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Abstract: The evaluation of the equipment contribution rate to
system-of-systems (CRSoS) is crucial for optimizing the arma-
ment system-of-systems structure and enhancing combat effec-
tiveness. The traditional relative contribution rate method poses
limitations by focusing on individual equipment evaluation with-
out considering the interrelations between equipment. In
response to the issue, this study proposes a framework based
on operation loop and improved Shapley value (OLISV) for analy-
sis to ananlyze the equipment CRSoS. Specifically, a multi-layer
network model is first constructed based on complex heteroge-
neous network and operation loop theory. Next, information
entropy and evidence theory are used for the edges of the func-
tional node layer, while improving the parallel node structure
within the network. Subsequently, an improved Shapley value
contribution rate method based on non-efficiency influencing
factors is proposed. Finally, the rationality and effectiveness of
the OLISV are illustrated through a case study.

Keywords: operation loop, heterogeneous networks, armament
system-of-systems, contribution rate, improvement of Shapley
value.

DOI: 10.23919/JSEE.2026.000117

1. Introduction

With the rapid development of information technology
over the past three decades in the military, army operat-
ing concepts such as network-centric warfare, mosaic
warfare, hybrid warfare, etc., are proposed and applied.
The functions of military forces have grown increasingly
complex and diversified, prompting a gradual shift in
operational patterns from platform-centric warfare to sys-
tem confrontation [1]. The armament system-of-systems
(ASoS) is composed of various types of military equip-
ment, within its overall effectiveness is reliant on the
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interrelated and cooperative functions among them [2,3].
Recently, equipment-oriented analysis of contribution
rate to system-of-systems (CRSoS) has been a growing
emphasis. The accurate and effective measurement of
each equipment’s contribution within the ASoS is inte-
gral for demonstrating and developing the ASoS as well
as for structural optimization.

Currently, the definition of CRSoS focuses on its role
in contributing to fulfilling operational tasks, meeting
operational capability requirements, adapting to system
function, and optimizing system structure. The concept of
CRSoS is primarily composed of three main aspects,
CRSoS of structure, CRSoS of mission effectiveness, and
CRSoS of performance [4].

The CRSoS of structure assesses the impact of the
presence or absence of the equipment on the system per-
formance enhancement, which includes the overall struc-
tural performance and the system network structure [5,6]
and other aspects. The CRSoS of mission effectiveness
assesses the impact of the presence or absence of equip-
ment on the fulfillment of the operational tasks, which
includes the operational mission [7,8], the mission chain
[9] and so on. The CRSoS of performance assesses the
impact of equipment on the system’s capability or effec-
tiveness. Therein system capability assesses the equip-
ment on their combat capability enhancement or the
enemy combat capability decline in the degree of contri-
bution [10,11], and system effectiveness assesses the use
of a piece of equipment before and after the degree of
enhancement of the combat effectiveness [12].

Due to the different concepts of CRSoS, the focus of
the assessment methods varies depending on assessment
objectives, including mathematical analysis, exploratory
analysis, operation simulation, uncertainty reasoning,
operation loops, complex networks, and deep learning
[13-15]. Among them, the operation loop-based assess-
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ment method classifies and describes the functional nodes
and edges in the ASoS while considering the correlation
relationships between the equipment. This method incor-
porates the observation-oriention-decision-action (OODA)
theory, which enables a more realistic portrayal of the
operational process and has been validated as an effec-
tive approach for analyzing CRSoS.

