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Abstract

In this paper, we examine to what extent Live, Virtual, Constructive (LVC) simulations can be used to model and simu-
late a System of Systems (SoS) by (l) establishing LVC and SoS domain profiles based on concepts discussed in each
community and (2) finding overlapping concepts. To do so, we apply content analysis to the Simulation Interoperability
Standards Organization (SISO) conference papers to identify the driving concepts and relationships that are most associ-
ated with LVC systems. Similarly, we apply content analysis to the IEEE/Systems Man and Cybernetics Conference on
System of Systems Engineering (SOSE). We use the Simulation Interoperability Standards Organization dataset to train a
learner about LVC and automatically discover the LVC concepts and relationships within the SoS literature. Similarly, we
use the SoS Engineering dataset to train a learner about SoS and use it to discover the concepts and relationships of SoS
in the LVC literature. We show the two domains present some overlap on the technical side. However, LVC does not
consider what the SoS literature considers crucial: the human/social component. This omission, or assumption, suggests
that (1), although the SoS body of knowledge has some theoretical work, there is not enough work that transitions the-

ory to practice and (2) LVC does not implement full SoS concepts but reflects traditional system approaches.
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I. Introduction

Challenges facing organizations adapting new technology
can be divided into technical and organizational. Technical
challenges are typically well-defined and specific and as a
result are well studied and reasonably well understood
within their respective fields. Organizational challenges on
the other hand are inherently ill-defined and partially origi-
nate because of the interactions among several units such
as human resources, management, engineering, etc.
Systems engineering is used to study the interrelations and
interdependencies between technical and organizational
issues. Potential problems and pitfalls stemming from the
interplay between organizational and technical issues are
little understood, often ignored, or simply go unnoticed
resulting in costly failures that are frequently and erro-
neously attributed to technology. Recently, there has been
a push to combine the technical and organizational compo-
nents to form what is known as a System of Systems

(S0S)." SoS approaches provide alternatives to traditional
approaches by considering a holistic view of the SoS,
thereby giving system developers more opportunity to
detect potential problems.”

SoS is defined as a “‘large-scale concurrent and distribu-
ted system that [is] comprised of complex systems’’ (Sahin
et al., p. 1%). In other words, the individual systems within
a SoS can operate on their own; however, the systems are
networked together for the purpose of working towards a
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common goal.* As a group these systems provide an
increased capability over the sum of the individual compo-
nents,” hence the consideration of the holistic perspective.
Some characteristics of SoS that have been identified in
the literature and provide insight into the engineering chal-
lenge of SoS are:

e Systemic-Pluralist Context:>” A SoS is open, pur-
poseful, and consists of partially observable sys-
tems that have many involved decision makers.

e Operational and Managerial Independence:® A SoS
has the characteristic that despite both types of
organizations being controlled with a top-down
approach, sub-systems function with a high level of
independence. Each sub-system must fulfill a pur-
pose and be managed for that purpose.

e Complexity:” A SoS has a large size in terms of sub-
systems, sub-components, different types (technical,
social), different functions, and non-linear relation
among these systems/components, each pursuing their
own goal while contributing to a common goal.

e  Geographic Distance:'® A SoS is usually geographi-
cally distributed.

e Evolutionary:*'" A SoS is never fully formed or
complete as it changes through time in terms of
structure and function.

These characteristics show how difficult it is to engi-
neer or model a SoS even partially. For instance, how does
one guarantee evolutionary characteristics? This suggests
that SoS, although present in reality, are organically cre-
ated by methods such as company acquisitions, mergers,
and globalization among others. This presents a serious
methodological challenge in studying a SoS especially
when human/social considerations need to be taken into
account.

One method for studying or engineering a SoS through
simulation is the model-based approach where the individ-
ual systems within the SoS are captured as separate mod-
els that are then federated and executed in an orchestrated
manner.'? The use of models also facilitates the ability to
display the structure of innovative solutions, provides a
basis from which to evaluate ideas, and helps in identify-
ing models that potentially can be reused to address new
problems.'*!'® The model-based approach may rely on dif-
ferent modeling paradigms, such as agent-based modeling
or system dynamics to capture the SoS at different levels
depending on the characteristics of the system and the
questions to be answered.'> One instantiation of the
model-based approach is to use the Discrete Event System
Specification (DEVS) to formally describe each system in
the SoS.*> The resulting systems are coupled together
through the use of the Extensible Markup Language
(XML) to form the SoS. The orchestration of the SoS is

natively supported through the mathematical representa-
tions of the systems and their couplings.'* However, the
model-based approach is technical in nature and assumes
an objective identification of the problem, and correspond-
ing solution, in reality via consensus or imposition.

