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Abstract: A system of systems (SoS) composes a set of inde-
pendent constituent systems (CSs), where the degree of autho-
rity to control the independence of CSs varies, depending on dif-
ferent SoS types. Key researchers describe four SoS types with
descending levels of central authority: directed, acknowledged,
collaborative and virtual. Although the definitions have been re-
cognized in SoS engineering, what is challenging is the difficulty
of translating these definitions into models and simulation envi-
ronments. Thus, we provide a goal-based method including a
mathematical baseline to translate these definitions into more
effective agent-based modeling and simulations. First, we con-
struct the theoretical models of CS and SoS. Based on the theo-
retical models, we analyze the degree of authority influenced by
SoS characteristics. Next, we propose a definition of SoS types
by quantitatively explaining the degree of authority. Finally, we
recognize the differences between acknowledged SoS and col-
laborative SoS using a migrating waterfowl flock by an agent-
based model (ABM) simulation. This paper contributes to the
SoS body of knowledge by increasing our understanding of the
degree of authority in an SoS, so we may identify suitable SoS
types to achieve SoS goals by modeling and simulation.
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of-systems (SoS), systems thinking.
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1. Introduction

A system of systems (SoS) comprises a collection of
independent systems that interoperate together to achieve
overarching capabilities [1,2]. Applications of SoS can be
found in diverse domains, such as military [1], aerospace
[3], health care [4], transportation [5], and energy [6],
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among others. Compared to the traditional system in the
field of systems engineering (SE), the development of an
SoS in the field of SoS engineering (SoSE) is challenged
by increasing complexity results from the independence
of constituent systems (CSs) [7,8]. The challenge prompts
the need for two aspects of efforts: analyzing the indepen-
dence of CSs and modeling methods for SoS. On the one
hand, as each CS has managerial and operational inde-
pendence [9,10], an SoS can be designed by considering
four types (archetype, category, classification, typology)
based on the degree of authority (managerial control)
[11]. Understanding SoS types is necessary to provide a
framework for understanding SoS [12—14] and supports
the development of SoS [15—17]. On the other hand,
model-based systems engineering (MBSE), which
focuses the SE process on well-constructed models that
capture the essence of the system, can help address the
complexity of SoS [18,19]. There has been considerable
interest in using model-based techniques for SoSE
[20,21]. For effective model-based SoS engineering
(MBSo0SE), Nielsen et al. [8] identified different dimen-
sions, one of which is the category of SoS, for position-
ing an MBSoSE approach. They point out the need for
SoS types to guide the development of an SoS because
the degree of managerial control determines the adapt-
ability and collaboration of each CS in terms of require-
ments, interfaces, data formats, and technologies [8]. In a
word, the need for understanding and modeling SoS types
to enrich SoS theory and SoS practice is apparent. How-
ever, the problem is how to provide a well-defined defini-
tion that can be translated into more effective models and
simulations of SoSs.

A basic understanding of the SoS types can be obtained
directly through the most popular definition of SoS types
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[10,11]. The definition provides a text-based interpreta-
tion of the degree of SoS authority. However, because the
definition lacks a quantitative judgment basis, it can be
challenging to determine the SoS type when facing a
practical example of an SoS [22]. Therefore, a rigorous
theoretical foundation with unequivocal concepts is
needed to avoid vagueness and subjectivity [22].

Another kind of understanding of the SoS types can be
obtained indirectly through the well-defined theory of
SoS characteristics because the SoS type is the further
standardization based on SoS characteristics [22]. There
is a broad agreement on SoS characteristics that can help
recognize or realize an SoS [23]. Subsequently, one can
then propose a mathematical framework to translate some
concepts of SoS characteristics into an unambiguous theo-
retical model based on set theory, aiming to rigorously
define the SoS characteristics [24—26]. However, the
existing definitions of SoS types usually rely heavily on
the text-based description without taking full advantage
of the theoretical models of SoS characteristics. What is
missing is a further explanation of the relationship
between SoS characteristics and SoS types; this connotes
that more significant effort may be required to explore the
close relations between SoS characteristics and SoS
types.

As mentioned previously, the existing definition of
SoS types is based on the degree of authority [10,11], and
SoS development requires the guidance of SoS types [8].
SoS development prioritizes achieving SoS goals and
then satisfies CS goals as much as possible [27]. Thus,
we argue that the ultimate purpose of SoS authority is to
achieve SoS goals, and there is a relationship between the
degree of authority and both SoS goals and CS goals.
Using goals brings several advantages compared to using
characteristics. First, SoS goals are generally explicit and
convenient to detect except in a virtual SoS where SoS
goals are implicit [13]. In particular, when there is no
explicit central management authority, the degree of
authority is sometimes implicit and difficult to detect,
such as in the example of swarm robots [28]. Second,
goals can be measured quantitatively and objectively by
the well-defined goal statement [29,30]. Next, goals are
essential elements in SoS modeling, such as requirement
modeling [31] and mission-based approaches [32,33],
which means that goals can serve as a bridge between
SoS theory and SoS practice. Therefore, a goal-based
analysis appears to further facilitate the understanding of
SoS types and strengthen the link between SoS characte-
ristics and SoS types. Regarding SoS characteristics, the
belonging index comprising two parameters, CS goals
and SoS goals, indicates the cohesion of an SoS [30]. The

challenge is that SoS characteristics can not be used
directly to explain the degree of authority. These two
parameters still leave room for interpreting how much a
CS will comply.

