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f@ STEVENS Overview of Presentation

* Context setting
— Stakeholder perspectives on model adoption
— Current situation
— Vision for the future
— Strategy for getting to the future state

* Partl: challenges and why architecting matters
* Part Il: model adoption practices

* Part lll: research topics that are emerging as

necessary practices for System of Systems (SoS)
MDE



What are the Impacts of Model Adoption

on the wide array of Stakeholders!?

Current
Customers
4) Communication,

timing of

. 2) Structures,
deliverables virtual to physical,
3) Operational complexity
requirements
T Model
Technology
1) Skills, Adoption “It is not the strongest
lifecycle of a species_ thath
F survives, nor Is It the
tlmlng, / fittest; it is those that Future
Employees practices  5) Skills - formalizes  can adapt the fastest.” Customers

communication [Darwin]

of requirements
and interfaces
Competitors



Today: Customers need continuous
integration of capabilities spanning wide

range of mission and system domains

Next Generation Air Transportation System (NoxtGon)
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Future Vision:

Managing complexity in all dimensions
through Systems of System Engineering

An Integrated Framework for NextGen Operations
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How do we get there (one strategy)?
Engineer Resilient Systems:

Architecting to rapidly adapt to
user needs in uncertain futures

[ Maximizing flexibility and innovation for uncertain futures: keeping more options open ]

Trustworthy Systems Design Conceptual Engineering
jemg

ﬁ Conceptual Engineering L.

L. Model Based Engrneermg
I-» 'Platform Based Engmeerfng

: reuse

|  [rustworthy Systems Design p=

L e e Sl Rl e N NN

Model Based Engineering Platform Based Engineering



Systems of
systems are
emerging in
many domains
enabling
unimagined
complexity




We must produce systems of the
same complexity as hardware with
similar costs and schedules

240
220
-E—- 20& 1 g #( :
C _'|-' I I..: - .III '
S
E 180 - }_’ :
E} 160 1 A ‘Vehicle :
W erospace ] | -sxm
= 140 - Ir STD.4994 1990s | o
=
W 120 - :
5 . A 1
2 100 - Jow aultorpoth \
E 1é 3 flow ]
£ 80 4 — I—*
£ oy Mnspam‘:eh |
- : 1
S +
i
@ 40 n =Wy 'l | |
® wl L . 'W Koyl
Integrated Cireui o m‘rm WE 286 T InteT 388 | ] +
0 19605 | ] -_.
1.E+03 1.E+04 1.E+05 1.E+086 1.E+07 1.E+ﬂ$

Complexity”
[Part Count + Source Lines of Code (SLOC)]

e

What’s

Different?

Software behavior
» often relies on floating
point variables with
nonlinear relationships
and constraints

Node (*): Mot a great melrc. But thal's what we have today. META wal come up with belfer melncs.



Augustine’s Law — Growth of Software:

Order of Magnitude Every |0 Years

In The Beginning

1990’s 2000+




Complexity Results in

Diseconomy of Scale In Software
often impacting size, scope and cost estimates
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6,000 — Linear ({rowth
—— Typical Growth
5,000 — - - - Worst Jase 470 KSLOC ~
4,000 - v .
Effort P i
(staff 3,000 - 7o
months) "

2'000 2l ' | /
l,UUU 8 //

>80%7? < I W s

Project Size (LOC)

Source: Computed using data from the Cocomo Il estimation model, assuming nominal and 10
worst-case diseconomies of scale (Boehm, et al 2000).



Optimal Architecting Matters:

sequential path of least resistance often leads to
delivery of poorly performing systems

100 -
2
= 90 -
°
N — —_— Fercent of Project Schedule Devoted to
{.I'U} 80 - Initial Architecture and Risk Resolution
— 70 - Added Schedule Devotedto Rework
il (COCOMO Il RESL factor)
@
S 60 - Total % Added Schedule
=2 Sweet Spot
- 50 b
@
-
= 40 -
=T
@
£ 30 1 . i
= Sweet Spot Drivers:
s 204 @ Rapi ,
° 10 apid Change: leftward
=
@ 10 High Assurance: rightward
@
a 0