Many scholars have carried out research work based on
operation loops. Tan et al. [16] took the lead in propos-
ing an equipment architecture modeling method based on
an operation loop, analyzed the impact of system topol-
ogy on system capability, and gave comprehensive evalu-
ation indexes of the operation loop as well as example
validation. Pan et al. [17] conducted a resilience-based
importance measure analysis to optimization the struc-
ture of the SoS. Yang et al. [18] proposed, for the first
time, a multi-objective optimization algorithm called the
multi-objective ant colony evolutionary algorithm based
on decomposition (MOACEA/D). They pioneered the
operation loop recommendation problem by using opera-
tion ring quality as the optimization objective and closed-
loop time as the constraint. Furthermore, they established
a corresponding planning model, thereby achieving oper-
ation loop recommendation. Zhou et al. [5] introduced
integrated equipment into the operation loop for model-
ing, and combined it with the reliability of the network to
give the disjointed minimal path and the Monte Carlo
based on the spectral radius, and proposed the CRSoS
model after the introduction of integrated equipment. Luo
et al. [19] argued that, considering the heterogeneity of
various equipment and their associated relationships, the
combat effectiveness of the equipment system increases
with the number of combat rings, and then proposed a
CRSoS evaluation method based on operation loop and
information entropy. Shao et al. [20] developed an equiv-
alent transfer function algorithm based on characteristic
functions and transfer probabilities, utilizing the graphi-
cal evaluation and review technique (GERT). Through an
in-depth analysis of communication link importance met-
rics, they derived algorithmic formulations for both com-
munication link effectiveness and importance assessment.
Based on these findings, they established the PS-G-
GERT effectiveness evaluation model, specifically
designed for assessing geostationary Earth orbit (GEO)
satellite communication constellation effectiveness under
conditions of information deficiency. Wang et al. [21]
proposed an equivalent transfer function applicable to the
SoS-GERT network based on the moments’ mother func-
tion and Mason’s formula, gave a formula for the system
combat effectiveness, and constructed a CRSoS assess-
ment model. Han et al. [3] constructed a regional air
defense anti-missile system network model and proposed

an assessment method based on the number of operation
loops and the amount of self-information, as well as ana-
lyzing and studying the network resilience metric under
different attack and recovery strategies.

However, there are some problems in the above
research. First, the object of CRSoS analysis is single
equipment, and it is not decomposed to the level of func-
tional nodes. Additionally, for the structure of parallel
nodes in the combat network, the calculation fails to con-
sider the weight relationship between the nodes. The
research predominantly relies on the relative contribution
rate (RCR) model for computation, which attributes the
change in combat effectiveness solely to the presence or
absence of equipment, disregarding the characteristics of
the system itself, such as coupling and emergence [22].
Moreover, when analyzing the parallel node structure in
the combat network, the weight relationship between
nodes is not taken into account in the calculation.

In light of these issues, this paper introduces the Shap-
ley value and considers the evaluation of CRSoS as a
cooperative game. The Shapley value distributes the
returns based on the marginal contribution among the
participating members of the coalition and is considered
to be an equitable distribution principle that achieves an
efficient equilibrium subject to the condition of additi-
vity [23]. The Shapley value has found application in a
diverse array of fields such as resource sharing and bene-
fit allocation [24,25], coordinated optimization of energy
systems electricity cost sharing [26,27], water allocation
[28], machine learning [29,30] and benefit subsidies [31].
Tao et al. [32] constructed a gray ADC effectiveness
assessment model and proposed a CRSoS assessment
method based on the gray Shapley value. Li et al. [33]
developed a two-layer road data asset revenue allocation
model based on a modified Shapley value approach. This
comprehensive model incorporates three key compo-
nents: (i) a revenue allocation evaluation index system,
(i1) a hybrid weighting methodology combining entropy
weighting with rough set theory, and (iii) utilizing fuzzy
comprehensive evaluation and numerical analysis to
quantify participant contribution levels. Fang et al. [25]
established a cooperative game scheduling model of com-
bined heat and power-virtual power plant and proposed
an improved Shapely value method to achieve optimal
benefit allocation. Le et al. [34] proposed a stochastic
algorithm combining linear programming sensitivity anal-
ysis and stratified sampling technique to solve the Shap-
ley value of the large-scale linear production game. Wang
et al. [35] introduced an innovative variation coefficient-
Shapley value method for compensation benefit alloca-
tion in multi-owner cascade hydropower systems. This
methodology integrates individual characteristic weight
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coefficients with the Shapley value for each hydropower
station, demonstrating its effectiveness in achieving equi-
table and rational compensation benefit distribution
among cascade hydropower stations. However, the above
studies did not take into account the issue of redistribut-
ing the contribution of the same type of participating
members in the member alliance, i.e., the same type of
equipment.

To address the deficiencies described above, this paper
constructs a three-layer network model of task-equipment-
function, utilizing the theory of mission decomposition
and operation loop. The object of CRSoS analysis is
extended to the functional layer of equipment and
improves the calculation method of the parallel structure
of the functional nodes. After that, the CRSoS calcula-
tion method based on the improved Shapley value
method is proposed.