In this paper, a goal-based approach is proposed to
model and simulate different types of SoS. First, the theo-
retical models of both CS and SoS are constructed by
introducing a new concept called potential. Second, goal
states influenced by SoS characteristics are described.
Then, difference among four SoS types based on the tran-
sitions among the combinations of goal states is unam-
biguously demonstrated. According to the analysis of SoS
types, the difference between acknowledged SoS and col-
laborative SoS is recognized based on the agent-based
model (ABM). The goal-based approach is valuable in
providing a contribution to SoS theory-related aspects by
increasing our understanding of SoS type and providing a
mathematical baseline to translate the theoretical defini-
tion into a more effective ABM simulation of SoS, which
helps identify the suitable SoS types to achieve SoS
goals.

We organize the remainder of this paper as follows.
Section 2 reviews the related work. Section 3 introduces
concepts of various goals and constructs the CS and the
SoS theoretical models based on set theory. Section 4
analyzes the influence of SoS characteristics on goals by
some possible combinations of goal states. Section 5
explains the SoS type through the transitions of the com-
binations. Section 6 implements the proposed approach
using ABM to simulate the migrating waterfowl. Section 7
discusses the results. Finally, Section 8 summarizes the
conclusions.

2. Background and literature review

Related work to this study can be classified into three
topics, which are the explanations of SoS types, SoS
characteristics and theoretical models, as well as model-
ing of SoS types.

2.1 Explanations of SoS types

Maier [9] described three different SoS types “directed,
collaborative, and virtual.” Dahmann and Baldwin [11]
added an intermediate type called acknowledged between
directed and collaborative. The degree of SoS’s authorita-
tive control over CSs decreases from directed SoS to vir-
tual SoS. These four SoS types may have implications for
the relevant engineering processes because the authority
relationships between SoSs and CSs affect how SoS engi-
neering (SoSE) can be implemented [2]. To illustrate, a
directed SoS that has the designated SoS manager with
complete control over CSs needs to consider the techni-
cal features of the CSs to achieve SoS goals. Meanwhile,
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an acknowledged SoS or a collaborative SoS that does
not directly authorize CSs needs to consider how the CSs
can participate in SoS decisions that impact CS goals [2].
The primary issue is that the aforementioned text-based
interpretation of the degree of authority has vagueness
and subjectivity. Specifically, due to the lack of rigorous
models [8] to describe the degree of authority, determin-
ing SoS types usually relies heavily on human experi-
ence, which may result in misclassification [10] or even
no classification [12]. For example, suppose a collabora-
tive SoS is misclassified as directed. In that case, the SoS
operators will have less control over the purpose than
they think, resulting in collective operations across
administrative boundaries that will not reliably occur in
practice [10]. As a result, perhaps only experienced engi-
neers can rely on their own experience to understand and
determine the SoS type. Thus, there have been various
attempts to explain these types better, such as using bi-
directional arrows between the SoSE team and CSs [34]
and multi-dimensional classification [16]. However,
ambiguity and subjectivity still exist due to the qualita-
tive description without any rigorous theoretical model.

2.2 SoS characteristics and theoretical models

Nielsen et al. [8] discussed Maier’s characteristics
(acronym “OMGEE ”) [9] and Boardman and Sauser’s
characteristics (acronym “ABCDE ) [23,35]. Maier’s
characteristics deal with the lack of a shared agreement
on the SoS definition. Boardman and Sauser’s character-
istics distinguish SoSs in SoSE from conventional sys-
tems in SE, using the following five aspects [25,36].
Autonomy (A) is the ability of a CS to achieve its own
CS goals with limits without the control of the SoS or
other CSs. Belonging (B) is the ability of a CS to receive
the benefit of its own CS goals and contribute to SoS
goals or goals of other CSs. Connectivity (C) is the capa-
bility to form connections as needed to benefit each other.
Diversity (D) emphasizes the difference in CS goals
among various CSs. Emergence (E) means the cumula-
tive actions and interactions between the constituents of
an SoS give rise to behaviors attributed to the SoS as a
whole. Based on the definitions above, SoS types appear
to correlate most with authority and belonging due to the
correlation between CS goals and SoS goals.

Felder and Baldwin [29] calculated the belonging
index (gains/contributions) by a mathematical expression.
However, there is no further segmentation in these two
goal dimensions. As a result, it is difficult to support the
classification of multiple SoS types. For this reason,
expanding these two parameters is necessary to analyze
quantitatively. We construct the SoS theoretical model by
introducing a new concept called “potential” for further

segmentation of CS goals and SoS goals. We propose the
term “goal state” to represent scalars in two dimensions
of goals, which indicates that a goal is achieved by what
kinds of function and potential. As the scales of the two
goals dimensions increase, the combinations of different
states are likely to be sufficient to distinguish SoS types.

2.3 Modeling of different SoS types

Baldwin and Felder quantified a metric of SoS feature
attribution for a collaborative SoS migrating waterfowl
flock [29] and a directed SoS air defense scenario [30].
They contended that the essential difference between col-
laborative SoS and directed SoS is a governance scheme
in which a central authority determines individual sys-
tems’ level and type of participation [30]. However, the
distinction between these two SoS types is only directly
reflected in the concept introduction but not directly
reflected during the modeling and simulation process.
The SoS type is only used as a fundamental concept with-
out practical guidance for modeling and simulation due to
the insufficiency of qualitative description. Soyez et al.
[37] proposed a multilevel agent-based method to model
a directed SoS or acknowledged SoS, using the case of
intelligent autonomous vehicles (IAVs) and formalizing
the five characteristics. Their work mainly deals with a
directed or acknowledged SoS, which may be applied to
other types of SoSs if further studying the degree of
authority. Darabi and Mansouri [28] used multi-attribute
utility theory (MAUT) to represent the utility functions of
CSs and SoS. The swarm robot used in the case con-
sumes resources to find targets, but the researchers did
not specify which type this SoS is, making it very diffi-
cult to extend their findings to all four SoS types. The
swarm robots were designed to achieve SoS goals first
and then CS goals. However, they stated that the robots
achieved CS goals and SoS goals without priority in their
follow-up discussion. Thus, the relationship between SoS
goals and CS goals is ambiguous. Seo et al. [38] ana-
lyzed all four SoS types and used a probabilistic variable
to model three of them except virtual SoS. However, how
to define the value of the probabilistic variable still leaves
much room for interpretation.