0 10 20 30 40 50 60
Percent of Time Added for Architecture and
Risk Resolution 11
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Functional analysis across SoS is required to

understand tradeoff of capabilities (CONOPS)
and impact analysis

Area of weakness (opportunity) in Modeling/Tooling
e

Business/Enterprise

S§ﬁ m Concept
Selecti

(D gisi«&é;@&')
\}\<odeling\&3'4qulation

g/ A
% N2
Subsystem

Enabling Technologies and Standards (Process, Training, Tools, Configuration Management)
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Architecting is required for
asynchronous integration and test
across multiple SoS layers

Subsystems
(Infrastructure)




Transitioning into operations must accommodate

users with mixed operational capabilities and
maintain trusted system properties

— Airspace
2 ). Redesign

15



“We model to
reason
about the
problem...
And to
communicate
with others.”




Model Driven Engineering will
revolutionize concurrent engineering

Programming? ]

ﬂ’&»-

17



MDE approaches and tools

must address gaps

Fund .
> Customer > Companies
Understand Need
evolving needs \L Make
. . Supports .y Built into
Mission < Capability > Products
1 Perform M |
Users _ Skills _
Required to use Required to make
How to use capability \ What to build (architecture)
) Y —
I~
Standards - b linde
UML
DoDAF / AN

Capability-based
technology evaluati

M&S Tools Domain Specific Modeling
Family of Systems (FoS) . Systems Subsystems
eterogeneous interacting
SyStem of SyStemS (SOS) multidisciplinary elements)

18



From traditional SE = Model-Based SE —

standard, structured, rigorous, & linked

|[EEE 1220 SE Process

PROCESS INPUTS

|

SysML Diagram

Requirements Analysis )

1! Requirements Baseline

Requirements Validation )

Vellteklgste] RGGUIRMIEES EEEE Structure Diagrams Behavior Diagrams Requirement Diagram

Functional Analysis A A

Functional Architecture

‘_< Functional Verification )

Use Case Diagram

Activity Diagram
Sequence Diagram

1 Verified Functional Architecture Internal Block Diagram
Synthesis ) A

| Design Architecture

A

Parametric Diagram

Statechart Diagram

Verification/Validation )
Verified Design Architecture 19




Many tools support a typical

SysML usage scenario

(Build me to see
how it works)

Block Definition Blocks/Parts/Interfaces Constraints / Performance
Diagram Internal Block Diagram Parametric Diagram

-
e st [block] BrakeSubsystem [ABS states)
-

Entry/applyABS

Interaction
State Diagram

Activity Diagram Scenario “ilities”

Sequence Diagram Fault Tree 20




Model Driven
Engineering covers

concepts, practices,

tools, and future
ideas — this is
a core process

for MBSA/MBSE

act MBSA Top Level Process /

Stakeholder
Relationship Diagrams

[ Identify need

W

Stakeholder
Requirements

~ Elicit initial
stakeholder
requirements

System Activity
Diagrams

System blocks

(block diagrams)

State machine
diagrams

\h

C

oncept

identification and

selection

MG

[ Capture system

uses

/N

Need
Statement

i

j_;

Identify use case
tasks as activity
diagrams

Capture
requirements

\h

\h

Simulation
Models

Identify system

System
states and modes Requirements

Subsystem
USE Cases

Identify
subsystem use
cases

ActivityFinal

-~
-
-

£2 gallocateds

context

Subsystem

diagrams

Context
diagrams

== Operational

Concepts

Use Cases

)




Structural views should include system

domain, context, and interfaces

hdd [Package] Structure [bdd TCAS Context] )
whlodis
Operational_Darmain
ARtributes
Cwerations
\f
whlodie wblodis
Operational_Erwironment Alr_Traffic_Control
Altributes 1 ; Attributes
Owerations Cperations
1
*
1 .. 1
whlo ke whlodk, System_of_interest.
Aircraft TCAS_System
Attributes ARtributes
Operations Operations

22



Model topology often mirrors

architecture of system

A AircraftSystem_SysML, Version 0 - Artisan Stu
! File Edit Mew Tools Window  Help

