states reduction _———
’
’
10°F ‘ E
E 7 ]
-
’
8 /
B 10°F ym—— E
pi ]
L
8
2]
°
@
< =
o ]
K
w
I I I I ]

5 10 15 20 25
steps

Number of states as a fcn of number of steps in inference
Sawtooth pattern is the result of the project-compose pattern

Copyright © 2012 John S. Baras, ISR-SEIL
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Interconnection and Interoperability

 Broadband wireless nets capable for
multiple dynamic interface points

 Any node can serve as
interface/gateway

Fixed or
hybrid
broadband

> _ | Key challenge:
- component - based
), networking

Eopgright © 2012 John S. Baras, ISR-SEIL 109
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N/ Component Based Networking: Network MBSE for MANET

“o s J. Baras UMD), V. Tabatabaee (Broadcom), K. Somasundaram (Qualcomm) and M. Austin (UMD)

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 Formal time

Models

R * Modularity and
S~F7 N s N re-use
/”"‘-{’Eachaluckhash“, * Increased agqility
. ==~ Components 7 in designing,

-

modifying and

fielding new

MANET
 Broad design
space
exploration

Tradeoff

Dynamic Interconnection and Interoperability Analysis Tools:

ILOG Solver,

= Broadband wireless nets capable for
multiple dynamic interface points

= Any node can serve as
interface/gateway

Fixed or

A4
g’?} hybrid
| A0 broadband ANET Emulation;
e simulation Toals:
o ':‘)l MNatwork EMAMNE, OPMNET,

QUALNET,

Components OMMNeTH

& Models

Fig. 3: Network MBSE Toolset : integrating SysML Architecture Model

Fig.1: Intelligent Wireless Multi-Nets with DB of network models, emulation-simulation models, tradeoff tools

Copyright © 2012 John S. Baras, ISR-SEIL 110
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Saturation ~ 2 Mbps ~ 2 Mbps
CL

TC message 923 kbps
rate

890 kbps

o"l\ e
%’E‘;Lheo
Long connection from 20 to O (platoon
heads) ™/
N
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
9,12),
(21,22),(23,27),(23,28)
Inter- (1,18) 2.4 kbps
platoon (20,11),(20,0) 6 kbps
(10,1),(21,10) 12 kbps
111
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Wireless Networks and Devices

e I|tis not just the DoD need and domain

 There are huge commercial markets where there is critical
need for an “integrated security”

e Commercial-DoD Convergence: several DoD services moving
towards broader use of COTS as components

* Need to compose evidence from several domains (no one
security or authentication mechanism will solve the problem)
— compositional security

 Be aware of “fusion” of evidence! Many known instances of
wrong ways todo it ....

e Secure by design devices and networks? Reality or Dream?

e Distributed availability of validation data or features. Do we
need third parties? Architectures?

e Timing issues — several: real-time, asynchronous operation

Copyright © 2012 John S. Baras, ISR-SEIL 112
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e Compositional Security

Universally Composable

Security of Network Protocols:

« Network with many agents running
autonomously.

» Agents execute in mostly asynchronous

Executable > Formal
Models Models

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
resource requirements

necessary!

for achieving this

Copyright © 2012 John S. Baras, ISR-SEIL 113
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@Al' mviua;l:: ;);:arations and Support . N .

—— B ICAO é: Flight Operations and Support )

n

Airport Operations and Support

"k Nt Contric Infrastructure Services
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MBSE APPROACH TO

ENERGY EFFICIENT BUILDINGS

Energy and Economic

~
Buildings Design

Analysis
/

w

~

indows and Lighting iih

Domestic/International
Policies, Regulation,
Standards, Markets

s

_J/
N
Demonstrations,
Benchmarking,
Operations

and Maintenance

[

NI\

Natural Ventilation,
Indoor Environment

-

=

Networks,
Communications,
Performance Database

Sensors, Controls,
Performance Metrics

Power Delivery and
Demand Response

Building Materials,

\Misc. Equipment

Copyright © 2012 John S. Baras, ISR-SEIL
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Cyber-Physical Building Systems

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

Green Technology Tower — Architectural Proposal for Chicago

Pear]l River Tower Complex

T QLA s |
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BUILDING-INTEGRATED ENERGY SYSTEMS