2. Modeling of ASoS networks
2.1 Theoretical basis of operation loop

The concept of the operation loop (Fig. 1) is derived from
the OODA theory, which represents a high level of
abstraction of the combat process [36]. This modeling
idea aims to analyze the flow of information in combat by
incorporating the enemy target into the modeling process
and categorizes combat entities based on their roles in the
weapon and equipment system into Sensor (S), Decision
(D), Influence (I) and Target (T) [16]. The basic process
of the operation loop involves the reconnaissance unit
discovering the enemy target and transmitting the target
information to the decision unit. The decision unit then
analyzes the intelligence, posture, and other information
to issue an attack command to the influence unit. Subse-
quently, the influence unit receives the command and
executes an attack on the enemy target. Within this cycle,
numerous operation loops are formed, with each loop
encompassing different operational entities within the
ASoS.

A/’

Fig. 1 Operation loop

2.2 Heterogeneous network modeling

Due to the existence of equipment with multiple opera-
tional functions in the ASoS at the squad level, such as
unmanned aerial vehicles (UAVs) at the same time with

reconnaissance, strike, and other functions. In different
operational task stages, the equipment assumes different
roles, and the information interaction between the equip-
ment is close. Reasonably extracting the relationships
between equipment entities and their functions within the
equipment system and constructing a network model that
aligns with actual combat scenarios are essential prereq-
uisites for effective assessment and analysis [37]. In this
paper, the multi-layer network (Fig. 2) method is utilized
to construct the combat network model of the ASoS,
which comprises the operational task layer, equipment
layer, and functional node layer. The operational task
layer represents the specific combat task derived from
mission decomposition, the equipment layer denotes the
equipment entity within the ASoS, and the functional
node layer signifies the corresponding combat function of
the equipment entity.

Layer 1 ‘

Fig. 2 Multi-layer heterogeneous network

The operational task layer decomposes the operational
mission into specific sub-tasks through task decomposi-
tion, and the sub-tasks at different stages correspond to
different equipment allocation schemes.The equipment
allocation plan for reconnaissance missions focuses on
selecting reconnaissance equipment, while the equipment
allocation plan for strike missions primarily revolves
around configuring firepower-strike equipment. The
equipment entities in the equipment layer are obtained
through the task layer.

The equipment layer (Fig. 3) represents the equipment
entities, where equipment with single function (ESF) is
considered a single type of equipment, and equipment
with multiple functions (EMF) is regarded as a compre-
hensive type of equipment, and equipment is classified
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according to different system types. Due to the multifunc-
tional nature of integrated equipment, the equipment
layer forms a bidirectional interaction relationship, which
can complicate analysis and calculation and obtain the
functional node layer by reasonably extracting the rela-
tionships between equipment entities and their functions
within the equipment system.

The functional node layer signifies the corresponding
combat function of the equipment entity, with the cou-
pling relationship between the equipment layer and func-
tional node layer including both “one-to-one” and “one-to-
many” relationships. Establish a unidirectional combat
loop at the functional node layer. Model the functional
node layer to obtain combat effectiveness and calculate
the CRSoS of the functional nodes. Then, use the
weighted aggregation method to obtain the system contri-
bution rate of the equipment. Specifically: firstly, a
CRSoS assessment of functional nodes within the func-
tional layer for a single mission is conducted, then the
results upward is aggregated to determine the CRSoS of
the equipment, and finally the CRSoS of the equipment is
derived for the entire mission phase.

The functional node layer network is a directed net-
work consisting of an exhaustive non-empty node set N
and a set of connected edges L [38], which can be
described by the following equations:

G=(W.0),
NZNTUNSUNDUNI = (nl,n%'” ’nk)’
L= lij,
where N denotes the set of equipment function nodes,
consisting of target class nodes, sensor class nodes, deci-
sion class nodes, and influence class nodes; L = [; is the

set of connecting edges between function nodes in the
combat network.

Equipment

allocation - -
scheme
@ :ESF;, ) :EMF; & L /\ :D;[ |:S.

Fig.3 Modelling of the equipment layers

2.2.1 Modeling of nodes

Based on the categorization of the four types of weapon
and equipment nodes (S, D, I, and T) within the opera-
tion loop, modeling is conducted for each type of node in
the ASoS. By considering the information transfer roles
between these nodes, a generalized communication capa-
bility term is established, and capability calculation index
terms are provided for each type of node. Let the equip-
ment system functional node capability set be C;, which
can be expressed as

Ci = {CS7CD7CI7CT7CC}

where Cs denotes sensor-type functional node; Cp
denotes decision-type functional node; C; denotes influ-
ence-type functional node; Cr denotes target-type node;
Cc denotes communication functional item.

