
Systems of Systems

Escuela de Arquitectura, 
Ingeniería y Diseño 

Alberto Sols, PhD

23 May, 2019

South-European
Systems Engineering

2019



Internal use

Just a pun?
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Systems, and families of systems

 A system is a set of elements to work together and that, duly inter-related, contribute to the 

achievement of a certain goal. 

 A federation of systems is a set of systems that do not have any interaction with each other, 

but that are somehow related in purpose or functionality and that can be used collectively.

 A System of Systems (SoS) is a system integrated by entities that are each of them systems in 

their own right and that can work separately and independently, although by working in 

combination with the rest of the systems or entities they are collectively capable of 

achieving goals that none of them could separately attain.
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Systems of Systems

NEED 1 NEED 2 NEED n
................

System 1 System 2 System n

System of Systems

ENHANCED CAPABILITIES 

AND/OR 

ADDITIONAL NEEDS

SOLVED THROUGH

EMERGING CAPABILITIES

Through application of the 

systems engineering framework
Fulfillment of a need

Legend

Fulfillment of a need through 

joint cooperation
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Systems versus Systems of Systems (Boardman and Sauser)

Characteristic Concept System System of Systems (SoS)

Autonomy The ability to make 

independent choices.

Each system element yields its 

autonomy to the system.

Each system essentially retains 

its autonomy, in spite of its 

working together with other 

systems of the SoS.

Belonging Quality of being integral 

part of something.

The elements do not have the 

choice of deciding about their 

belonging to the system.

The belonging of each system to 

a SoS has to be negotiated and 

accepted.

Connectivity Quality of bonding, linking 

parts of a system.

Relationships among system 

elements are designed 

simultaneously with the own 

system elements.

The relationships among the 

systems of a SoS emerge as a 

consequence of their inter-

relationships.

Diversity Heterogeneity System diversity is due to the 

nature of the elements required 

for the system to accomplish its 

goals.

Diversity gives more capacity and 

resilience to a SoS.

Emergence Quality of raise from, or 

have origin in, other thing.

The concepts of emergence and 

system go together. The 

qualities that emerge on a 

system are fixed.

The qualities that emerge on a 

SoS are dynamic, as is the 

boundary of the SoS, by 

definition.
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Types of Systems of Systems

Type of SoS Definition

Virtual Lacks a central management authority and a centrally agreed-upon-purpose. Large-

scale behavior emerges but this type of SoS must rely on relatively invisible 

mechanisms to maintain it. 

Collaborative The component systems interact more or less voluntarily to fulfill agreed upon central 

purposes.

Acknowledged Has recognized objectives, a designated manager, and resources. However, the 

constituent systems retain their independent ownership, objectives, funding, 

development, and sustainment approaches. Changes in the systems are based on 

collaboration between the SoS and the system. 

Directed The SoS is built and managed to fulfill specific purposes. It is centrally managed during 

long-term operation to continue to fulfill those purposes. The component systems 

maintain an ability to operate independently, but their normal operational mode is 

subordinated to the central managed purpose. 
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Virtual System of Systems
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Collaborative System of Systems
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Acknowledged System of Systems
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Directed System of Systems
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From directed, to collaborative System of Systems
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Complex systems, and systems of systems

Many systems are complex, but that 

doesn’t make them system of systems. 
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A riddle

Consider a car designed to use GPS signals for navigation, radio broadcasts for entertaining, traffic 

broadcasts for safety and information, … Is it a (complex) system, a system of systems, or what?
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Fuzzy boundaries

The frontier between ordinary systems and systems of systems is not always easy to establish. It will 

always be possible to think of cases difficult to classify. Yet, that difficulty is not that important as, 

regarding their design and development, the systems engineering framework holds true for both!

Systems Systems of Systems?
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GPS satellites

Bus stops

Interfaces

Smartphone

Busesautomatic

manual
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Existing

System 2

Existing system 3

Borrowed capabilities and emerging capabilities

Existing system 1

New system

Existing system 4

Existing system 5

Existing system 6

 Many Systems of Systems are either 

Collaborative or Acknowledged.

 It is important to differentiate 

between borrowed and emerging 

capabilities; the former may 

simplify the design of the new 

system, whereas the latter are 

what makes the family a system of 

systems.
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Solution space

Identification of need

or opportunity
Problem formulation

Identification of 

stakeholders

Concept of 

Operations

(CONOPS)

Stakeholder

requirements

Validation of 

problem translation

into set of 

stakeholder

requirements

Identification of 

design concepts

Selection of preferred

design concept

Translation of stakeholder

requirements into system

requirements and verification

methods

Identification of 

additional

stakeholders

Stakeholders

requirements

Functional analysisSystem architecture

Verification of 

requirements

Production, 

integration and 

testing

System deployment System operational life

System Phase-Out

System commissioning

(validation of the

solution)

Reliability growth programs
Technology refreshment

programs

Systems support (including

Performance Based

Logistics)
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Solution space

 When designing a system to create and/or to join a Systems of Systems, as 

important as considering potential design concepts is to consider what 

capabilities could be borrowed from other existing systems.

 That will have an impact in the solution space, due to both the capabilities to 

be borrowed and the necessary interfaces to ensure communication between 

the systems.
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Emerging and receding capabilities

S1 S2 Si Sj SnSk

Exile

Abandonment

Unavailability

S1 experiences an emerging capability

S1 experiences a receding capability

System of Systems

… …

When designing a system to create and/or to join a Systems of Systems, as important as 

considering the emerging capabilities is taking into account the potentially receding ones.
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Definitions and metrics: Systems, and Systems of Systems

SYSTEM

EFFECTIVENESS LIFE-CYCLE COST

Operational

availability

Operational

reliability

Logistics 

footprint

Reliability Maintainability Supportability

Response 

time

Cost per unit

of use

Life-cycle cost

per unit of use

SYSTEM OF SYSTEMS

Definitions

Metrics

Notional cases

Case studies
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Research on metrics of effectiveness

IEEE SysCon 2017

ASEM 2017
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