An instantiation of the model-based approach is the use
of Live, Virtual, Constructive (LVC) systems to model
and simulate a SoS. LVC involves live people role playing
with a live instructor (live), live people interacting with
simulated entities (virtual), or simulated entities interacting
with one another in a simulated environment (construc-
tive). The use of LVC in the military domain has been the
subset of a special issue in JDMS and the approach has
been shown to be useful in testing and analysis,'>'® train-
ing,!” verification,'® and modeling counter-insurgency."’
The key assumption, when considering LVC as a viable
form for designing and using SoS, is that the interactions
between the live, virtual, and constructive components
may account for the human/social aspect of SoS. We will
show that this not reflected in the literature.

Although there are frameworks and approaches for
developing an LVC system,”® we do not have a clear
understanding of the relationships between LVC and SoS
in terms of what properties of the SoS should be reflected
in the LVC for it to be a viable representation of a SoS.
Notice we differentiate between LVC systems and LVC
simulations. The former refers to the simulators, interoper-
ability infrastructure, and simulation components needed to
build LVC systems like the Live, Virtual, Constructive
Architecture Framework (LVCAF) effort?' The latter
refers to the use/application of these systems in exercises
like the Ulchi-Freedom Guardian and the NATO pathfinder
program.** In short, we need to better understand the rela-
tionship between LVC systems, LVC simulations, and SoS
to gain a better understanding of the processes for con-
structing a SoS and how they can be supported by M&S.*

To identify what properties of SoS are reflected in LVC
we use content analysis and machine learning on both the
SOSE and LVC literatures. For SoS, we choose the IEEE/
Systems Man and Cybernetics Conference on System of
System Engineering (SOSE) conference because of its
exclusive focus on SOSE. For LVC, we conduct a similar
study on a subset of SISO that deals with LVC in order to
understand what concepts and relationships underlie the
LVC literature. We choose SISO because it has the most
comprehensive body of knowledge in LVC practice.
Content analysis is used to profile these two sets of papers
by identifying salient concepts and their relationships.
Machine learning is used to train a learner on the concepts
of LVC and apply it to the SOSE corpus to identify the
LVC concepts that are also SoS concepts. We use our find-
ings to identify conceptual gaps between LVC and SoS
and present areas that need to be explored in order to make
LVC applicable to SoS.
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2. Content analysis and machine learning

Content analysis is the process of making valid inferences
from text (or textual forms of communication) about the
contents of the text?*** Content analysis produces the
themes and concepts contained within the text in a reprodu-
cible manner by identifying the frequency of attributes
(independent variables) within the text (i.e. a term or a
piece of the text) and the relative co-occurrence of the attri-
butes. We use Leximancer version 4°° as the text analytic
tool to conduct content analysis on two groups of literature
which pertain separately to the categories (dependent vari-
ables) of SoS and LVC. Leximancer analyses text to find
the presence of themes and concepts pertaining to a defined
category (i.e., SoS or LVC). A theme is a cluster of con-
cepts that appear together often and help to categorize the
concepts obtained from the body of text. Overall, content
analysis provides a method for breaking a body of text into
a smaller set of manageable categories that can be more
easily explored to gain insight into the content. Content
analysis is applied to many domains®’ 2 to learn from vari-
ous bodies of knowledge and provides the ability to make
determinations about a field, journal, application domain, or
compare different bodies of knowledge.

Machine learning is used to determine the frequency
and strength of each concept with respect to the defined
categories of interest as the categories serve as the vari-
ables of interest when conducting content analysis. The
relative frequency is measured by taking the conditional
probability that a concept (Cp) is present given a particular
category (C,). The equation for relative frequency is

P(CoNCy)

P(ColCy) = P(Co)

(1)

The strength is measured by taking the conditional
probability of the category given a particular attribute,
such as a concept (Cp). Given Cy is present within a sec-
tion of text, the strength is the probability that the section
of text containing Cp comes from a particular category
(C,).%° The equation for strength is

P(C4NCo)

P(C4|Co)= P(Co)

2)

The prominence of a concept within the text can then
be calculated by dividing the joint probability of a concept
within a category by the product of the marginal probabil-
ities. The prominence score uses Bayesian statistics to
combine the strength and relative frequency scores and
provides a correlation between the category and the attri-
bute.?® The equation for prominence is

. (AC + Cc) Ac CC
minen = — *k
Prominence ( 3 / Bc Bc (3)

where A4, is the number of occurrences of the term 4 within
the text and C, is the number of occurrences of the cate-
gory C within the text. The term B, represents the total
number of context blocks identified within the text.