DESIGN PLATFORMS FOR SE

Extensible framework for assembly of (model, controller, simulation,
viewpoint) process networks and communication for platform-based

design of building-integrated energy systems

Requirements :- ----------------------- : Abstract Models
Arch. Req. 1 - — Functionality 1 Abstract Depeadeacies
1 1 A
Abstract Models : Architecture Model < '— ‘ |- --------------
Abstract Graph Model Q— ‘ f —|—— Mapping l l
I
| |/ Coatrollec ‘ Geometry Topology Computation
I
'---——-‘——f——- 1| = Network of spaces I l |
l . . .
Abstract Controller q—' Power System Model I Integrated Visualization
1
‘ ? ! Composite
| Cotisollet : Controller
L]
Abstract Mapping Q * ? N
EoecgyPlus
Network Control : Simulation
|

v
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Syemls How to go From IT Abstractions to ~ “:
“Hardware” for MEMS and NANOS

Develop Build Simuwiale Crecte Layou!  Perform
Concepl Design Parformance & 30 Model De hﬁod.ﬁ.na!ﬂls

LI
=

= =] = - Craate

Macromodels
For Simulation
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and IC Design Flow — Current Limitations

 Need for a “structured” automated design flow, that
links MEMS 3D design with custom IC design

 Modeling approach defined up front repeatable, rather than made
up on the fly to suit each new design

* Process variables, material properties, and geometric properties
(lengths, widths, thicknesses) should be parametric to provide
maximum design flexibility

* A well-characterized library of reusable MEMS building blocks (can
be assembled into arbitrarily complex designs)

e Each block should have a 3D view (structure) and a behavioral
model supporting all types of simulations

e Extraction and design-rule checking for MEMS devices

Copyright © 2012 John S. Baras, ISR-SEIL 119
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as a MODEL Integration Framework

Requiremen'®
Repository
MATLAB, MathCad,
PSPICE

VMS, UPPALL,
IF, BIP

System
A_rﬁhitgcture Model

Verification Models

Analysis Models

U(s) %%% G(s) > j

Req’ts Allocation &
Design Integration

Hardware Models Software Models

UML, UPPALL
ARTIST,
MAPLE

COMSOL,
Modelica, CFD
ANSYS, MEMS +

120
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for MEMS & NANOS @

The Challenge & Need:
Develop scalable holistic methods, models and tools for
MEMS & NANOS system engineering

Multi-domain Model Integration
via System Architecture Model (SysML)

System Modeling Transformations

* Model Object

@ Model Dependency /’E <
:-l.—'?,l i,\ ¥ N o} é]
@_.: g |

SysML B

BENEFITS

 Broader Exploration
of the design space

* Modularity, re-use

« MEMS & NANO
Systems Design tools
allowing conceptual
design, leading to full
product models and

easy modifications
Automated
validation/verification

Domain @ "C_:ll- t
B='@
o .'
| \
lE P

 System Model

“Master System Model”
ADD & INTEGRATE

Tradeoff parameters

Multiple domain modeling tools N~
SOLVER, Tradeoff Tools (MCO & CP) DB of system
CPLEX « Validation / Verification Tools FePEU
« Databases and Libraries of annotated and models

MEMS, NANO component models

121
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¢ The new trend is
+ Break the “one-subsystem one-ECU" paradigm
+ Distribute functionalities over several nodes to optimize number and cost of ECUa
¢ Advantages
+ flexibility, cost reduction, redundancy (fault-tolerancs)
+ more sophisticated control enabled by mors powsrful hardware & UT @ SAR

122
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Research

e Flexible production lines
e Robotics and humans

gl iy

4 integrated
A 4 e Reduce manufacturing to
compilation

e Custom materials
e Materials as a design variable
e Composite materials design

Model-based systems engineering —
manufacture to component models

123
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Integrated Product and Process :
Design of T/R Modules

PROBLEM

”th “e

Integrate Electronic and Mechanical Design
information interchange among tools used by designers
Identify alternative components
integration with part catalogs, corporate databases
Help generate and evaluate alternative designs
estimate cost, manufacturing time, reliability, etc.evaluate tradeoffs
Help generate process plans
process parameters, time estimates, etc.