AR NN = N TN = =Y

T=T=) ]
Packages
= @ AircraftSystem_SyshL
3. +UML Profile
"?. +3ysML Profile
=T +aircraftSystem
= +airvehicle
L +airframe
=20 +Missionwskems
[ +Cockpitsystems
[ +MissionSoftware
I:l +Weaponsystems

= I:l +PowerControlS3ystems
[ +Propulsion
=2 +vehicleManagement

[ +analysis
[ +Behavior
I:l +R.equirerents
I:I +5tructure
[ +vehicleManagementSaftware
I:l +WMDatalogger
[ +¥MSimulation
I:l +WMTestSystems
[ +Documents
I:l +DomainConkext
I:l +TrainingSystems

Air System

Air Vehicle Training Systems eoo

Airframe Power & Control Systems Mission Systems eeoeo
I
. Mission System
eoeo — Vehicle Management Software
Propulsion Cockpit Systems

oo Weapon Systems

23



Establish common package elements to

organize and structure model

° Change |Og ! Fle Edit Yiew Tools ‘Window Help
+  Recursively applied AR NN = N T e =Y
, AN -
— Analysis — could have subpackages : packages
* Context ERE] i craftsystem_SysML
.. = +UML Profile
* Mission concept 4. +SysML Profile
« Operational concept = +Aircraftsystem
-0 +airvehicle
* Stakeholders £ +#irframe
e Scenarios =0 +Missionwstams
[ +Cockpitsystems
* User cases [ +MissionSoftware
. [ +Weaponsystems
- BehaV|Or = I:l +PowerConkralSystems
— Requirements 03 +Propuision
=20 +vehicleManagement
— Structure \ [ +analysis
. [ +Eehavior
* Architecture 0] +Requirements
* Simulations L +Structurs
[ +vehicleManagementSoftware
i Va ria ntS [ +¥MDatalogoer
. pe . 5 - [_] +¥MSimulation
* Verification and test > (] +iMTestsystems
] D +Documents
* Documents (controlled) > 5 01 +Domancontext
o Domain co nteb | p i [ +TrainingSystems
* Environment 24



Model artifacts
trace requirements
through views and

map derived
reguirements to
software /
hardware
subsystems

System Planning

Requirement
Architecture &
_.Design

. SW Planning

Desizn

E"-__Requirements

Acceptance
Validation

Traceability i
Qualification
/f Integration
System/ :

Software o

Assurance |/

/ {Unit,
"“lIntegration,
TTraceability  System Test,

' Review &
Analysis)

Code & Iﬁtegration

System of Systems p

Mission Assuranca i
Praciicss . Techn(q gl
3 & Technalogss
Enginsening ~C_ T T
Deat Test

Jemen! Unit
nd Pa Test

f=s
Reviews
— 7
()
Test
P
integratian
Test

— 7 " = =

Implamant unit
nd Packagd | Test

Spactty
renitecty

Specily
squiramsnt
Specity
Design

stratagic ApproseEE q
u

naysls en%
Revisws

y oas. Touh
¥ 8 Tachnolagies

Misslon Assuran
n

System
strategic Approschen
y > n:z:‘l;.waan nalysla an
_ % Rl
) iy
A Test
~ [ ]
Subsystems .
(Infrastructure)
unit
Test

25



or continuous integration and test, we

must be able to understand all of the

interfaces and allocated requirements
See next

I} Project
%‘D Block Defiion Diagrams «hlocky
Example! Subsystem
(3 Components «Reguirements.
& (1 Packages

SoftwareModel DerivedRequirements

{21 PredefinedTypes (REF)
£23 Predsfinedypescop (REF)
° =[] Softwaretods!
I B Comments

[B) Line to C_C_UML Model
= (@ Hyperinks

CCUML Model wblocks datal
= E;”“"m”“ ControlSystem ]
B 5y to 5w I | Logitallnterface
- %‘ %ﬁ;um[ks ‘ «satjsfy» ! |
& HuComputingResaurces G | | 1 |
example — | & ="54 — |
& sbasen } Software <blockHwCompuingResouret| |
=@ DES Itefoces - > Aflocated From ControlUnit l\
% g;xs(g&;:) S o Atlovated To |
Aiocated To «allocate» ‘\
attern for =
P B3 SoftwareModel i6gical Software |

