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a b s t r a c t

Ultra large scale systems are a new generation of distributed software system that are composed of var-
ious changing, inconsistent or even conflicting components that are distributed in a wide domain. Some
important characteristics of these systems include their very large size, global geographical distribution,
operational and managerial independence of their member systems. The main function of these systems
arises from the interoperability between their components. Nowadays one of the most important chal-
lenges facing ultra large scale systems is the interoperability of their component systems. Interoperability
is the ability by which system elements can exchange and understand the information required with each
other. This paper aims to solve the mentioned challenge, which is divided into two main parts. In the first
part, this paper presents a maturity model for the interoperability of ultra large scale systems, by using
the interoperability level of the component system of one ultra large scale system its maturity level can
be determined. In the second part, by proposing a framework we try to increase the interoperability of
the component systems in ultra large scale systems based on the interoperability maturity levels deter-
mined in the first part. Consequently their interoperability is improved.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The Software Engineering Institute of Carnegie Mellon Univer-
sity introduced ultra large scale systems in 2006. Systems with ul-
tra large scale are a new generation of software system containing
various, changing, inconsistent or even conflicting elements. Global
information network, Army’s combat systems, future telecommu-
nication networks, Internet, e-government, healthcare systems
are some examples of such systems.

One ultra large scale system is composed of a set of operation-
ally and managerially independent systems whose interaction
forms an ultra large scale system. The functions of such a system
are very diverse, even more than the total functions of its compo-
nent systems. Component systems are heterogeneous, changing
and inconsistent, and are created by different people using differ-
ent programming languages, in different conditions and are tuned
for various platforms. Therefore, generally, an ultra large scale sys-
tem has the following characteristics:

� Is evolved gradually.
� Its component systems are operationally and managerially

independent.
� Its component systems are heterogeneous, changing and

inconsistent.

� Its component systems are distributed all over the world.
� People and users can have a role as elements of the system.
� Failures are unpreventable and are converted to the norm.
� Its development and evolution continuously take place while it

is operating and they should not stop the overall operation of
the system.

In order to develop a coalition among component systems in
such a system, the available interoperability method should be
strengthened or new methods should be proposed for this purpose.
By interoperability, we mean the ability by which the elements of a
system can exchange and understand the required information
with each other. Interoperability causes the elements of a system
to achieve a common understanding of each other and the environ-
mental condition.

The available interoperability methods usually provide interop-
eration in the form of standard protocols and pre-defined compo-
sitions. Usually, at the time of programming, the programmer
knows with which components and systems his program must
interoperate and also the protocol for establishing communication.
Finding the required systems, components, applications and ser-
vices is performed during implementation and the interoperation
mechanism is developed based on how communication protocols
and interfaces are defined; runtime requirements are rarely taken
into account.

Ultra large scale systems are very dynamic, and, at runtime,
their component systems may change, destroy or relinquish their
tasks temporarily or permanently to others. New elements with
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better services may enter the system. It is also possible that some
constraining policies are applied to maintain service quality due to
higher aggregation and traffic. What is important is that all ele-
ments be aware of these continuous and dynamic changes and
adapt to the new condition without any disturbance in the overall
function of the system. For this purpose, it should:

� Be possible for systems to search and find services without
human interference.
� Be possible for the mechanism of interoperation among the sys-

tems to be modified according to the changes.
� Be possible for the systems and users to find a set of compo-

nents and establish a relation between them to achieve a special
goal.

In order to provide the mentioned items it should be possible to
describe the characteristics and abilities of the elements in an
unambiguous way that is translatable for a computer. Also, it
should be possible for all the involved elements to define them-
selves using a common terminology; this means that the common
conceptual interoperation between the elements of the system
should be strengthened. Accordingly, one objective of this paper
is to improve the available interoperation mechanisms or even
introducing new mechanisms for taking a step towards the men-
tioned goals and meeting them.

Nowadays, one of the most significant challenges facing ultra
large scale systems is the interoperability of their components.
Several models have been presented for improving the interopera-
bility, the most important of which is the levels of information sys-
tems interoperability model. Each model is applicable for a special
kind of system, and, as yet, there is no model for improving the
interoperability of ultra large scale systems that considers the
characteristics of such systems.