BLOCK DETAILS
W Emm Tt hiod J0SE0TEGOT

p
Assembly Data Model

Process Designer View
&

r =
Functional Data Model =
Product Designer View

"

=
REFREEH

SOLUTION

Object-Relational Databases and Middleware to integrate heterogeneous distributed data sources:

multi-vendor DB, text, data, CAD drawings, flat, relational, object DBs

Entity-Relation Diagrams to provide multiple expert views of the data and integrate product and
process design phases into a single system environment

Hierarchical Task Network planning to explore alternate options at each level of the product:
parts and material, processes, functions assemblies

Multicriteria Optimization for trade-offs: cost, quality, manufacturability, ...

Copyright © 2012 John S. Baras, ISR-SEIL
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IPPD System Architecture

.\;\'_R 51 ;-}_
r

N
& ™. O
) =3

18 56

Q

Microwave Module Design

Data Integration

Supervisory Program

|

L]

|

Electronic Component-selection Mechanical Data
CAD tradeoffs (CPLEX and CAD Integrator
(EEsof) HTN Planner) (Microstation) T
v v 4 N
Cost HTN Northrop
Advantage Planner Grumman
I I / Enterprise
v v v Databases
y~ N
. Data Exchange Files
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Modules

1-20 GHz frequency range (radars, satellite communications, etc.)
Difficult and expensive to design and manufacture

Multirole Electeonically Seinmed A
I MODULE
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Tradeoff Analysis via

Multicriteria Optimization

14 Trade-Off Analysis Utility [_1=] x|
File Tools Mindow Help
[ h[_, =] B3l 4 s All Normalized Solutions - newng [ (Of=
= o lYieId] Lead time] Mo ofsuppliers] Click on the solution number to select that solution.
=, 1.
=
= cost
an
= [m} Lead time
3500.000 F—F—F—F—F—F Mo of suppliers
s *# Yield
____________ — - — - — - U | cost
i ! i e 0.3
[0 I S ——— ————— E——
i e I8 e S ——— ——— ———— E——
LX) E S — — e I &
I I P T 1 z 3 4 5 &
2081 .415 Problem Name: newng Solution ID: ] -
Criteria Name Minimum Good Nominal Bad Maximum
I F [ R [ cost 1426 660 1425.660 1457 .860 3500.000 3500.000
| ) Yield 0.300 0.905 0.393 0.300 0.906
I I P T Maximum Lead time 25.000 25.000 25.000 71.000 71.000 |
Bad Details
g =* i _ (O
= 2462.830 Nominal ke, =
=
becdbeeeflecdoadbeae Good
it il it el sl Minimum
I I T S O Maximum
Bad
#* Currant Value
1944 245 cond
tdinimum
0.0
Lo Lead time Mo of suppliers
1425 660 =3 Problem Name: newng Solution ID: H] -
1 223 4 5 8 Criteria Name Minimum Good Hominal Bad Maxzimum
cost 1425.660 1425.660 1497 .860 3500.000 3500.000
Yield 0.300 0.906 0.393 0.300 0.906
Lead time 25.000 25.000 25.000 71.000 71.000 -

Feady

M Start| | & & ] ¥ || E)Exploring - bin

| = Microsoft PowerFoint... | £ Optimize

|[Lz Trade-off Analysi...
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et Multicriteria Optimization (cont.)

g Initial Normalized Solutions - pla

Click on the solution number to select that solution.

1.0
o9
0ol — I B 1 ______ _ﬁ\; ''''' _
D'T__ ________ N o ____._____/__:_.1\______ [0 Leadtime
06 \‘ .
Y I ] o “’______\\___ Mo of suppliers
ns 7 .
A Y S I T -] I S \\ _ # Yield
04 /
D_Sé\{'_'_t]— """" —/ﬁ ————— - e ¥ cost
02_"\;_'_'_;%“—'\\ ''''' _ \;_'_ _______ _
I I N A _ _'\\'_ A R —
g0l TTINgI e N e g
i 2 3 il 5] F

The file containing the dascription of this problem cannot be found. Enzure there is a file called P1ATET in the same directory as the LP and
MF files.