There are two mainstream ideas for modeling and simu-
lation of SoS. Baldwin et al. [39] compared ABM and
event-based modeling (EBM) and suggested that ABM is
more suitable for describing four of the five SoS charac-
teristics autonomy, belonging, connectivity, and diversity.
For example, different examples of SoS use ABM, such
as collaborative SoS birds flock [29], directed SoS air
defense scenario [30], directed or acknowledged SoS
intelligent autonomous vehicles [37]. ABM deals with the
complexity of interactions between CSs and represents an
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SoS through a few rules [40]. This paper analyzes all pos-
sible situations of the interactions between CSs through
the goal-based description. Thus, the goal-based descrip-
tion can guide the development of each agent’s rules.

3. Theoretical models

The SoS theoretical model is based on the CS theoretical
model. The existing theoretical model [24] can only
describe a limited number of goal states of CS and SoS,
which is not sufficient to specify the SoS types. We con-
struct the CS theoretical model, on which the SoS theo-
retical model is constructed, to support the subsequent
description of the goal state.

3.1 CS theoretical model

We unify the terminology used in the paper as “CS” for a
system in SOSE and “system” for a system in SE. Due to
the difference between SoS and systems, the traditional
system principles [41] still have some room for interpre-
tation when describing CS in SoS. Baldwin and Sauser
[26] described the CS theoretical model and SoS charac-
teristics based on set theory and first-order predicate
logic. However, it is not sufficient to explain and describe
SoS types directly. Axelsson [22] proposed a set of terms
to describe the different states of CSs in an SoS. For
example, “Passive CS” means the CS has participated in
an SoS, and “Prepared system” means the CS has not par-
ticipated in an SoS. These terms can help understand the
difference between a CS and a system and better develop
theoretical models. This paper introduces a new concept
to the most basic form of the traditional system called
“potential” for describing CS. More specifically, based on
the original function of CS as a system in SE, we pro-
pose the potential as an additional type of the functions of
CSs in SoSE. The potential is an inherent attribute of the
CS, whether the CS has participated in an SoS or not.
Notably, the potential can only be activated by another
CS’s resources or outputs instead of the CS’s resources in
the environment, which is different from the original
function of CSs. We use “latent potential” to term the
inactivated potential and “realized potential” to term the
activated potential. Accordingly, we argue that a CS’s
functions include the original functions in SE and the
potential in SoSE. In the most basic form [41], a system,
S, takes input and transforms it via a set of processes
into output to attain goals set, G;, as denoted in Fig. 1(a).
Now we can describe the basic CS principles as a CS §;
transforms inputs (or resources) X; into outputs through a
series of processes (functions) f;(x) to achieve CS goals
and SoS goals G;. Additionally, the CS transforms other
inputs Y; into outputs through another set of processes
(potential) p, (x) to achieve CS goals and SoS goals.
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(c) Basic SoS principles
Fig. 1 Basic principles of the system, CS and SoS

Thus, we can describe the CS theoretical model based
on set theory as follows:

Si= {Xi’Fi’Pi,Gi,Ci}’ (1)
F -G, F/CF,
P,>G;, P,CP;. )
G'UG; =G;

As shown in Fig. 1(b), a set of CS functions is repre-
sented as F;, which forms the CS’s process and trans-
forms inputs X; into outputs that achieve the set of CS
goals G;. Similarly, after participating in an SoS, the CS
has a specific role, and the new set of functions for
achieving CS goals and SoS goals is denoted as potential
P;. Another process formed by the potential transforms
inputs Y; received from the SoS after participating in an
SoS into outputs. These outputs attempt to achieve SoS
goals and may also contribute to achieving CS goals set
G,. And G; is composed of the goals set G; and the goals
set G; . Notably, G} can be achieved by the original func-
tions, and G; can be achieved by the realized potential
after the CS joins an SoS, as shown in (2). Moreover, the
set of connections (or interfaces) of a CS C; allows out-
puts from one CS to become inputs to another CS.
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According to the above definition of the potential, the
SoS resources (inputs), potential processes, and the SoS
goals (outputs) achieved by the potential after CSs join an
SoS are identified by the dashed boxes in Fig. 1(b). In
other words, CSs cannot activate potential processes
independently without participating in SoS.

3.2 SoS theoretical model

An SoS is a composite system that contains multiple CSs
and acts as a whole with SoS goals. Based on the CS the-
oretical model, we describe the SoS theoretical model as
illustrated in Fig. 1(c), which analyzes and explains the
CS goals and SoS goals in detail.

S =1{81,82,-.5,,G"}, 3)
F! - G}

F;= , 4)
F; — part of G*
P — G;

Pi: B (5)
P! — part of G*

where G; are the SoS goals achieved by all CSs in the
SoS. partof G; indicates the contribution of individual
CSs to the SoS goals, where individual CSs can only
achieve a portion of the SoS objectives; G; are the CS
goals that the CS can achieve by itself alone; G; are the
CS goals that cannot be achieved by the CS and can be
achieved when participating in the SoS; F; are the func-
tions that the CS can operate independently by itself only;
F are the functions that can be run independently and are
only used to implement G;; F; are the functions that can
be run independently of the CS, which are used only for
SoS goals; P; are the functions that the CS cannot run by
itself alone, which are activated after participating in SoS;
P is the potential activated after CS participates in the
SoS, which is used only for the CS goals; P; is the poten-
tial activated after CS participates in the SoS, which is
used only for the SoS goals.