Lo\gi!:allnterface |
. «allocatey | T~ - |
mapping . \

=
~Sofware block has
same logical interface

as ControlSystem
Rhapsody C_C Model

Block Definition

Blocks/Parts/interfaces
Diagram

Constraints / Performance
Internal Block Diagram

Parametric Diagram

Context

Interaction
ate Diagram

\
i
!
|
Activity Diagram

T
Requirements Diagram H Use Case Model /
4 )

26



Models depict interfaces and derived

requirements allocated to SW & HW

Entire: Madel Yiews <

= D Project
=-{Z Block Definition Diagrams
Exa Examplel
3 Components
=1 Packages
ﬁ PredefinedTypes (REF)
ﬁ PredefinedTypesCpp (REF)
= ﬁ Softwareiodel
=-E) Comments
Line ko C_C_UML Made!
= Hyperlinks
£3 c_cumL model
=B Requirements
E—! DerivedRequirements
B9 Svs_to_sw
=] ﬁ System
=B blocks
= «HwComputingResource: Ci
& ControlSystem
& Software
& Subsystem
Comments
B 1nterfaces
=1 Profiles
= MARTE (REF)
= SystL (REF)

Create package
with hyperlink to
another

model that
refines the
software

bdd [Project] Project [Example1] )

zReqguirements
SoftwareModel DervedRequirements

|
|
|
«allocatle»
|
2

SoftwareModel |
\

«hlocks

Subsystem

.

ahlocks
ControlSystem
|
«satjsfy» 1
| 1
whlocks @1
Software ghlock HwCaomputingResource
> Alfocated From ControlUnit
E! ______ > Allocated To
Allovated To «allocate»
@ ControlUnit Alfocated From
£ SoftwareModel ] logical i1 | Software
f/ Logicallnterface
«allocateif/ e
T . -

Rhapsody C_C Model

datai

-
Logi¢allnterface
|
1
H

A

L
f
|
ﬁ

" Software block has

same logical interface
as ControlSystem

Example
use of
MARTE
Stereotype
for
HW
Computing
Resource
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Behavioral views provide inputs for
continuous integration and test

planning and execution

+ { ien- )

ﬂ ] _—
1 * - ~
'\ ]
I
Use Case Model S
T
LY
LY LY
L
__'.d-'-'_'-"-\:__ e
L

I
)
)
I
I

- | (&)
_ |

b

— :
| — .'
| I I I
Scenario
Sequence Diagram

“ilities”
Fault Tree




Architect for testabi

ity to support

automation and leverage
simulation and legacy data

ibd [block] ‘-«“ehicleManagementJ

h

simCmdln

simCmdOut

dICmdln
dlCut

dlln
AEEm

29



We must engage
stakeholders in
new ways to adapt
faster and to
determine what
works, what
doesn’t, and how
it should be used




A key focus is
on developing =
the CONOPS for ____
capabilities that f—?" = —
need rapld S S

31



Operational views are critical as they
represent how the system is to be used
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CONOPS: Then and Now
We have not progressed far - no meaning behind

graphics, no human roles represented, takes too long,
and customer often not involved

First Airborne Early Warning CONOPS from any current Naval
System to defend against aircraft program
(1945)

AEW Aircraft

— Project CADILLAC
Xponder CO“CEpt of Operations

VHF
XCVR

o
VHF nterce
Relay ‘\mo', —-‘/

«?\(\\e

\ Target Plane

Indicator

X NP Indicator
é:a | t—// b
M RADAR Pulse-Echo
ctic
oL Ei"' %.gfﬂ!
Destroyer

US Naval Institute Blog, http://blog.usni.org/?s=AEW&x=0&y=0



New modalities and engineering

capabilities are required to manage
exponential complexit

I —rE X

- S =
File Edit View  World Tools Help &> ¥ Honawan 103, 126, 421 (Mature) - Astronomy and Planetarium by Magnuz of 11:01 AM PST & L$0 ‘