=

Copyright © 2012 John S. Baras, ISR-SEIL
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* Transcend areas of application: from
space to micro robotics

* Include material selection in design

e Include energy sources, resilience,
reliability, cost

* Include validation-verification and
testing

e Use integrated SysML and Modelica
environment

e Link it to tradeoff tools CPLEX and ILOG
Solver

e Demonstrate reuse, traceability,
change impact and management

Copyright © 2012 John S. Baras, ISR-SEIL 129
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Hoscareh NETWORKED CONTROL o

« Component-based Architectures

e« Communication vs Performance
Tradeoffs

e Distributed asynchronous

e Fundamental limits

Copyright © 2012 John S. Baras, ISR-SEIL 130
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NEw HOME HEALTH PLATFORMS

e Digital home entertainment infrastructure can be used for health
* Everyday health through everyday devices
* Personalized, proactive health info/reminders/agents

Copyright © 2012 John S. Baras, ISR-SEIL 131
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Prototype home health systems

Photo Chalr Eﬂge
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Systems Biology

Goal of systems biology:

To integrate information o

e Genes

e Proteins

e Molecular interactions

e Metabolism

e Other biological syste
networks

... in order to improve o
understanding of the phy!
of cells and organisms.

Copyright © 2012 John S. Baras, ISR-SEIL

THE ULTIMATE SYSTEMS CHALLENGE

L e PN

ARYLAS

SYSTEMS BIOLOGY
Integrative approach
In which scientists
study pathways and
networks
will touch all areas of
biology, including
drug discovery

Requires

e Quantitative models
of properties of
components and
their interactions

e Computational
methods to manage
complexity
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e A Systems Biology Model
Syt Y PIOIOBY &
for Alzheimer’s Disease

Research

 Study the roles of cholesterol, LRP, ApoE and
inflammation in disease pathogenesis

e Studied effect of simvastatin treatment on LRP and ApoE
levels, in addition to changes in AB

e Developed a mathematical model that integrates energy
& lipid metabolism, the inflammatory response &
expression of key proteins

e Model results were verified using results from
experiments

e No previously developed model has used systems
biology nor multi-level networks to study AD

Copyright © 2012 John S. Baras, ISR-SEIL 134
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Forefront of AD research: y

SRSy
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-
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=
Cr P
ARY LAY

Interplay between lipid metabolism & inflammation

/apoE:

— Coordinates re-distribution of

IL-1:
— Pro-inflammatory cytokine
— Expressed by microglia in
response to:
\ — Stress
— T AB
— P Glutamate
— Functions:
— P neurotransmitter
f turnover rate
— { activation threshold for

HPA axis
— Causes hypoglycemia

\ — M Acetylcholinesterase

activity 2 {, ACh

~

ir &

/

* Synapse formation

o[ 7Te

Microglia

Ast rqcyte

ion|

.

> Y LRP-1: )

— Transport of AB to blood

— Transfer of cholesterol to
neurons & other CNS cells
via apoE carrier binding

/

O Ap

— Co-localizes w/ AB plaques

@ Cholesterol ‘ ApoE

Copyright © 2012 John S. Baras, ISR-SEIL
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Directed Graph for Astrocytes,
Microglia & Brain ECs

glucose

v
glycolysis

v

pyruvate

[an]—— ],

v

MalonylCoA

TCA | = | AcetylCoA | ™ | HmgCoA —> | Mevalonate

Astrocytes

[

cholesterol

| ApoE |

N

][]

glucose

v

glycolysis

v Brain ECs

pyruvate

y

TCA | = | AcetylCoA | =2 | cholesterol

\

MalonylCoA

__—-) LRP

> Toblood

‘Ir ——— A
TCA | &= | AcetylCoA | = cholesterol

Y

MalonylCoA

glucose . .
v Microglia

glycolysis >[4 5
v

pyruvate

Copyright © 2012 John S. Baras, ISR-SEIL

137



The

Syl Lab-on-a-chip for Drug Testing
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e