Further, the functional node capability indicator term
can be represented as

J _ 1 2 m
G —{cs’cs7 ’Cs}

where m denotes the number of functional node capacity
indicator items.

As shown in Table 1, the capability indicators consi-
dered for S nodes are maneuvering speed, maximum
detecting distance, detecting accuracy, identifying proba-
bility, and tracking probability; the capability indicators
considered for D nodes are decision-making time, deci-
sion-making accuracy, and assisted decision-making; the
capability indicators considered for I nodes are maneu-
vering speed, damaging radius, striking accuracy, and
effective range; the capability indicators that need to be
considered for the T category are maneuvering speed,
warning time, destructive capability, and stealth capabil-
ity; the capability indicators that need to be considered
for communication capability are communication cover-
age, communication rate, communication capacity, com-
munication delay, and communication quality [39].

Table 1 Capability indicator decomposition
Capabilit . Indicator .
Entity P Y Indicator Unit Type
symbol symbol
Maneuvering |
g km/h  Benefit
speed
Maximum
detecting cé km Benefit
distance
S C Detectin
S g o m2 Benefit
accuracy
Identifying 4
: - Benefit
probability ‘s 0-1 enett
Tracking s
- Benefit
probability ‘s 0-1
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Continued
. Capabili . Indicat .
Entity apabtlity Indicator ndicator Unit  Type
symbol symbol
Decision
making c}) S Cost
time
Decision-
D Cp making 02D 0—-1 Benefit
accuracy
Assisted
decision c3D 0-1 Benefit
making
Maneuverin
€ ¢ km/h Benefit
speed
Damagin;
'g & cl2 m  Benefit
radius
! G Striking
013 0—1 Benefit
accuracy
Effective 4
[ km  Benefit
range
Maneuvering 1
cr km/h Benefit
speed
Warnin,
. i c%. s Benefit
time
T Cr -
Destructive 3
.. cr 0-1 Benefit
capability
Stealth
- ‘1‘- 0-1 Benefit
capability
C icati
ommunication Clc «m  Benefit
coverage
Communication
Y cé Mb/s Benefit
rate
Communication
Communication Cc . C3C bit/s/Hz Benefit
capacity
Communication 4
[ ms Cost
delay
Communication 5
. e 0-1 Cost
quality

To address the differences in units among various indi-
cators and ensure comparability, normalization is neces-
sary. In this paper, based on the extreme value process-
ing method, a nonlinear dimensionless method is used to
process the indicator values. Let ¢/ be the value of a
capability indicator, ¢/ and ¢/ . be the maximum and
minimum values of the capability indicator, & be the
function parameter determined by the utility interval.

If ¢/ represents a benefit-type capability indicator, the
normalized value is expressed as follows:

C»j - Cj :
i imin J J J
E‘j _ 1 —CXP(—k J j > Cimin < ¢ < Cimax
=

J
. —C. .
imax imin

- (D
/ .

0, c,’ <c
If c{ represents a cost-type capability indicator, the
normalized value is expressed as follows:

¢ .
i J J el
i 1—exp(—k (#_]) B Cimin<c[ <c,‘max o)
¢ = Cimax — Cimin : ( )

Js
0, ¢/ > ¢/ max

2.2.2 Modeling of edges

The nodes interact with each other through the operation
loop to establish the combat network of ASoS. There are
four types of nodes in the functional layer, since some of
the edge modes do not have actual combat significance or
the probability of occurring in combat is extremely small,
these edges are not taken into account. The analysis in
this study focuses on six types of node edges, and the set
of edges is L;;, which can be expressed as
Lij = {LI‘HS, LSHDs LSaSs LDAI: LDHD? LIHT} .

Table 2 explains how connecting edges of different
functional nodes are connected based on their actual
meaning.

Table 2 Six categories of edges

Edge type Meaning
T-S Intelligence acquisition
S—S Intelligence sharing
S—-D Information uploading
D—-D Collaboration between decision
DR Fire control
I1-T Destroy enemy targets

The association relationship represented by the node
edges is modeled based on the mutual transfer effect
between the nodes. The value of each edge capacity is
calculated using information entropy and evidence the-
ory.