Ry
=

Mini-Planelarium

Ye\es\‘m\m \
1 -
Bam ) = |
Mercury in Space
Stellar sky and planet positions for
position: N59°19' E18°03" y
| , time: 2010-03-03 18:58:21 UTC
! 3
i : '
« .. /@ /




Concept engineering through graphical storytelling
builds capability scenarios that are executable to
understand dynamics and tradeoffs

S apid Virtual
 Environment generation

“Human-Centered Design”

Gaming Platforms Immersive Virtual Environments
35




Graphical CONOPS can be leveraged for
virtual training addressing challenge of
evolving operational capabilities




Successful model adoption often
uses pilot projects to reduce risk

#1 — Understand how to relate
traditional process activities to
modeling practices and modeling

artifacts P—
{ ’ Current
— Customers
i:r Users ' s e
N e 4) Communication,
T— timing of
o deliverables

3) Operational \

( Needs ‘\_ requirements
T Model
~__ Technology
1) Skills, Adoption
o lifecycle
f timing, / I|
Employees I practices  5) Skills - formalizes
_ )y communication
pa— of requirements
o and interfaces
'\.\‘\. _Il__
Partners )
- e _. Suppliers
#1 & 2 - Need to incorporate -

modeling methods, structure,
practices and standards

# 2, 3 — Structure modeling
context, domain, actors, target
system, interfaces to test,
simulation, environmental
—_models, and external systems

Products )
" "
T
2) Structures, L
virtual to physical, g
complexity Services )

"It is not the strongest
of a species that
suUrvives, nor is itthe

/
fittest, it is those that c Flilture
can adapt the fastest”  “\_ ustomers

[Danwin] —~
/ . .
Competitors |
| -
.//’J

#1, 3,4 & 5 — Address changes to
lifecycle schedule and deliverables
that can impact proposals, reviews

and stakeholders 37



Skills — Don’t “jump” into projects without

knowing how to use MDE tools; have the right
balance of modeling and domain expertise

Domain Experts

Modelers with
Si_mula";ion

&:LL Programmlng Skills
. %

\k\ E‘ Models Transformation/
\ Generation* Host

Target

Analysis/

Model Checking/
Proof of Properties

Test
o Automation
& Verification Complete Traceability

Model Validation
Evidence Verification Evidence
| . é < |

Configuration Management
(Based completely on the Models)

38



Talk with customer about technology,

process, and deliverable changes

Incomplete or inconsistent models are
obvious and difficult to review

Model-based artifacts contribute to multiple phases
of reviews and downstream needs (e.g., V&V) s



Topics discussed today provide coverage
over some emerging issues and gaps

Emerging Issues and Gaps Concept Engineering Modeling
& Graphical CONOPS | Architectures for I&T

Architecting for resilience X X
Capability mapping bi-directionally X X
Capability impact analysis for X X

systems of systems
Tradeoff analysis

Continuous asynchronous
integration and test

Transition into operations X

Transforming the systems X X
engineering workforce

Involving disparate stakeholders X

Methods and standards X
MDE adoption practices X

40



There are many important ideas that
we did not explore
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Summary:

Optimal architecting will be critical in engineering resilient
systems that can rapidly adapt to user needs in uncertain
futures

MDE can better formalize the architecture to support
adaptable, evolvable systems important in complex
systems of systems

MDE can provide early insights into V&V and better support
impact analysis needed for continuous integration of
capabilities

Adoption practices and method guidance should be
considered and refined in pilot projects to manage risk

Our research in Graphical Concept Engineering can help

address operational needs while formalizing capabilities

that span the SoS and can be leveraged for virtual training
addressing challenges of continuous operational changes 42



@ PIEVENS — About Systems Engineering @ Stevens

* Largest Graduate Program in Systems Engineering in the
United States

— Broad engagement with Industry and Government
— International Outreach
* Relevant and Flexible Curriculum Architecture

— Developed and continually refined in collaboration with Industry
and Government partners and sponsors

— Individual Courses, Graduate Certificates and Degree Programs
— Convenient Delivery Formats

* Experienced Faculty

* Leadership within the Systems Engineering community
(US and Globally)

Copyright © 201 I, Stevens Institute of Technology and Mark R. Blackburn, Ph.D. 43
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Abbreviations