Phaymaceutical
copaanies anxious to
5ee if experimental drugs
have toxic side effects
may soon turn to a
thumbnail-sized silicon
chip, packed with live
cells, that mimics the
metabolism of a lab
‘![]ll] ]‘ﬂ. S‘ 1 h . (Hiin‘id] on BY DAVID H. FREEDMAN  PHOTOC R APHS BY DAVID BARRY

achip” devices could help
to quickly and cheaply
spot taxic compotnds,
sparing comparies years
and millions of dollars
in the drug discovery
]process,
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vstems Bt )18
Biochips are currently emerging with different™
form factors and technologies for applications

In research, pharma and healthcare

All biochip
concepts are
disposables

ufluidic chip
wufluidic chip +
DNA pArray

S = - -

Applications:
- Basic research
- Pharma R&D / Drug developm}ﬂiRed Biotech"

- Healthcare
“Green Biotech”

= Agriculture and environment :
“Grey Biotech”

= Industrial and process control
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Rapidly approaching untenable situation in human health --
Blockbuster drugs, which cure major diseases afflicting huge
populations, are being pulled from the shelves (e.g., Vioxx) for
unforeseen side-effects.

They are being replaced by drugs that have smaller market
potential and more localized impact (subpopulations, e.g.,
FluMist).

Current cost of developing a drug and getting it to market
exceeds $1B and process takes over ten years

These competing forces cannot be resolved without truly
transformational changes in the way drugs are discovered,
developed, and approved.

This need is exacerbated by the emergence of personalized
medicine — a natural outcome of high throughput sequencing
technologies.
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DEGREE REQUIREMENTS

The following courses are required:
Systems Engineering Core

ENSE 621 Systems Engineering Principles

ENSE 622 System Modeling and Analysis
ENSE 623 Systems Engineering Design Project

ENSE 624 Human Factors in Systems Engineering

Management Core
ENSE 626 Systems Life Cycle Cost Estimation
ENSE 627 Quality Management in Systems

Those choosing the thesis option also take ENSE 799 Master’s Thesis (for six
credits) as well as an additional four electives. Those choosing the non-thesis
option take an additional six electives.

Both Supplemented by Technical Electives
form many Technical Areas

Copyright © 2012 John S. Baras, ISR-SEIL

THE ISR SE PROGRAMS IN BRIEF

ENPM-SE

DEGREE REQUIREMENTS
The ENPM Systems Option requires

four courses from the systems engi-
neering core, three courses from the
management core, and four electives.
The courses are identical to the MSSE

curriculum.

Systems Engineering Core

ENPM 641 Systems Engineering
Principles

ENPM 642 System Modeling and
Analysis

ENPM 643 Systems Engineering
Design Project

ENPM 644 Human Factors in
Systems Engineering

Management Core

ENPM 646 Systems Life Cycle Cost
Estimation

ENPM 647 Quality Management in
Systems
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A Bold
Experiment

Starting early in the
education chain

Undergraduates
working with
industry and
government
mentors on SE
projects

NEW FOR FALL 2010

ENES 489P

HANDS-ON SYSTEMS
ENGINEERING PROJECTS

WOULD YOU LIKETO
UNDERSTAND:

How to [ bexity?
*  How to bullkd systems to meet time and
budget requirements?

= How to bulld systems that can be easily
verified and validated?

= How to control risk?

=  How to design safe systerms?

This course will be a great opp ortunity for
senior-level undergraduates and graduate stu-
dents in all engineering discipines. You'll get
the chance to work in teams on hands-on, -
complex systems design in collaboration with W _.G —"“'. 4
industry and government experts. - - (7
Be among 10 select groups in the country V . %
to be introduced to the new area of systems m —
uuhumu Systems engineering is rapidly

as a much-sought -after career V"
path for engineers of all kinds and s proven 4 j
to be a critical factor for US. competitiveness. x

Get ahead of your dass and get introduced to @ 3
the -m-uhg model-based systems c\gm

INSTRUCTORS Professor Mark A Austin and Professor John S. Baras
LECTURE NOTE TIME CHANGE Tuesdays, 5:00-615 pm. 2307 CSIC

LAB Thursdays. 330-6:00 pm. SEIL Lab, 2250 AV. Wiliams Bidg.

CLASS LIMIT 20 students Learn more online!

3 CREDITS www.isr.umd.edu/-austin/enes4 89p html

Copyright © 2012 John S. Baras, ISR-SEIL
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Thank you!

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

Questions?
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