Considering that we have introduced the relationship
between CS goals and potential in (2), we propose that
the SoS goals set G; can be achieved by CS functions set
F; and CS potential set P; in (4) and (5). We regard
functions as F; for achieving CS goals and F; for achiev-
ing SoS goals. Likewise, we regard potential as P; and
P;. Potential can only be activated to achieve SoS goals
after participating in an SoS, whereas functions F’ and
F} can produce outputs whether the CS has participated
in an SoS or not. Notably, the outputs produced by F; of
a CS benefit the CS itself G;. Meanwhile, the outputs
produced by F; of a CS can benefit G; of other CSs in
the SoS only after the CS participates in an SoS, which is

equivalent to benefiting the SoS goals, as shown in (4).
As shown in (2), the benefit for G; by P; is the motiva-
tion for a CS to participate in an SoS. Similarly, the bene-
fit for SoS goals by F; and P; is the motivation for an
SoS to accept the participation of a CS, as shown in (4)
and (5). In other words, discovering and exploiting the
potential and F; of a CS may be feasible to realize the
SoS capabilities.

4. Analysis of goal states

According to the above theoretical models, there are two
dimensions of goals, SoS goals and CS goals, and four
kinds of functions, F!, F;, P}, and P;, can be used to
achieve goals. Since a goal can be achieved through dif-
ferent cases of functions, which are illustrated by using
an example of swarm robots [28], we regard these cases
as scalars representing different states in each dimension
of goals. Then we combine the scalars in the two dimen-
sions to get different combinations of states. Since auto-
nomy and belonging can influence the achievement of CS
goals and SoS goals, we analyze all possible combina-
tions of goal states and use a migrating waterfowl flock to
explain the combination, which supports the subsequent
analysis of the transitions between these combinations in
the next section.

4.1 Influence of SoS characteristics on goal state

In the process of SoS evolution, individual CSs are com-
mitted to achieving CS goals and affect SoS goals under
the influence of SoS characteristics. Since the relation-
ship between autonomy and belonging influences SoS
types, it is necessary to analyze all the possible effects of
SoS characteristics on the goals. Thus, an individual CS
must consider all possible realizations of CS goals and
SoS goals when the specific scenario is not considered.
To support the description of these cases, we use an
example of swarm robots, which is an instance of an SoS
[28,42] and is easy to illustrate the discussed cases in this
context.

There are two possible cases for an individual CS to
achieve CS goals:

(1) The functions are used for CS goals, and the poten-
tial is activated to be used for CS goals.

Case A:F. — G/ ,P; = G;
(i1) Only the functions are used for CS goals.
Case B:F) — G/

In the SoS of swarm robots, the robots can share their
resources with other robots, and they search for resources
to survive and search for targets to achieve the SoS goal



632 Journal of Systems Engineering and Electronics Vol. 34, No. 3, June 2023

[28]. Thus, F; is that a robot attains resources by finding
and moving, G/ is to attain resources for surviving by
itself. Moreover, P; is that a robot receives resources by
sharing with other robots who have more resources, and
G; is to get resources from others. Case A means that the
robot gets resources by finding targets and sharing them
with others. Case B means that the robot only attains
resources by itself for some reason. For example, the
robot shares its resources with others with fewer
resources or does not encounter other robots during mov-
ing.

There are four possible cases for an individual CS to
achieve SoS goals:

(i) Both the functions and the potential are used for
SoS goals.

Case 1: F;— part of G*, P;— part of G*

(i1) Only the potential is used for SoS goals.

Case 2: P;— part of G*

(iii) Only the functions are used for SoS goals.

Case 3: F;— part of G*

(iv) Nothing is used for SoS goals.

Case 4: 0 — part of G*

In the SoS of swarm robots, F; is that a robot searches
for targets, the SoS goal G* is to find as many targets as
possible. P; is that a robot loses resources by sharing
with other robots who have fewer resources so that other
robots can use more resources to search for targets.
Case 1 means that a robot searches for targets by itself
and gives its resources to other robots. Case 2 means that
a robot only gives its resources to other robots and does
not search for targets by itself for some reasons, for
example, the robot may have trouble moving. Case 3
means that a robot only searches for targets by itself and
does not give others resources for some reasons, for
example, the robot does not encounter other robots dur-
ing moving. Case 4 means that the robot does not con-
tribute to the SoS goal, such as the robot only searching
for resources to survive rather than targets.

Thus, combining the preceding two kinds of cases,
now we can get 2 x4 = 8 combinations:

(i) Combination Al: The potential is activated to be
used for both CS goals and SoS goals.

Al F - G!,P; - G;
B F; — part of G*, P} — part of G*

(i) Combination A2: The potential is activated to be
used for both CS goals and SoS goals. Meanwhile, func-
tions are only used for SoS goals.

F - G;,P, - G;
A2 = ,
P} — part of G

(iii) Combination A3: The potential is activated to be
used for CS goals but not for SoS goals. Meanwhile,
functions are used for SoS goals.

F, - G/,P, - G;
A3 =
F; — part of G

(iv) Combination A4: Potential is activated, is used for
the CS goal and the SoS goal, but nothing is used for the
SoS goals.

F - G!,P,—>G;
Ad =
0 — part of G*

(v) Combination B1: The potential is activated, not for
the CS goal but for the SoS goal. The functions are used
for the SoS goal.

B1 F - G/
| F; - part of G*, P; — part of G*

(vi) Combination B2: The potential is activated and is
not used for the CS goal but for the SoS goal.

F - G/
B2 =
P; — part of G

(vii) Combination B3: The potential is not activated.
Functions can be used for SoS goals.