(i) Edge T—S. The T—S edge represents the
directed edge from the target node to the reconnaissance
node, established by the reconnaissance-type functional
node to conduct reconnaissance on the target. This pri-
marily involves considering the reconnaissance capabi-
lity of the reconnaissance node and the counter-recon-
naissance capability of the target node [40]. The value of
the connected edge is calculated based on the reconnais-
sance class node’s discovery and recognition ability,
tracking ability, and the target class’s hiding ability. The
indicators involved are the indicator terms of the recon-
naissance class and the target class connecting node. This
can be expressed by

crs =exp(wylnps+w,lInp,)

exp| ) wyIné
; ’ 3)

pf:k 9pf€[091]

n
exp Z Wy Iné}
=1

where p; and p, denote the discovery recognition capa-
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bility and target tracking capability, respectively, w, is
the weight value of the node capability index, and k is the
environment correction parameter, which takes the value
of 1 when the operation loop does not have any effect on
the target reconnaissance.

(i1) Edge I - T. The I - T edge is a directed edge that
represents the strike class node sending combat com-
mands to the target class node. The value of the con-
nected edge is calculated based on the killing ability of
the strike class node and the defense ability of the target
class node, and can be expressed by the following:

exp [Z w, In¢ ]
=1

exp [Z w,In E’T]
=1

where w,; denotes the weight value of the node capabi-
lity index, and k is the environment correction parameter,
which takes the value of 1 when the operation loop does
not have any effect on the target reconnaissance.

(iii) The four classes of edges such as S-S, S-D, D-D,
and D-I indicate the transmission and interaction of intel-
ligence or decision-making information among nodes of
sensor, decision, and influence classes. Therefore, they
are categorized into the same class for calculation.
Regarding the four classes of connected edge capabilities
mentioned above, this study employs confidence interval
to characterize their performance, accounting for node
heterogeneity and inherent uncertainties in information
interaction. Specifically, we establish belief rules for
communication capability indicators (e.g., indicator c}.)
between connected edges. The interval confidence mea-
sures are subsequently processed using the evidence rea-
soning (ER) method to derive the computed values of
node-connected edges [41—43].

Assume that the node edge-connectivity computation
consists of L mutually independent evidences between
them, then the evidence can be expressed as follows:

e =1{(6,po): (0, po,)} (%)

where py; denotes the confidence with which evidence ¢;,
e; 1s assessed as rank 6, and pe; denotes global igno-
rance.

Based on the above equation introduces the evidence
weight and reliability, so that the weight of the evidence is
w;, the reliability is r;, then the form of the confidence dis-
tribution with weight and reliability can be expressed as

CLT = k-

“4)

m; = {(6,1m,),Y6 C O;(P(0),Mpe),)} (6)

where ,; denotes the reliability after the introduction of

weights and reliability, which is calculated as
0, 6=0
ﬁ"lg’l' =4 Cry,iMy ;s (7] c @;0 *Q (7)
crw,i(l - ri)? 0 = P(Q)

where my; = w;pg;; Cpi = 1/(1+w;—r;) is the normaliza-
tion factor.

For two mutually independent evidence rules, the ER
fusion rule method is utilized for combination processing,
and the confidence value p,., after processing can be
expressed by the following equation:

0, 0=0

m&,e(Z)

Z M)

cco

Do.e2) , 0CO,0+0, ®)

Mgy = [(1=r)mg;+ (1 —r;)my;] +

Z mA‘,‘mB’j, V@ C @, (9)

ANB=0

where 7, is the un-normalized confidence assigned to
rank @ after the combination of the two pieces of evi-
dence, A, B, and C all denote a certain subset.

2.3 Operation loop capability evaluation

The combat loop is directed. After obtaining the node
boundary value, the capability value of a single combat
loop is calculated, and the capability value of a single
combat loop is defined as

ELi =C1s'Cs.p - Cpy-*CLT- (10)

When there is a node-parallel structure in the opera-
tion loop, the same type of functional nodes have the
same input and output nodes (Fig. 4). Connecting edges
of the same functional nodes are assigned weights, which
are obtained through an improved analytic hierarchy pro-
cess, and then the value of the capability of the connect-
ing edge under the parallel structure is

Cl,jz 1_1_[(1_11.)”6',1) (11)
J=1

where w;; denotes the weight of the node edge. The larger
w;; 1s, the more important the edge is, where 0 < w;; < 1.