3. Data

As mentioned, we use two datasets consisting of (1) all
SOSE conference papers from 2006 to 2014 for a total of
609 papers and (2) all SISO conference papers from 2000
to 2010 which resulted in a total of 2825 documents. A
comprehensive list of characteristics, identified from the
literature, that pertain to SoS is shown in Table 1.
Although all of these characteristics are not necessarily
present in every SoS, they have been presented in the liter-
ature as defining properties that are either desirable when
engineering an SoS or observable when in the presence of
an SoS. We will use this table as the basis for analyzing
our data.

Within the LVC set, we search for the words “LVC”
and ‘“‘Live, Virtual, Constructive”. We save each paper
that matches either the “LVC” string or the “Live,
Virtual, Constructive” string anywhere starting from the
title to the conclusion. This resulted in a total of 37 papers
that are broken down by year in Table 2, including the
SOSE papers. It is important to note that LVC papers
account for slightly over 1% of the total papers in the past
14 years in SISO. Nonetheless, it is important to mine the
information within this corpus to see how it can be reused
in support of SoS.

4. Results

We begin by analyzing the SOSE and the LVC literature
to find the main themes in each domain. These themes are
construct-like aggregations of related concepts. Then we
study the overlapping concepts when possible.

4.1 SOS literature

We use the characteristics in Table 1 as concept tags to see
how frequently and prominently they occur within the SoS
corpus. Overall, 12 themes emerge for the content analysis
with the System theme as the most relevant to the SOSE
corpus (100%). This is not surprising if SoS is seen as a
special case of a system. The Sysfem theme comprises the
concepts of system, requirement, capability, level, manage-
ment, application, environment, change, components, tech-
nology, and structure. However, it is interesting to note
that only 42% of the corpus is related to SoS, fourth behind
data (63%), model (83%) and system (100%). The System
theme captures the systems engineering process of archi-
tecting, designing, and managing a SoS in order to provide
a service or perform a function. The System theme
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Table I. Characteristics of a system of systems.

Characteristic Definition Motivation Reference
source
Autonomy The quality of being independent and having The SoS has a higher purpose than any of its 33
behaviors. Independence is the ability of the constituent systems, independently or
systems to make independent choices and the additively; however, the pre-existing systems
behaviors allows the systems to pursue and within a SoS are indispensable to an SoS.
fulfill their purposes.
Belonging The constituent systems fall within the same Pre-existing systems may be usable by a SoS 33
boundary for inclusion within the SoS. but they may first need to be updated to
serve in a SoS.
Compatibility The ability of the supporting infrastructure to The objectives sought in a system redesign 11, 34-36
support a SoS. must be compatible with the system and the
SoS as inconsistencies between the redesign
approach and the objectives will not yield the
desired effectiveness.
Connectivity The ability of a system to link with other Pre-existing systems considered for an SoS 4, 33,37
systems. are likely heterogeneous and they need to
conform to the connectivity protocols of the
SoS. A SoS is highly dependent upon the
ability to maintain connectivity between
systems during operation.
Diversity Noticeable heterogeneity among the systems Pre-existing systems likely have not been 9,33
through distinct or unlike elements or qualities purposed to work together prior to inclusion
in a group or variations of social and cultural in the SoS; however, diversity is needed for
identities among people existing together in an the SoS to achieve its higher purposes
operational setting. This is similar to the through the combination of its systems.
complexity property of Bizub et al?®
Emergence The appearance of new properties in the A boundary is indispensable to a system; 7,8, 33,37
course of development or evolution. emergence requires a well-defined boundary;
an SoS has dynamic boundaries but always
clearly defined; an SoS should be capable of
developing an emergent culture with
enhanced agility and adaptability.
Evolutionary A SoS is never fully formed or complete. A SoS has changing requirements over time 8 11
Development of these systems is evolutionary as objectives are met or new objectives are
over time and with structure, function and identified.
purpose added, removed, and modified as
experience with the system increases.
Geographic There can be a wide geographic dispersion of Geographic location can limit the ability of 8,10
distribution SoS systems. This can limit the ability of the systems to communicate.
systems to only exchanging information and not
energy or mass.
Managerial The component systems not only can operate If a system within a SoS is removed from the 8,23
independence independently, they generally do operate SoS, then it continues to operate and tries to
independently to achieve an intended purpose. meet its established goals without the use of
The component systems are generally an overarching authority to guide the
individually acquired and integrated and they individual processes.
maintain a continuing operational existence
that is independent of the system of systems.
Operational A system of systems is composed of systems If a system within a SoS is removed from the 4,8, 10
independence that are independent and useful in their own SoS, then the system needs the ability to

