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System of Systems: systems that are
composed of independent constituent

systems, which act jointly towards a common
goal through the synergism between them
(Nielsen, 2012)

A system Is considered a SoS when (Maier,

Definitions

illed valid purposes

Image Source: https://ec.europa.eu/digital-single-market/system-systems



Systems-of-Systems are large-scale
integrated systems that are
heterogeneous and independently
operable on their own, but are
networked together for a common goal

Definitions mshidi, 2008)

ems that

Image Source: https://ec.europa.eu/digital-single-market/system-systems



SoS Definition

mSystem-of-Systems is any system that:

results from the interoperation of organizational and managerial
independent constituents, which have their individual mission
and participate aware or not to comply with a global mission;

development resulting from evolution of
In the environment;

vected in

/



ndependent constituent

Image Source: https://ec.europa.eu/digital-single-market/system-systems



Laboratory
System

Patient
Management
System

Health Care
Network

Imaging
WEREEE
System

Pharmacy
System

Telemetry
System

Lane, J. A. What is a system of systems and why should i care? University of Southern California, 2013.




Examples of SoS
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Examples of SoS




Examples of SoS
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Open systems
Top

Continually open for addition of new
applications and systems, without any top-level
system defining the SoS

Emergent behavior

Source: Abbott, 2006.



SoS main characteristics

System-of-Systems

]
I
Emergent behavior Constituents
Evolutionary development Operational Independence y
/
Distribution Managerial Independence ‘

Software-intensity

L




SoS Characteristics

m Characteristics related to the nature of constituents:
Operational independence
ents operates independently, having its own




SoS Characteristics

m Characteristics related to the nature of constituents:

Emergent behavior




SoS Characteristics

m Characteristics related to the nature of constituents:
Distribution
ed constituents, geographically or not




Element

Svstem

System of Systems

Autonomy Autonomy 1s ceded by parts in order | Autonomy 1s exercised by
to grant autonomy to the system constituent systems in order to
fulfill the purpose of the SoS
Belonging Parts are akin to famuly members; Constituent systems choose to
they did not choose themselves but belong on a cost/benefits basis; also
came from parents. Belonging of in order to cause greater fulfillment
parts 1s in their nature. of thewr own purposes, and because
of belief in the SoS supra purpose.
Connectivity Prescient design, along with parts, Dynanucally supplied by
with high connectivity hidden mn constituent systems with every
elements, and mummum possibility of myriad connections
connectivity among major between constituent systems,
subsystems. possibly via a net-centric
architecture, to enhance SoS
capabality.
Diversity Managed 1.e. reduced or mummized | Increased diversity in SoS
by modular luerarchy; parts’ capabaility achieved by released
diversity encapsulated to create a autonomy, committed belonging,
known discrete module whose and open connectivity
nature 1s to project sumplicity into
the next level of the hierarchy
Emergence Foreseen, both good and bad Enhanced by deliberately not being
behavior, and designed 1n or tested foreseen, though 1ts crucial
out as appropriate importance 1s, and by creating an

emergence capability climate, that
will support early detection and
elimination of bad behawviors.
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Types

(Tentative)

m Directed SoS

SoS that are centrally managed

n ituents are developed or acquired to fit specific purpose
m igh bordination



Types

(Tentative)

m Collaborative SoS

There is no central management

u ituent systems voluntarily agree to fulfill central purposes



CENTRALIZED

Central SoS

Control

Central Mission
Tight Subordination

COLLABORATIVE
SoS

Central Mission
No Subordination

No
Central
Control

19

SEMI-
CENTRALIZED

SoS
Central Mission
Loose Subordination

EMERGENT
SoS

No Central Mission
No Subordination




Types

(Tentative)

—————

" Central
L Control
Y ”




Challenges/Questions on the
SoS Development and Evolution

m Do traditional SEng processes/practices work on SoS?
What works? What does not work? What needs adaptation?




Critical Point Syvstem Engineering

Focus of Analvsis Single System Integration of Systems

Focus of S Realistic Cost and
Optinmization -
Improvement Scheduling

Target End Product Initial Deployment

Svstem . -
" Fixed Evolving
Requirements

Svstem Boundaries Well-defined Indefinable




SoS Software Architecture

m Software architectures
Backbone for software-intensive systems

- mental in determining the system quality
- arch, mainly regarding their



SoS Software Architecture

m “The software architecture of a SoS is a dynamic structure
or structures of a system, which comprise the independent

ent systems, the externally visible properties of
ionships among them, and the
initial design
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Global Earth
Tale em

V4



€O GROUPON

EARTH OBSERVATIONS

GEQOSS is to be a global, coordinated,
comprehensive and sustained system of Earth
observing systems

Promote coordinated access to data and
Example products produced amongst all contributing