F — G/
B3 =
F; — part of G

(viii) Combination B4: Potential cannot be activated
when the CS is not added to or removed from the SoS.
Function produces F; and F}, but P; cannot be utilized.

F, — G/
B4 =
0 — part of G*

The preceding eight combinations can be represented
by a two-dimensional coordinate system, as shown in
Fig. 2(a). Notably, the horizontal coordinate represents
the benefit to CS goals, and the vertical coordinate repre-
sents the benefit of the CS to SoS goals. Moreover, both
dimensions are scaled according to the increase in goal
benefit. The difference between the two dimensions is
that the CS goal state generally starts from F; because CS
functions are actual, while the SoS goal state starts from 0
because the SoS is imaginary. The effect of a single CS
on the SoS goal is 0 when the CS is not added to the SoS.
The relative measurement of F; and P; in the SoS goal
should be determined according to the specific example.
In this paper, F; is smaller than P; by default, which can
be considered that F; is easily accessible, and P; is not
easily accessible. Furthermore, P; and P; may not have
fixed values.
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Fig.2 Combinations of goal states

The above is simply considering all possible combina-
tions of goal states in collaborative SoS and acknow-
ledged SoS, where CS goals will not benefit less after
joining the SoS. In addition, when considering the influ-
ence of authority in a directed SoS, we can analyze the
respective bottom lines of CS and SoS.

(i) CS bottom line: Autonomy without the influence of
authority, which is a bottom-up process, such as no
obstruction to F/ — G;. On the contrary, compulsory
belonging under the influence of authority is a top-down
process. Only in this case can F; — G} be obstructed.

(i1) SoS bottom line: No obstruction to G*. When a
new CS participates in the SoS, it cannot obstruct the
benefit of SoS goals.

Considering the influence of the authority on CS goals,
there will be a new case:

Case C: F; —cost — G .

To restrain CS functions, we use subtraction in Case C,
and the value of the cost is positive by default, so the
range of the cost is [0, F/]. Combining Case C with Case 1
to Case 4 will generate another four combinations C1 to
C4, so that altogether there will be 3 x4 = 12 combina-
tions, as shown in Fig. 2(b).

Under the authority of a directed SoS, the autonomy of
CS may be limited, so the state of achieving CS goals
after joining the SoS could be lower than that when leav-
ing the SoS, and the benefit of SoS goals must increase.
For example, Baldwin and Felder [30] use an air defense
scenario to illustrate the use of governance in a directed
SoS, in which CSs sacrifice performance against CS
goals in favor of the SoS goal.

4.2 Tllustration of static aspects

For better comparison, we call the combinations of cases
the static aspect of the proposed approach and the transi-
tions between the combinations as the dynamic aspect of
the approach. This work uses a migrating waterfowl flock
to explain the static aspects of goal state combinations. In
the bird flock, what benefits SoS goals is the aerody-
namic drag reduction advantage produced by birds in the
flight formation [29]. It is worth mentioning that partici-
pation in the formation flight SoS carries no penalty: the
benefit of drag reduction from one member to another is
free of cost to the leading bird [29]. We explain the bird
flock SoS based on the CS and SoS theoretical models:

(1) G;: The entire formation consumes less and flies
farther, and each bird in the formation consumes less and
flies farther on average;

(i1) G/ : Normal fuel consumption when flying alone;

(iii) G; : Minimizing fuel consumption by obtaining the
updraft generated by other birds ahead;

(iv) F;: Flapping the wings;

(v) F}: Flying alone;

(vi) F;: Whether a bird joins a formation or flies alone,
the bird produces updrafts on both sides of its wings
behind; after joining the SoS, the updraft can be utilized
by other birds behind;

(vii) P;: Aerodynamic advantage;

(viii) P;: Attaining aerodynamic advantage by obtain-
ing the updraft;

(ix) P;: It does not exist in this SoS.

Because no bird in this SoS carries a penalty, which
indicates no CS pays a cost, the combinations that fit the
migrating waterfowl are represented in Fig. 2(a). Each
bird can only be one of the following four combinations
of goal states at a specific moment;

(i) A3: Middle of the formation;

(i) A4: End of the formation;

(iii) B3: Leading of the formation;

(iv) B4: Flying alone.

5. Explanation of SoS types

Notably, an SoS is never fully formed or complete [43],
which means each bird in the flock SoS may change its
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position over time. In other words, the combinations of
goal states of a specific bird may change among the
above four cases. Therefore, we can analyze the direction
of change in the goal states during the dynamic transition
between each combination to explain the different SoS

types.

5.1 Transitions between combinations of goal states

According to the existing definitions of SoS types, the
SoS is directed if the CS’s goals benefit less after joining
an SoS, and the SoS is virtual if there are no explicit SoS
goals in an SoS. However, the difference between
acknowledged SoS and collaborative SoS is challenging
to recognize. In these two SoS types, since all CSs have
the chance to benefit from participating in an SoS, these
two SoS types may have similar situations of achieve-
ment of goals. Therefore, we have introduced the new
concept of “potential” to enrich the dimensions of goal
and have analyzed various cases and combinations of
these cases under the influence of authority on SoS goals
and CS goals. Considering the difference between the
combinations, the transition from one combination to
another will change the goal state in two dimensions. We
categorize the changes from two dimensions, then com-
bine the classification results to get multiple cases that
specify different SoS types, as depicted in Table 1.

Table 1 SoS classification based on two dimensions

SoS goal dimension

SoS classification

AG* >0 AG*=0
AG; >0 Collaborative  Collaborative
AG;=0 Collaborative -
CS goal dimension )
£ AAG?I;—%E Acknowledged -
AG; <0, . _
AG; = _cost Directed

The specific explanation of the method represented in
Table 1 is as follows:

(1) Collaborative SoS: If and only if each CS is in one
of the following scenarios, the SoS is collaborative. Three
scenarios for CS goal states are as follows: the benefit of
CS goals increases and the benefit of the SoS goals
increases; the benefit of CS goals increases and the bene-
fit of SoS goals remains unchanged; the benefit of CS
goals remains unchanged, and the benefit of the SoS
goals increases.