right. If a system of systems is disassembled
into the component systems, these component
systems are capable of independently
performing useful operations independently of
one another.

operate on its own to meet its established
goals. The rules of the system guide its
execution.

Column | provides the characteristics, Column 2 provides a definition of each characteristic, and Column 3 provides the motivations behind the
characteristic within SoS. Column 4 lists the sources providing the information in the first three columns taken primarily from Sauser and

Boardman®? and Cherns.

34
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Table 2. The number of papers comprising the SoS corpus and
LVC corpus.

Year SoS corpus LVC corpus
2000 N/A 0
2001 N/A 0
2002 N/A 0
2003 N/A |
2004 N/A 3
2005 N/A 13
2006 58 6
2007 119 5
2008 79 9
2009 39 0
2010 6l 0
2011 56 N/A
2012 99 N/A
2013 46 N/A
2014 52 N/A
Total 609 37

Column | displays the year, Column 2 displays the number of papers
found within the Simulation Interoperability Standards Organization that
pertain to LVC for that year, and Column 3 displays the number of
papers comprising the SoS dataset from the IEEE/SMC Conference on
System of Systems Engineering for that year. For any year that we do
not have data for a specific dataset, the cell shows an “N/A”.

intersects with the Model theme to indicate that modeling
is an approach for designing, developing, and studying the
processes involved in a SoS. The Model theme is related to
the Results theme through the concept of Simulation which
is an indication of the use of simulation to investigate use
cases or otherwise optimize the quantitative aspects of the
system and the SoS.

The SoS theme includes the concepts of architecture,
capability, engineering, development, and requirements
but also encompasses most of the characteristics of SoS
shown in Table 1. This observation shows that the charac-
teristics of SoS as obtained from a selected literature
review are confirmed within the SoS corpus and that they
are a good starting point to characterize SoS. However, it
also shows that, although SoS are systems with special
properties, the engineering of SoS follows the traditional
systems engineering process. There is no evidence of a
special systems engineering process for SoS which is a
significant gap in light of all of the properties of SoS. We
denote the gap as follows:

Gapl. There is no evidence of a System of Systems
Engineering process that is separate and distinct from
the systems engineering process.

The role of modeling and simulation is evident in the
model, system, results triangle and the LVC approach to
support SoS should be situated within that area. However,
it is also apparent that the SoS concept is ambiguous and
we need to expand it further.

We examine the concepts and relationships most promi-
nent (using equation 3) within the concept of SoS from the
literature and display the results in Table 3. In this case,
these concepts are the unit of analysis, not themes. Table 3
shows that SoS is a term that can refer to SoS as an archi-
tecture; SoS as a capability; SoS engineering management;
complex SoS, SoS system engineering, SoS development;
SoS requirements engineering; SoS approach, SoS model-
ing and simulation, and SoS process engineering.

Table 3 generates further questions when considering
related concepts and how they are used in SoS. For
instance, let’s explore the term evolutionary as related to
development. This either suggests that the term evolution-
ary is loosely used or that we can develop evolutionary
systems. It can be argued that a system might be designed
with the potential to evolve. Whether or not it does is con-
tingent on the system, its sub-systems, its relation to other
systems, and their corresponding environments. It is noted
that the concept of evolutionary is not related to capability.
It is also noted that these concepts can be desired proper-
ties that SoS could have or might be observed in reality.
Yet, these properties might be the result of organic growth
and not the result of development efforts. A second inter-
esting concept is that of emergence. Emergence in this case
might be related to uncertainty, either epistemic or aleato-
ric,”® instead of systemic behavior not captured by system
components or sub-systems. This seems to be the case in
the development-emergence relation as some behaviors are
really unforeseen outputs, not necessarily emergent.