Thus, aiming at addressing the above challenge, this paper is di-
vided into two main parts. In the first part, which is called by the
author ‘‘interoperability assessment of ultra large scale systems’’,
a maturity model is presented for the interoperability of ultra large
scale systems, in which the interoperability of each element of an
ultra large scale system can be assessed and its maturity level
determined.

In the second part, using interoperability technologies, one
framework is presented for the interoperability among the compo-
nent systems of an ultra large scale system, through which the
interoperability of the component systems can be improved based
on the interoperability maturity level that was determined in the
first part. Then ultra large scale systems are completely defined
and their characteristics are described. In part 3, some definitions
of interoperability and its different models are presented. Related
work to interoperability maturity is discussed in part 4. In part 5,
available interoperability technologies are introduced and some
weak and strong points are listed for each one. In part 6, one inter-
operability maturity model for ultra large scale systems is pre-
sented and the interoperability framework is discussed in part 7.
Finally, in the last part, a conclusion is formulated.

2. Ultra large scale systems

As inferred from the name ‘ultra large scale systems’, this type
of system includes those whose scale and size are far beyond to-
day’s systems [1]. Their large scale is investigable by different mea-
sures: number of lines of code; number of employed people;
amount of data stored, accessed, and refined; number of connec-
tions and interdependencies among software components; and
number of hardware elements, etc.

The scale in ultra large scale systems changes everything [1].
These systems are necessarily decentralized; are used and devel-
oped by many stakeholders with conflicting needs; evolve contin-
uously; contain heterogeneous components; people are not just
users, but elements of the system; and software and hardware fail-
ures are the norm rather than the exception. Also, ultra large scale
systems are used simultaneously and require new methods for
control. These characteristics make the use of appropriate practices
for usage, production, deployment, management, documentation
and evolution of such systems inevitable [2–5].

Ultra large scale systems, in contrast to today’s systems, are as
cities in contrast to buildings. They are considered as a sort of eco-
system. Their scale includes boundaries far beyond the Internet.

One way to understand the difference between traditional sys-
tems and ultra large scale systems is by comparing buildings with
cities. The designing and building of most of today’s large systems
is comparable to the design and construction of a single, large
building with an infrastructure system (such as power or water
distribution). In contrast, ultra large scale systems are as complex
as cities. As mentioned, an ultra large scale system contains a set of
component systems. Therefore, generally, it can be stated that
S ¼ fS1; S2; . . . ; Sng where S is an ultra large scale system and S1 to
Sn are system components of an ultra large scale system.

2.1. Characteristics of ultra large scale systems

Ultra large scale systems have some characteristics that mainly
result from the scale of such systems. The main characteristics of
ultra large scale systems is their very large size according to differ-
ent measures, such as the number of lines of code; number or
amount of data stored, accessed, manipulated, and refined; num-
ber of connections and interdependencies among software compo-
nents; and number of hardware elements, etc.

The characteristics of ultra large scale systems that mainly re-
sults from the scale of these systems include:

Decentralization: The scale of ultra large scale systems means
that they will necessarily be decentralized in a variety of ways –
decentralized data, development, evolution, and operational
control.

Inherently conflicting, unknowable, and diverse requirements: ul-
tra large scale systems will be developed and used by a wide vari-
ety of stakeholders with unavoidably different, conflicting,
complex, and changing needs.

Continuous evolution and deployment: There will be an increas-
ing need to integrate new capabilities into an ultra large scale sys-
tem while it is operating. New and different capabilities will be
deployed, and unused capabilities will be dropped; the system will
be evolving not in phases, but continuously.

Heterogeneous, inconsistent, and changing elements: An ultra
large scale system will not be constructed from uniform parts:
there will be some misfits, especially as the system is extended
and repaired.

Erosion of the people/system boundary: People will not just be
users of an ultra large scale system; they will be elements of the
system, affecting its overall emergent behavior.

Normal failures: Software and hardware failures will be the
norm rather than the exception.

New paradigms for acquisition and policy: The acquisition of an
ultra large scale system will be simultaneous with the operation
of the system and require new methods for control.

Ultra large scale systems have some characteristics in common
with today’s systems of systems (SoSs). A class of systems of sys-
tems, known as virtual systems of systems based on the manage-
ment control that is possible, is the closest to ultra large scale
systems. This class of systems of systems is defined as follows:
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