Crs Csp

_________

Fig. 4 Parallel structure of functional nodes
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At this point, the value of the individual combat effec-
tiveness of the operation loop changes to

)I / o) o)
ELi :CT_S'CS.D'CD-I'CI-T- (12)

In the combat network, different equipment function
nodes constitute several operation loops based on the tar-
get nodes and the relationship between the nodes and
eventually form a heterogencous combat network of
equipment systems. For combat networks, expanding the
scale of the combat system without optimizing its inter-
nal structure may lead to an increase in the number of
nodes, resulting in redundancy. Consequently, the com-
bat effectiveness may not improve proportionally with the
increase in the number of operation loops. However, as
long as the number of nodes in the combat network has
not reached saturation, considering the heterogeneity of
equipment and their associated relationships, a combat
network with more operation loop exhibit higher effec-
tiveness. Therefore, the capability value of the operation
loop and the number of the operation loop are used in this
paper to evaluate the combat effectiveness of ASoS.

Define Ec, as the combat effectiveness value for the
target node Cr;, which is given by

Ec, =E;+ Ey, {ELZ +E;, { - {EL(m—l) + EL(m—l) (ELm)}}}
(13)

where m is the number of operation loops containing the
target node Cr;.

In general, a combat network comprises multiple tar-
get nodes that require attack. The weights of these target
nodes are determined according to their respective impor-
tance levels and then aggregated to calculate the combat
effectiveness value of the AsoS [44]:

E=Y) wk, (14)
i=1

where w; is the weight of the target node.

3. Contribution rate method based on the
Shapley value

3.1 Contribution rate method based on the ratio

The RCR is the most commonly used method of calculat-
ing CRSoS and is shown in the following equation. Let
equipment i be a certain type of equipment in the equip-
ment system, the CRSoS of equipment i is

E, -E
CR = —— (15)
E,
where E; denotes the combat effectiveness of the equip-
ment system when equipment i is included, and E|,

denotes the combat effectiveness of the equipment sys-
tem when equipment i is not included.

3.2 Contribution rate method based on improved
Shapley value

Cooperative games investigate the issue of distributing
benefits from a coalition perspective, emphasizing the
importance of collaboration and collective interests.
Common distribution methods include the kernel of the
cooperative game, the egalitarian solution, and the Shap-
ley value. Among them, the Shapley value distributes
profits based on the marginal contribution of coalition
members. This means that each participating member
receives a benefit equal to the average of their marginal
contribution to all coalitions. The Shapley value is cha-
racterized by properties such as validity and additivity
[35].

The cooperative game is proposed as a research frame-
work, the Shapley value model is introduced as the basis
for calculating CRSoS, with the functional nodes in the
equipment system considered coalition members. The
combat effectiveness obtained through the operation loop
is regarded as the gain, transforming the CRSoS issue
into an optimal distribution problem of the gain within
the cooperative game. By taking into account the interde-
pendent relationships and synergy among the functional
nodes of the ASoS, the calculation model of the CRSoS is
constructed based on the Shapley value.

The classical Shapley value method is given as

i) = > wshv(s9)=v(s/il, (16)

w(lsh =

(n—ISI)!('ISI— Dt (17)

This paper makes the following definitions for the
ASoS and the Shapley value model.

Definition 1 The functional layer of the ASoS com-
prises n functional nodes, where N =(1,2,---,n) is the
set of functional nodes of the ASoS, and s is a subset of
N. v(s) represents the combat effectiveness of the set s
in the cooperative game. If s = N, then v(s) denotes the
value of the combat effectiveness of the ASoS that con-
tains all the functional nodes in the ASoS.

Definition 2 Due to the role of correlation between
equipment and between functional modules in a single
piece of equipment, the number of nodes associated with
a functional node is denoted as g. The total number of
functional nodes after removing the g nodes is n’ where
n’ =g+ 1. Node i is combined with associated nodes to
form a coalition of multiple functional nodes s, and the
number of the coalition is g(g+1)/2. The value of the
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combat effectiveness of the coalition with node i in-
cluded is v(n’' U s;), and the value of the combat effective-
ness of node i without nodes i included is v(n’ U (s,/i)).

Definition 3 v(n' Us;) —v(n' U(s;/i)) is defined as the
change in the effectiveness of the set before and after the
functional node i joins the functional node alliance s;.
The weight factor of a functional node under different
functional node alliances is denoted by w(|s,]).