When we combine Tables 1 and 3, we observe that all
properties of SoS are covered by at least one SoS concept
as shown in Table 4.

However, the concept of SoS as a capability covers the
largest number of properties which might be an indication
that SoS capability is the most general concept of SoS. It is
also interesting to note that the concepts of SoS approach
and SoS model are not associated with any of the proper-
ties of a SoS. This represents a gap in the SoS body of
knowledge since the SoS model is supposed to faithfully
represent some aspects of the SoS and therefore should
exhibit at least one of its properties.

Gap2. There is no evidence that a System of Systems
model has at least one property of a System of Systems.

We also note that independence is a property that is
almost always associated with SoS but is not commonly
associated with a complex SoS and SoS engineering in this
corpus. Table 4 leads us to observe that if LVC systems
should be used to study SoS, we need to specify which
concept of SoS is being modeled. Consequently, it is
important to understand where LVC applies within the dif-
ferent understandings of SoS and more importantly, it is
essential to determine whether the properties of SoS in
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Figure 1. Concept map of the SOSE literature pertaining to SoS. The main themes within SOSE literature are identifiable

by the circles and the theme name is in bold and italics within the circle. The remaining names represent the main concepts within
each theme and the links connecting the concepts show the mapping of the concepts across themes. The color of the themes
indicates the importance of the theme to the literature in a heat map fashion where the most important theme is in red, then
orange, progressing down to blue. Concepts that appear in the overlap of more than one theme are highly connected to all of those

themes. Color available online.

general are applicable to these different concepts of SoS.
In the next section, we focus on the LVC corpus to exam-
ine its themes and concepts.

4.2 LVC literature

A content analysis of the LVC corpus reveals 12 themes
which are development, simulation, requirements, cur-
rent, application, data, network, DIS, model, software,
field, and JCATS. The theme of development (shown in

red in Figure 2) is the most important theme and the
theme of simulation is the second most important theme.
The focus of LVC is entirely based on implementation.
The view of simulation deals with the application and
development of the simulation and the requirements,
data, and networking associated with the construction of
the simulation. Supporting this claim are the themes of
DIS (a standard for distributed computing), JCATS (a
constructive simulation tool), and software appearing
from the literature.
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Figure 2. Concept map of the SISO literature pertaining to LVC. The main themes within the SISO LVC literature are
identifiable by the circles and the theme name is in bold and italics within the circle. The remaining names represent the main
concepts within each theme and the links connecting the concepts show the mapping of the concepts across the themes. The color
of the themes indicates the importance of the theme to the literature in a heat map fashion where the most important theme is in
red, then orange, progressing down to blue. Concepts that appear in the overlap of more than one theme are highly connected to
all of those themes. LVC: Live, Virtual, Constructive; HLA: High Level Architecture; DTE: defense training environment; DIS:
Distributed Interactive Simulation (a standard for distributed computing); JCATS: Joint Conflict and Tactical Simulation (a
constructive simulation tool); FCS: future combat systems. Color available online.

The most prominent concepts within the LVC corpus
include integrated, distributed, environment, capability,
testing, training, and requirements. These concepts sup-
port that the focus of LVC is on the implementation of the
LVC system in order to conduct a LVC simulation. We
also note that Live appears within the text as its own con-
cept but virtual and constructive are not themselves main
concepts. Instead virtual and constructive appear as related
concepts to other concepts within the text. However, the
prominence of ‘/ive with constructive’ and ‘live with vir-
tual’ is very high which leads us to conclude that live
simulation is a key driver in the motivation to use LVC.
The concept of system within the LVC corpus refers to
LVC as a system. All of the main concepts along with

their associated concepts obtained from the LVC corpus
are provided in Table 5. These concepts are the character-
istics of LVC that are required for implementing a model
of a SoS.

The concept of LVC falls within the theme of require-
ments and the individual concepts of live, virtual, and con-
structive link the requirements theme directly to the
simulation theme. The requirements of the LVC involve
accounting for the scenario that will be used for training,
the distributed components of the LVC, and the technical
requirements of the system that allow for the necessary
networking components of the LVC system. The LVC
data are handled through a federation and involves the
standards of HLA and DIS. The concept of
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Table 5. The main concepts within the LVC subset of the SISO
dataset.