(i) Acknowledged SoS: If at least one CS is in one of
the following scenarios, the SoS is acknowledged. On the
one hand, the benefit of at least one CS decreases but
does not pay a cost such as F; — G/, and the benefit of

SoS goals increases. On the other hand, there is an addi-
tional judgment criterion for acknowledged SoS: the three
scenarios that should have automatically switched in the
collaborative SoS do not switch due to the influence of
authority.

(iii) Directed SoS: The benefit of at least one CS
decreases, and the CS pays a cost such as F; — G/, but
the benefit of SoS goals increases.

Notably, all CSs in collaborative SoS satisfy the condi-
tions in Table 1. In acknowledged and directed SoS, at
least one CS satisfies the conditions. In collaborative
SoS, since the SoS will not allow CSs that will decrease
the benefit of SoS goals to participate in the SoS, there
will be no situation where the benefit of CS goals
increases while the benefit of SoS goals decreases. The
CS in a virtual SoS only knows about its own goals, not
about SoS goals, even not about the goals of other CSs
[44]. Therefore, it is impossible to know AG*, that is why
Table 1 does not show virtual SoS. We use Fig. 2(b) to
plot this approach, as shown in Fig. 3. Under the premise
of sufficient resources and conditions, the CS of different
SoS will actively move from the lighter color area to the
darker colored area.
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CS goal state
(a) Collaborative SoS
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0 2 ) >
F'—cost F F'+P'
CS goal state
(b) Acknowledged SoS
8
8
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& pP* [
2 \
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F'—cost F F'+P'
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(c) Directed SoS

O : Pay cost; x : Only function; @ :Active potential.

Fig. 3 SoS classification based on transitions
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5.2 Illustration of dynamic aspects

To illustrate SoS types based on the dynamic transition
between coordinate points on the two-dimensional coor-
dinate system, as shown in Fig. 3, we use the migrating
waterfowl SoS with four combinations of goal states as
mentioned above.

Collaborative SoS (three scenarios): coordinate points
actively switch under sufficient resource conditions.

(1) Vertical up: benefit SoS goals but not CS goals,
such as B4—B3 and A4 — A3.

(i1) Top right: benefit SoS goals and CS goals, such as
B4 — A3 (generally cannot be achieved directly, as first
B4 — A4, and then A4 — A3).

(iii) Horizontal right: benefit CS goals but not SoS
goals, such as B4—B4 and B3 — A3 (current SoS
merges into another larger SoS).

Acknowledged SoS: coordinate points will switch
under authority.

(i) Top left: benefit SoS goals and limit CS goals, but
CS does not pay a cost, such as A4 — B3.

(il) Additional judgment criterion: even when the

resource conditions are sufficient, the coordinate points
of the three scenarios cannot actively switch as in the col-
laborative SoS due to the influence of SoS authority.

(iii) Directed SoS: does not exist in this SoS because
birds will not pay a cost in any situation.

6. Modeling and simulation

To verify the theoretical models and the static aspect and
dynamic aspect of our approach for explaining SoS types,
we use a model of migrating waterfowl flock, which is
well suited to verify the behavior of CSs and SoS [29].

6.1 ABM modeling approach

We develop modeling and simulation with the ABM
method to verify the goal-based definition of SoS types.
The ABM description in Table 2 describes the model
according to the overview, design concepts, and details
(ODD) protocol [45,46], making model descriptions more
straightforward and easier to understand. This protocol
provides a common format and standard structure to sim-
plify the reading of ABM descriptions.

Table2 Summary of ODD protocol for ABM

Overview

Design concepts Details

Purpose: to verify the simulation results when different types of the
same SoS are used.

Entities: fixed number of agents is 30; fixed time step duration of
0.1 s; fixed speed increase/decrease rate is 20%; fixed rotation angle
per step is 4°.

State variables: Facing north/not north; whether the four agent rules
are satisfied.

Objectives: different types of the same
SoS.

Basic principles: the model represents a
simplified behavior based on natural
physical phenomena.

Initialization: the initial position
and initial heading are random.
Input data: no external data.
Submodel 1(solo): the default state

Stochasticity: initialized random number

Scales: 70x70 grids.
Process overview and scheduling:
Collaborative SoS: Each bird starts at a random position and goes out

of vision, it will continue to fly straight at its normal basic speed. If
another bird can be seen, the following four basic rules are followed,
given by that order of priority.

(i) If it is too far from the nearest visible bird, it will turn toward that
bird and approach it at an increased speed.

(i) Once it is close enough to another bird, it randomly moves to one
side or the other until its view is no longer obscured.

(iii) If it gets too close to another bird, it will slow down.

(iv) Once the preceding three conditions are met (the bird has an
unobstructed view and is close enough but not too close to another
bird), the bird will set its speed and the forward direction of its closest
visible neighbor.

Acknowledged SoS: Rule 1 and Rule 4 disabled.

of seeds.
Interaction: agents will acquire traction

. . . L from other agents in the vicinity.
into the world. If the bird cannot see another bird within a limited range X & Y
Adaptation: agents try to occupy a

unfavorable one.

of agents is 45°; obstruction distance of
agents is 10-patch.

Prediction: collision point prediction.
Emergence: flock geometry; SoS goals.
Observation: the heading of each agent
after forming a flight formation.

of a bird agent is to be solo. When
no other birds are in vision to
provide an updraft, a bird cruises
towards its destination.