Based on the above, the CRSoS of a functional node i
in the set s is

w(s) v Us)—v(@m U(s;/1)]
. _ @i (v) _ e

CR; )

v . (18)

However, the classical Shapley value method dis-
tributes the benefits according to the marginal contribu-
tion of the coalition members. This method assumes
equal influence of each functional node on the allocation
of operational effectiveness and overlooks factors that
indirectly affect the distribution of operational effective-
ness. Therefore, this paper includes the non-effectiveness
factors that are not involved in combat effectiveness
between nodes of the same functional type in combat,
such as node reliability, security, and environmental
adaptability, in the scope of model consideration, and
introduces the improvement factor Am; to adjust the
CRSoS of the nodes.

Let G; = (g}, 47,87) be the set of data normalized to non-
efficacy influences, such as node reliability, safeguard,
and environmental adaptability. The degree of influence
of these factors is then determined.

Ul/zg}
i=1
k
m=[g & & || mD.e (19)
i=1

k
773/23?
L i=1 ]

where 1;(j = 3) is the weight coefficient of the influenc-
ing factors and k is the number of nodes of the same type
[44,45].

The mean value of the influence factor g/ under the

same type of node is represented by
1 k
5~ E j
8 = X 8i- (20)

The mean square error of the influence factor g/ under
the same type of node is represented by

1

k

1 i)
Sg;:(z;(gi—gi)] , (21)
6y =815, (22)
Then n; can be expressed as
n=—t (3)

Jj— 3 N
2%
j=1

The final improvement factor can be expressed as

Am,' =m;— l/k (24)

After introducing the improvement factor, the alloca-
tion is made quadratically based on the Shapley value.
The allocation correction can then be expressed as

k
i) = i)+ Am;- > 9(), (25)
i=1

At this point, the CRSoS C_Rj of a functional node i in
set s, under the contribution rate method based on
improved Shapley value is

TR = ‘701-(\/).
" ov(n)

(26)

4. Case study

To demonstrate the soundness and scientific validity of
the OLISV in CRSoS assessment, an urban warfare case
is considered and the information to be entered for this
case is provided. Finally, the results are analyzed, lead-
ing to some meaningful conclusions are drawn.

4.1 Case description

Take the example of a red side infantry squad perform-
ing the urban building clearance mission. The equipment
in the infantry squad is mapped and decomposed into cor-
responding functional nodes according to ‘“one-to-one”
and “one-to-many” principles, and finally, a multi-layer
network model of ASoS has been constructed. The model
comprises the operational task layer, equipment layer,
and functional node layer, as shown in Fig. 5. The equip-
ment entities at the equipment layer are categorized into
the human-machine cooperative system, the solid system,
and the unmanned system. The human-machine coopera-
tive system includes equipment C3S,, C3S;, and C3S,,
the unmanned system includes equipment UE,, UE,,
UE,, UEs, and UEy, and the solider system encompasses
the remaining equipment.
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Fig. 5 Operational task-equipment-functional node network model

Fig. 6 shows the functional node layer network of the
ASoS. The functional node layer contains 45 nodes, of
which the number of target nodes is 9, the number of sen-
sor nodes is 13, the number of decision nodes is 5, and the
number of influence nodes is 18. Moreover, there are a
total of 25 types of equipment corresponding to the ASoS,
of which there are 11 unmanned equipment, 9 manned
equipment, and 5 collaborative accusation systems.

Fig. 6 Functional nodes network

Table 3 provides a detailed correspondence between
the equipment and their respective functional nodes. The
quantity of equipment with a single function is 14, and
the quantity of equipment with multiple functional is 11.

Table 3 Correspondence between functional nodes and equipment

Functional Equipment Functional Equipment Functional Equipment
nodes P nodes quip nodes qup

Sy So Sg
UE; Eg Es

I3 Tig I

Ss Sio S3 UE3
UE, E;

112 I6 DS C385

Sy Sii L UE4
E; Eg

Ig Is I UEs

Ss Si2 In UEg
E Eo

Iy i3 Lis UE7

Se . D s, Lis UEg

3
Lo Dy s, L7 UEy
S7 . D3 383 Lis UE1o
4
I; Dy 38y Si3 UEn

The urban building clearance mission is divided into
three phases based on the mission decomposition theory,
with operational task phase 1 consisting mainly of
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unmanned equipment attacking enemy targets outside the
building after battlefield reconnaissance is completed,
operational task phase 2 focuses on long-range precision
strikes, and roof strikes against exposed enemy targets.