GEOSS

Source: http://earthobservations.org



Variety of users
Various communities with their own cultures

Distributed system
No new single architecture imposed to everyone

Preserve the existing infrastructures as much as
possible

Enforce simple and robust interfaces and formats
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Source: https://www.earthobservations.org/documents/cfp/201501_geoss_cfp_aip8_architecture.pdf



Interoperability through open interfaces and
reference methods

Interoperability specifications agreed to among
contributing systems

Access to data and information through
ice interfaces

propert

Source: http://earthobservations.org



Build upon existing systems and historical data

National, regional or international agencies
that subscribe to GEOSS but retain their
ownership and operational responsability

Implementation plan must address cost
effectiveness, technical feasibility, and
institutional feasibility

jined over a long period of time,
justable, flexible,

SOA is configurable and scalable to customer
needs and leverages robust systems and
processes for global interoperability

/

Source: http://earthobservations.org






Two levels
Mission
SOSS Identifies required capabilities for constituents,

Description

ations, connections, emergent behavior, etc.




Definition
Higher functionality that cannot be performed by
any constituent alone
Accomplished by emergent behaviors

Mission hole SoS development process

Source: Silva, E. et al., 2015.



Mission
Conceptual
model

) accomplishes
contributes to

Executor

1.7

| | contributes executes

is refined into

VERERL S0t 0LE
Parameter

enables

Cooperation

Emeent
behavior

is related to
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“To gain confidence that an SoS
architecture will respect key
properties, it is paramount to have
a precise model of the constituents
between them,

SoSs
Architectural
Description



How has the literature addressed the
architecture description of SoS?

SoSs
Architectural
Description

ich are the techniques used in the
e architectures of SoS?

Source: Guessi, M. et al. 2015a.



Formal languages:

CML, CFML, FSM,
OWL, VDM-SL,
among others

. °
TeChnlqueS ® Formalism Level
Used for © Paper 4807 .

EII]I—FDI'II]:':II LAY

!
i
Ry}

Describing - ” ke
SoSs. . Formal R?  rutormal
Architecture /
O
O

Source: Guessi, M. et al. 2015a.



[ADLs] provide mechanisms for expressing
composition, abstraction, reusability,
configuration, and analysis of software
architectures (Shaw and Garlan, 1994)

An ADL must explicitly model components,
connectors, and their configurations;
nermore, to be truly usable and useful, it must
bort for architecture-based
>dvidovic and

ADLS
TRADITIONAL DEFINITIONS



Architecture building blocks

Components

Connectors

Configurations
- Toc oport

> alyses on the architecture

ADLS
CHARACTERISTICS



Componenfs and (Architectural)

Connectors : .
Configuration
Interface
Type Understandability
Semantics Compositionality

Constraints Refinement and

Evolution traceabilit
ADLS y

Non-functional

CHARACTERI oroperties Heterogeneity
STICS Scalability




ADL
CONCEPTUAL MODEL

Architecture
Description
Language

Correspondence
Rule

Model Kind



ADL
FORMALISM
LEVEL

. Formal

: e Present
Semi-formal formally

* Present Eelned

detined synfax and
e semanftics

e Main



Many, many, many ADLs...
12311

ARCHITECTURAL LANGUAGES TODAY

The up-to-date list of currently existing
architectural languages

O

ADL
EXAMPLE J 7




Account Account
Server-Main Server-Backup

Administrative

Interface

Publish-subscribe

Client-server
requestireply
wilautomatic

failover

Database

-)\ Database Database
- application access

N
3 Update

:Current
Knowledge
—

INFORMAL
A D I_ . Ej Data Repository —( Provided Interface

[ ] Component — Required Interface
EXAMPLE




UNIFIED

MODELING
LANGUAGE

Structure Behaviour
Diagram Diagram

Class Component Object Activi Use Case
Diagram Diagram Diagram Diagram gram
Profile Composite Deployment Package Interaction State
Diagram Structure Diagram Diagram Diagram Machine
Diagram Diagram

Communication Interaction
Diagram Overview
Diagram

S
Notation: UML

SysML Diagram

Behavior Requirement Structure
Diagram Diagram Diagram

SEMI-FORMAL
A D I_ " Tingram e
EXAMPLE =

] New diagram type

Package Diagram




aSErvers
:Catalog

wwriten

capacity = 40
capacity = 40 and-af-dita = ampty record
end-ol-data = empty récord wihen-full = block for 2 sec and retry
whan-full = black for 2 sec and retry wihen-ampty = block for 30 2ac and ratry
wingn-grmply = ock for 30 see and rotry ]

O capacity = 50
end-ofddata = "EQT" String
when-full = bileck for 2 sec and retry
wher-emply = biock for 20 sec and rétry capacity = 10
end-af-data = empty record

whan-full = bipek for 2 soc and retry
EXAM P L E whan-ampty = black for 50 gec and rotry