Concept Related Concept

constructive
distributed
environment
key

live
constructive
environment
live

technical
testing
useful
constructive
environment
terrain
virtual
constructive
scenario
testing
constructive
scenario
None

None

None

None

None

Integrated

Distributed

Live

Environment

Capability

Testing
Training
Requirements
Simulation
System

Column | provides the main concepts identified from the LVC subset of
the SISO dataset. Column 2 shows the concepts that are related to the
main concept.

interoperability is connected to simulation through the
themes of requirements and development and ultimately
the concept of system and then simulation.

From Table 5, we observe that similarly to SoS, LVC
is a term that can be referred to as LVC capability, LVC
environment, LVC system, LVC simulation. We also note
that for the most part LVC is used for training and testing
and not for experimentation. This leads us to our third

gap.

Gap3. There is no evidence of the consistent use of
LVC outside of training and testing.

This gap implies that further research is needed in order
to determine if and how LVC can be used to experiment
with, optimize, or otherwise study SoS. A main difference
between the SoS concepts and the LVC concepts is the
prominence of model in the SoS corpus and simulation in
LVC. The SoS corpus focuses on the conceptualization
and design of a solution, whereas the LVC corpus focuses
on the implementation and execution of a model. This
identifies a key difference between the SoS literature and
the LVC literature and leads us to our fourth gap.

Gap4. There is no evidence of a Systems Engineering
or a System of Systems Engineering process being
employed when developing LVC systems.

The concept of model within the LVC literature is
much less prominent, whereas the concept of simulation is
much more prominent compared to the SoS literature,
indicating a shift in focus from design of the SoS to imple-
mentation of the LVC. This is an indication that LVC
research can greatly benefit from theories and frameworks
within the SoS body of knowledge and that SoS research
can benefit greatly from lessons learned through LVC
implementations.

Additionally, there are some overlapping concepts
which appear in both corpora, including capability,
requirements, and system. The SoS concept of capability
refers to the capabilities associated with each of the sys-
tems within the SoS and the LVC concept of capability
refers to the capabilities associated with constructive simu-
lations and the scenario under which the LVC is utilized.
The concepts of system differ in that SoS views a system
as each individual system that comprises the SoS, whereas
LVC views the collective LVC simulation as a system.
The concept of requirements differs in that SoS require-
ments deal with architecture and the ability of the systems
to function autonomously. For LVC the requirements are
much more focused on the ability of the systems to com-
municate and ensure the continued ability of the LVC sys-
tem to support an exercise. It is important to note that
LVC is strongly related to distributed which is one of the
key properties of SoS.

4.3 SOS and LVC overlap

So far, we know that SoS can refer to many concepts with
different properties and we know that LVC systems are
used as a capability for training and testing. In this section,
we examine the concepts of LVC as they apply to SoS.
We focus on the overlapping notion of capability and sys-
tem and investigate whether a property of SoS is usually
associated with it in the LVC corpus.

Table 6 shows that an LVC capability with the proper-
ties of autonomy, connectivity, evolution, geographic dis-
tribution, and independence can be used to replicate SoS
capabilities. Similarly, an LVC system that has the proper-
ties of belonging, compatibility, and distribution can used
to replicate SoS systems.

Table 7 presents a comparative view of the relation-
ships between the main SoS concepts and the main SoS
characteristics from the perspectives of both SoS and
LVC. Several areas are identified where a concept fails to
address any of the SoS characteristics from either the SoS
or LVC perspective. In gray, we highlight the properties
of SoS that are not found in LVC capabilities or systems.
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Aside from geographic distribution, LVC capabilities and
systems have starkly different properties and both lack
diversity and emergence. We also note that LVC capabil-
ities are evolutionary and distributed, whereas SoS cap-
abilities are not usually linked with those concepts.

Since these concepts are identified as main concepts for
SoS based on the SoS body of knowledge, these areas
highlight major gaps for creating a SoS or for modeling a
SoS using LVC. The main findings from this comparison
are as follows:

Architecture: There is no overlap between LVC
architectures and SoS architecture. The LVC archi-
tecture frameworks focus solely on the technical
aspects of implementing LVC systems. If these
LVC systems are implementations of LVC models
of SoS then an LVC system is a purposeful abstrac-
tion of SoS. Therefore, the LVC architecture should
be aligned with the SoS architecture. This leads to
us to the following gap.

Gap5: We need to study how to align LVC archi-
tectures with System of Systems architectures.
However, when it comes to SoS architectures,
while mentioned in the body of knowledge, there is
not one that abides by SoS properties and provides
a template for starting a SoS from design to imple-
mentation and testing outside of systems engineer-
ing. Unlike LVC, there has not been a major SoS
architectural effort.