Submodel 2(Alignment as Rule 4):
a bird tends to turn, moving in the
same direction as nearby birds.
Submodel 3(Separation as Rule 3):
a bird will turn to avoid another bird

favorable position and avoid an

Sensing: sensing distance of agents is 15-
patch; sensing angle of agents is 120°
cone range in front of it; obstruction cone

that gets too close.

Submodel 4(Cohesion as Rule 1
and Rule 2): a bird will move
towards other nearby birds (unless
another bird is too close).

Each agent is born in a random position and moves in a
random direction, consistent with the B4 case where a
bird is flying alone. Notably, an agent determines the cur-
rent environment at each time step and thus determines
the acceleration and direction of movement. According to

the preceding illustration of SoS types, the “potential” of
an agent in the bird flock SoS is to obtain an updraft. To
realize the “potential,” an agent should use its limited
vision range to find the location of other agents in the
conical region ahead that generate updrafts, then select
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the closest agent, change its heading, and accelerate to try
to approach. According to the scenarios illustrated in
Subsection 4.2, we develop four rules ranked in order of
priority for CSs in a collaborative SoS, as shown in
Table 2. Rule 1 describes the process of “potential” for a
bird to obtain the updraft. Rule 2 and Rule 3 aim to adjust
the distance among agents in the flock to make the flock
look closer to reality. Rule 4 is to maintain the “realized
potential. ” These rules are consistent with the existing
rules for birds flying in formation, which are proposed by
Nathan et al. [47] and Felder and Baldwin [29]. In this
collaborative SoS, if an agent does not find another agent
within its limited field of view, it will keep flying in a
straight line at its normal base speed. The above defini-
tion of acknowledged SoS indicates that CSs may be
barred from benefiting CS goals. In the bird flock SoS,
even if an agent finds another agent within its limited
field of view, it still keeps flying in a straight line at the
normal base speed instead of getting close to another
agent to obtain the updraft. To this end, when we simu-
late the acknowledged SoS, Rule 2 and Rule 3 are
enabled while Rule 1 and Rule 4 are disabled.

A simulation stops when the running ticks reach
1 000 000. The simulation environment in this paper has
parameters such as the number of agents, the range of
limited vision of agents, and the speed of agents. In addi-
tion, different settings of parameters will result in differ-
ent effects on the simulation. Since this paper focuses on
different types of SoS, these parameters are set to the
fixed values, and the thing that can be changed manually
is to control which rule is enabled and disabled.

6.2 ABM simulation results

The model is simulated in the agent-based modeling soft-
ware NetLogo [48]. The simulation output is stored using
Microsoft Excel and analyzed by Matlab R2020b.

The model produces realistic formation geometries:
One of the goals is to build a model that correctly pro-
duces results consistent with the geographic distribution
of bird flight formation observed in nature. Our simula-
tion of the bird flock SoS produces two stable flight for-
mation geometries such as the “I” and the “V” as shown
in Fig. 4, which are consistent with the reality.

~ -~ -~

~
~

Fig. 4 Vee with birds inside

Different types of the flock SoS: Fig. 5 and Fig. 6 com-
pare the collaborative SoS and the acknowledged SoS of
the bird flock SoS. The polar coordinates in the figures
indicate the heading of each agent. Fig. 5(a) indicates that
the heading of each bird is random after initialization.
Fig. 5(b) indicates the heading of each bird when the sim-
ulation stops. For better observation, the radii of the birds
in the polar coordinate are determined by the bird ID gen-
erated during initialization, and the radius corresponds to
the value in the arithmetic sequence. Fig. 5 and Fig. 6
show that the birds are not facing the same direction after
initialization when they do not form a formation. In con-
trast, when the simulation stops, they form an “I” and “V”
formation where the birds in the same formation are fac-
ing the same direction. In acknowledged SoS, the solid
dots represent the leading birds influenced by authority,
and the ID of the leading birds is the median number of
all birds’ IDs.
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(a) Initialization of collaborative SoS
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(b) Ending of simulation of collaborative SoS

Fig. 5 Simulation of collaborative SoS
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(b) Ending of simulation of acknowledged SoS
Fig. 6 Simulation of acknowledged SoS

7. Discussion

In the collaborative SoS and the acknowledgment SoS,
the birds’ headings converged more when the simulation
stopped than when the initialization was completed, as
shown in Fig. 5 and Fig. 6. Besides, the headings of the
birds that have participated in the formation are very
close to each other. For the convenience of observation,
we set the radius of the points representing the birds in
polar coordinates as an arithmetic sequence. Thus, the
correspondence of the bird flock in polar coordinates is
that multiple points are approximately on a straight line.
In addition, not all points can form a perfectly straight
line when the simulation stops, which indicates that not
all birds participate in SoS to form a formation. Although
the flight formation does not entirely form when the simu-
lation stops, there is still a trend of convergence overall
compared with the initialization, which means the birds
that have not yet joined the formation still have a chance

to join the SoS.

In addition to modeling SoS types, we also found that
for the bird flock SoS, the transition between different
SoS types is of positive significance. When the simula-
tion stops, the birds’ headings in the acknowledged SoS
are denser than in the collaborative SoS, as shown in
Fig. 5(b) and Fig. 6(b), which means that the flight for-
mation formed in the acknowledged SoS has more mem-
bers participating. Furthermore, some birds have not par-
ticipated in the formation in the acknowledged SoS when
the simulation stops. The headings of these birds tend to
be more towards the formation than in the collaborative
SoS. Fig. 6(b) shows that almost all birds head at 0° to
90°, where the formation heading in the acknowledged
SoS is. Conversely, some birds head at 180° to 270°,
which is far from the direction of the formation in the col-
laborative SoS, as shown in Fig. 5(b). We realize the tran-
sition between the collaborative SoS and the acknow-
ledged SoS in the bird flock SoS by enabling or dis-
abling Rule 1 and Rule 4. Therefore, under the simula-
tion environment parameters set in this paper, we use
quantitative methods to demonstrate different SoS types
and find that the acknowledged SoS has a better overall
effect than the collaborative SoS for the bird flock SoS.
That is to say, if a specific SoS practice has different SoS
types, each SoS type may result in different emergent
behaviors. We can obtain better SoS effectiveness by
converting the existing SoS type to a more suitable SoS
type. Furthermore, the transition between different SoS
types helps migrate technical methods that have been suc-
cessfully applied in one SoS type to other SoS types.