Sstrlicttiie 2. Behavior
bdd [package] VehicleStructure [ABS-Block Definition Diagram]

«blocks «blocks I

interaction
- wblock» =
Ell-lellmn:;i.c Anti-Lock Library::Elec

act PreventLockup [Activity Diagram | state
Controller tro-Hydraulic

Processor Valve machine
ibd [block] Anti-LockController
— [Internal Block Diagram]

activity/

F O R M A |_ ctmoduor ,.,.,.1:3,“9 T function
ADL

L] moduator
o par [constraintBlock] StraightLineV ehicleDynamics [Parametric Diagram]
E X/ \ M | I_ E = : =
°

b
:BrakingForce
S YS M I_ o i Equation
| f = (trbf)*(1-4)]

text="The vehicie shall stop text="Braking subsystem shall
from 60 mph within 150 f prevent wheel lockup under all
on aclean dry surface.” braking condtions.”

3. Requirements 4. Parametrics



SEMI-
FORMAL
ADL

EXAMPLE:
SYSML

1. Structure

c1:modulator
Interface

2. Behavior

act PreventLockup [Swimlane Diagram]

Anl
Performance

allocatedFrom o
wfictivitysDetectlos
Pf Traction

/| m1:BrakeModulator
f

allocatedFrom
«ObjectNode»
TractionLoss:

allocatedFrom
wactivitysModulate
BrakingForce

values
DutyCycle: Percentage

wrequirements ‘ req :BrakingForce

StoppingDistance

id="102"

text="The vehicle shall stop
from 60 mph within 150 ft
on a clean dry surface.”

Equation
[f = (tFbfy*(1-th]
id="337"
text="Braking subsystem
shall prevent wheel
under all braking conditions."

SatisfiedBy :DistanceEquation [}
«block»Anti-LockController [v = dx/dt]

allocatedTo
«connectorsc1:modulatorinterface

:Accelleration
Equation
[F = ma]

] :VelocityEquation
. [a = dwidt]




EXAMPLES
(FORMAL) .-

component Composite
provide provserv;
require regserv;

: CompTypel;
: CompType2;

provserv -- Cl.pserv;
C2.rserv -- regserv;

provserv

Sample Ardh.addComponent (Comps) ;
Sample_ Arch.weld(Connl, Comp5);
Sample_Arch.weld(Comp5, Conn2);
Comp5.start();

Style Pipe-Filter

Constraints
c : Connectors e Typelc) = Pipe
: Components; p : Port | p e Portsic) ®
Type (p) = DataInput V Type(p) = DataOutput

Family fam = {

Component Type compl

Component Type comp?2

Connector Type connl { Roles
}

Family sul_fam extends fam with {
Component Type sub_compl extends compl with {
Port pl = { Property attach : int <<default = 1>>;

}
Component Type comp3 =
]




SoS
characteristics

Operational
independence of
constituent systems

Managerial
independence of
constituent systems

Geographical
distribution of
constituent systems

Evolutionary
development of
SoS

Emergent behavior
drawn from SoS

Do Single System ADLs cope with
SoS characteristics?

No, they do not. Single system ADLs are based on the
notion that components’ operation is totally controlled
by the system, which is not the case for constituents.
Moreover, the concrete

components of single systems are known at design-
time, which is not necessarily the case of SoSs either.

No, they do not. Single system ADLs are based on the
notion of components whose management is totally
conftrolled by the system, which is not the case of SoSs.

No, they do not. Single system ADLs are based on the
notion of logically distributed components. None
supports the notion of physical mobility, in particular
regarding unexpected local intferactions among
components that physically move near to each other,
as it is the case of SoSs.

No, they do not. Single system ADLs are based on the
principle that concrete components are known at
design-time and that they may possibly enter or leave
the system at run-time under the control of the system
itself, which is not necessarily the case of SoSs.

No, they do not. Single system ADLs have been defined
based on the principle that all behaviors are explicitly
defined (including global ones). None supports the
notion of emergent behavior required in SoSs.




Description of an abstract architecture
for SoS

LANGUA |1 can be evolutionarily concretized at
|den’r|fy|ng and incorporating

—_——— e —
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| |
system NM~————————~ system
behavior behavior

\

__________

Legend
[] Duty I Gate P Connection

Coalition represents on-the-fly
composition of systems (i.e., constituents)

/






A Roadmap for SoS

m Some challenges:
Deal adequately with SoS software architectures

m igate how to develop SoS for diverse domains
m t types of SoS



Formal ADLs for SoSs

Promote correctness, consistency, and
completeness of architecture descriptions

Support evolutionary development of SoSs

Desired properties of ADLs for SoSs
Understandability,
Scalability,

Research Refinement,
Directions ' mong others others
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Literature on SoS
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