Capability: SoS and LVC capabilities overlap in
terms of independence and compatibility. However,
neither LVC nor SoS capabilities cover the prop-
erty of emergence which leads us to our next gap.
Gap6: We need to study the property of emergence
in SoS and LVC. At the very least, we need to
define what emergence is in the SoS and LVC
contexts.

Engineering: SoS engineering as we mentioned
earlier does not appear to differ from systems engi-
neering except for the fact that it is supposed to
address emergence. Nonetheless, there is wide gap
when it comes to LVC engineering in support of
SoS. This leads us to our next gap.

Gap7: We need to study LVC engineering in sup-
port of SoS. This means that the LVC and/or SoS
community need to provide theories, methodolo-
gies, methods, and tools to make this possible.
Complex: The notion of a complex SoS exists but
the notion of a complex LVC does not. We know
that the complexity in SoS, based on the analysis,
refers to the environment in which the SoS is found
and the other systems a SoS may be connected to
considering evolutionary and geographically dis-
tributed properties. This leads us to our next gap.

Gap8: We need to study the complexity of LVC
environments. Findings in the study of complex
SoS might be transferrable to complex LVC.
Further, we need to systematically investigate the
complexity of LVC environments in order to deter-
mine if they can be used in the study of complex
SoS.

System: LVC systems and SoS are well covered in
their system aspects. However, there is a gap in the
understanding of the emergence and evolutionary
aspects in both cases and in the case of LVC the
managerial and operational independence are
ignored. This leads us to our next gap.

Gap9: We need to study the emergent and evolu-
tionary properties of SoS and LVC systems. This is
important specially when considering the indepen-
dence property in LVC systems.

Development: LVC development covers mainly the
technical and to some extent non-technical aspects,
even though this is not reflected in LVC architec-
tures (LVCAF) and frameworks (DSEEP). SoS
development is focused on the independence, emer-
gent, and evolutionary aspects of SoS. However,
the emergent and evolutionary aspects are not
reflected in SoS architectures. This emphasizes
gaps 5 and 9.

Requirements: SoS requirements focus on the func-
tional, software, and design requirements of SoS.
Similar to requirements engineering, we need SoS
requirement engineering. This leads us to our next
gap.

Gapl0: We need to study requirements engineering
for SoS and LVC. The departing point is whether or
not requirements engineering for a system is the
same for a SoS.

Approach: A SoS approach to dealing with real
world situations is an important tenet of SoS.
However, we do not associate any of the SoS prop-
erties with an SoS approach. This leads us to
emphasize gaps 7 and 10 and to consider the fol-
lowing gap.

Gapll: We need to study the properties of a
System of Systems approach. This includes addres-
sing questions such as do we need SoS if they are
engineered as systems or can we even develop SoS
approaches? Is it doable?

Model: A SoS model does not satisfy any of the
main SoS characteristics. A LVC model addresses
the SoS characteristics of compatibility, evolution-
ary, distributed, and independence. The LVC simu-
lation cannot serve as a reliable representation of
the SoS unless it has the ability to represent the
evolutionary aspects of the SoS systems. The LVC
simulation must be able to function in a distributed
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environment where the component systems remain
compatible with the LVC even as they evolve and
retain their ability to operate independent of the
LVC. This leads us to our next gap.
Gapl2: We need to study System of Systems model-
ing. Similar to gap 11, we still need to ask, can it
be done? Do we need it?

® Process: A SoS process is focused on the results
but we do not understand what properties to ascribe
to them. For instance, how do the results change in
a SoS with operational independence compared to
the same SoS with a centralized authority? This
leads us to the next gap.
Gapl3: We need to study the properties of the
results of applying System of Systems. In other
words, we need to establish the means to compare
SoS under one or more SoS properties. We can
always speculate that simulations provide great
insight, but as mentioned, at least on the LVC side,
much research is needed.

5. Conclusion

In this paper, we have shown that the term LVC and the
term SoS can be decomposed into several concepts that
need to be aligned. We have shown that a systematic
application of content analysis can reveal several areas of
research in the SoS and LVC domains. Finally, we have
shown that, while LVC can be applied to SoS, there is still
much left to learn in order for LVC to become a common
method for studying SoS. In the future, we will track the
SoS and LVC bodies of knowledge in order to explore
whether they evolve in the same direction.
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