We also found other reasonable explanations for the
transition between different SoS types. Holland [49]
believed that there is competition between multiple rules
for controlling the behaviors of agents, which results in a
contradiction. Therefore, a way to resolve the contradic-
tion is needed. He proposed that competition should base
on experience, and the ability of a specific rule to win the
competition should base on the past use of the rule. Thus,
it is necessary to assign a strength to each rule. After a
period of time, the strength will reflect the usefulness of
the rule, and the process of modifying the strength based
on experience is called credit assignment. Similarly, the
relationship between the top-down authority of SoS and
the bottom-up independence of CS appears to be compe-
tition. In directed/acknowledged SoS, the strength of the
top-down authority of SoS is greater than the strength of
bottom-up independence of CS in collaborative SoS.
Thus, the transition between directed/acknowledged SoS
and collaborative SoS means the change of this strength.
In the bird flock SoS, there is a mechanism for every bird
to circulate as the leading bird. According to the SoS
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types distinction approach proposed in this paper, when
the middle bird of a formation switches to the leading
bird, the SoS is regarded as an acknowledged SoS. How-
ever, suppose this mechanism is regarded as a sponta-
neous generation of the SoS, which means that the
strength of the top-down SoS authority changes into the
strength of the bottom-up independence of CS. In that
case, it may be similar to the credit assignment mecha-
nism [49], then the SoS can also be regarded as a collabo-
rative SoS. In essence, the credit assignment is a kind of
benefit that cannot be obtained immediately but is
believed to be obtained in the future, which is similar to
that a “latent potential” only after participating in an SoS
in the future can be activated to a “realized potential”.

8. Conclusions

This paper presents a goal-based approach that provides a
mathematical baseline to translate the definition of SoS
types into ABM and simulations. This approach con-
structs the theoretical models of CSs and SoS by intro-
ducing an additional type of function called “potential”
that can only be activated by another CS’s outputs instead
of its resources, making the relationship between SoS
characteristics and SoS types more explicit. Next, the
influence of SoS characteristics on SoS goals and CS
goals is analyzed to discuss all possible situations under
authority. Then, a theory of SoS types embodied in the
rigorous model by explaining the degree of authority
quantitatively with the direction of change in goals is pro-
posed to facilitate the definition of different SoS types.
Finally, the feasibility of the proposed approach is illus-
trated by using a migrating waterfowl flock by an ABM
simulation. The modeling approaches recognize the dif-
ference between collaborative SoS and acknowledged
SoS by enabling or disabling rules controlling behaviors
CS:s.

The proposed approach is particularly well suited for
SoSs without explicit authority but with explicit changes
of SoS goals and CS goals. The primary value of the
approach is providing a new perspective for understand-
ing SoS theory-related aspects based on goals. The pro-
posed concept of “potential” helps understand the diffe-
rence between the CS in SoSE and the system in SE by
enriching the content of SoS goals and CS goals. With
that as a basis, better fundamental theories of SoS (e.g.,
meta-model [50,51] or ontology [52,53]) and methodolo-
gies of SoSE (e.g., mission engineering [54,55]) may be
facilitated.

The SoS type may not be uniform [8], and the ele-
ments contained in the SoS exhibit characteristics of dif-
ferent SoS types [13]. We argue that some SoSs have
only one dominant type. Also, some SoSs have multiple

types, none of which are dominant. For an SoS with a
dominant type, the explanation of SoS classification
based on transitions of goal states can help engineers recog-
nize the SoS type correctly and early in the analysis stage.
Thus, engineers can avoid misclassification and select
corresponding methodologies for a certain type of SoS in
early SoS development. In some actual SoSs, such as
swarm robots, the SoS may have alternative types. The
goal-based approach proposed in this paper for modeling
and simulating SoS types can help engineers compare the
effectiveness among different SoS types, guiding the
selection of appropriate SoS types when constructing an
SoS.

The limitations of the approach proposed in this paper
are as follows. The “potential” in the theoretical model is
easy to detect beforehand in SoSs where the potential of
each CS is similar such as migrating waterfowl flock,
swarm robots, and unmanned aerial vehicles [56]. How-
ever, the potential may be hard to detect beforehand in
some complex CSs. We suppose that an iterative model-
ing and simulation process may be required, where simu-
lation plays a more significant role in the SoS environ-
ment than in the SE environment [57], but it still requires
further effort. In addition, the guidance of SoS types for
SoS design is only reflected by enabling or disabling
some simple rules to control the behaviors of CSs. Thus,
it is necessary to develop mechanisms such as a genetic
algorithm [49] that may be used to generate effective
rules for SoS design. Moreover, it is challenging to model
virtual SoS examples using the goal-based theoretical
approach because a virtual SoS does not have explicit
SoS goals. Future work can be divided into two direc-
tions. First, look for more complex SoS examples to
enrich the description and modeling of SoS types. Se-
cond, it will focus on guiding the SoS design methods for
different types of SoS and how to guide the extension or
migration of the methods or techniques applied in a spe-
cific type of SoS to other types of SoS.
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