AADL Architecture Analysis & Design Language

AP233 Application Protocol 233

ATL ATLAS Transformation Language

BPML Business Process Modeling Language

CAD Computer-Aided Design

CASE Computer-Aided Software Engineering

CATIA Computer Aided Three-dimensional Interactive
Application

CDR Critical Design Review

CMM Capability Maturity Model

CMMI Capability Maturity Model Integration

CWM Common Warehouse Metamodel

DBMS Database Management System

DoDAF Depart of Defense Architectural Framework

DSL Domain Specific Languages

HW Hardware

IBM International Business Machines

ICD Interface Control Document

IEEE Institute of Electrical and Electronics Engineers

INCOSE International Council on Systems Engineering

10 Input / Output

IPR Integration Problem Report

I1SO International Organization for Standardization

IT Information Technology

Linux An operating system created by Linus Torvalds

MAP Modeling Adoption Practices

MARTE Modeling and Analysis of Real Time Embedded systems

MATRIXx Product family for model-based control system design
produced by %atlonal Instruments

MBT Model Based Testing

MBSA Model Based System Architecture

MBSE Model Based System Engineering

MDA® Model Driven Architecture®

mMDD™ Model Driven Development

MDE Model Driven Engineering

MDSD Model Driven Software Development

MDSE Model Driven Software Engineering

MIC Model Integrated Computing

MMM Modeling Maturity Model

MoDAF United Kinﬁdom Ministry of Defence Architectural
Framewor

MOF Meta Object Facility

MVS Multiple Virtual Storage

NASA National Aeronautics and Space Administration

OCL Object Constraint Language

OMG Object Management Group

00 Object oriented

PDR Preliminary Design Review

PIM Platform Independent Model

Pro/EPro/ENGINEER

PSM Platform Specific Model

RFP Request for Proposal

ROI Return On Investment

RTW Mathworks Real Time Workshop

SSCI Systems and Software Consortium

SCR Software Cost Reduction

SDD Software Design Document

SE System Engineer

Simulink/Stateflow Product family for model-based control

system produced by The Mathworks
SOAPA protocol for exchanging XML-based messages —
originally stood for Simple Object Access Protocol

Software Factory Term used by Microsoft
sQL Structured Query Language

SRS Software Requirement Specification
SwW Software

SysML System Modeling Language

SystemC IEEE Standard 1666

UML Unified Modeling Language

XM XML Metadata Interchange

XML eXtensible Markup Language

xUML Executable UML

Unix An operating system with trademark held by Open Group
VHDLVerilog Hardware Description Language

VGS T-VEC Vector Generation System

VxWorks Operating system owned by WindRiver

44
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Trademarks

OMG®, MDA®, UML®, MOF®, XMI®, SysML™, BPML™ are registered trademarks or trademarks of the Object Management Group.

IBM™ is a trademark of the IBM Corporation

Java™ and J2EE™ are trademark of SUN Microsystems
XML™ is a trademark of W3C

BridgePoint is a registered trademark of Mentor Graphics.
Java is trademarked by Sun Microsystems, Inc.

Linux is a registered trademark of The Linux Mark Institute.
MagicDraw is a trademark of No Magic, Inc.

MATRIXx is a registered trademark of National Instruments.
MVS is a trademark of IBM.

Real-time Studio Professional is a registered trademark of ARTiSAN Software Tools, Inc.

Rhapsody is a registered trademark of Telelogic/IBM.

Rose XDE is a registered trademark of IBM.

SCADE is copyrighted to Esterel Technologies.

Simulink is a registered trademark of The MathWorks.
Stateflow is a registered trademark of The MathWorks.
Statemate is a registered trademark of Telelogic/IBM.
TAU/Developer is registered to Telelogic/IBM.

T-VEC is a registered trademark of T-VEC Technologies, Inc.
UNIX is a registered trademark of The Open Group.

VAPS is registered at eNGENUITY Technologies.

VxWorks is a registered trademark of Wind River Systems, Inc.
VectorCAST is a trademark of Vector Software.

Windows is a registered trademark of Microsoft Corporation in the United States and other countries.

All other trademarks belong to their respective organizations.
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