)

(a) Operational task phase 1

(b) Operational task phase 2

Operational task phase 3 centers on sensing and clearing
the enemy targets inside the building. The operation loops
formed against different enemy targets are shown in
Fig. 7.

(c) Operational task phase 3

Fig. 7 Operation loop under different phases

The effectiveness of each operation loop and the com-
bat effectiveness of the ASoS are calculated for enemy
targets in the operation loop. The example contains 96
operation loops. Due to space limitations, only the fol-
lowing loops and their corresponding combat effective-
ness values are listed in this paper, as shown in Table 4.

Table 4 Combat effectiveness of the operation loop

Number Operation loop Combat effectiveness
1 T3 > Sy, > Ds > Dy > Ds > 1j1p > T3 0.265
2 T3 —>S;, > Ds > Dy > D3 > 14> Ts 0.271
3 T3 —>S; > Ds > 15 > T3 0.318
4 T3 >S3>Ds4—>Dy—>D3 -1y > T;s 0.288
5 T3 >5S3 >Dy > Dy =15 > T3 0.336
6 T3 >S3 > Dy > Dy > Ds—>11p > T3 0.292
96 Tg = Si3—>Ds—>D| —»11s—>Ty 0.294

4.2 Analysis of experimental results

4.2.1 Analysis of the CRSoS of functional nodes and

equipment under the sub-task phase

By employing three different calculation methods dis-
cussed earlier, the CRSoSs of functional nodes at various
phages of tasks are determined. Then, based on the one-to-
one and one-to-many relationships between equipment
and nodes, the CRSoSs of the nodes are summed to
obtain the CRSoS of the equipment.

(1) Operational task phase 1

Table 5 shows the CRSoS for the functional nodes

under operational task phase 1 and Fig. 8 shows the
CRSoS for the functional nodes and equipment. It can be
seen that for both nodes S;, S,, D, D,, the results calcu-
lated using the Shapley value contribution rate (SCR)
method are much larger than the SCR method. Redistri-
bution of results using the ISCR method, further consid-
ering the role of the node’s non-effectiveness factors, the
change rate of sensor nodes is approximately 2%. For
both nodes Ds and I,,, the CRSoS can not be derived due
to the limitations of the RCR method; using the SCR
method it is calculated as 1, i.e., the system contribution
of nodes D5 and I;, in operational task phase 1 is 100%,
which proves that the node is indispensable in ASoS.
After the aggregation calculation, the CRSoS of the
unmanned equipment UE, is the highest, followed by the
collaborative accusation systems C*Ss. The CRSoS of the
remaining equipment is the same. This is because
unmanned equipment UE, consists of two nodes S, and
1;, and the rest of the equipment corresponds to the nodes
one by one, which reduces the CRSoS of equipment C3S;
corresponding to the node D5 after normalization.

Table 5 CRSoS under phase 1 of the operational task

Node number RCR SCR ISCR Change rate/%
S3 0.7737  0.2181 0.2223 1.9
S, 0.6644  0.1996  0.1954 -2.1
Dy 0.7737  0.2181 0.2184 0.1
D, 0.7737  0.2181 0.2176 -0.2
Ds - 1 1 0.0
Lz - 1 1 0.0
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(ii) Operational task phase 2

Table 6 shows the CRSoS values for the functional
nodes under operational task phase 2 and Fig. 9 shows the
CRSoS for the functional nodes and equipment. It can be
seen that for both sensor and influence nodes, the results
calculated using the RCR method are greater than the
SCR method, the reason is that when calculating the sen-
sor and influence nodes, due to the existence of a depen-
dency relationship between the associated nodes, when
the dependent nodes fail, the target nodes also fail, mak-
ing the results of the SCR calculation method smaller.
Contrarily, the decision nodes in the combat network
have the characteristics of substitution and mutual inde-
pendence, which makes the CRSoS of the decision nodes
calculated by the SCR method larger than that of the
RCR method.

Table 6 CRSoS under phase 2 of the operational task

Node number RCR SCR ISCR Change rate/%
D, 0.1946 0.4058 0.4178 2.9
Ds 0.1469 0.1802 0.1755 -2.6
D3 0.0586 0.1124 0.1095 -2.5

Continued
Node number RCR SCR ISCR Change rate/%
D4 0.0483 00756  0.0710 62
S, 0.0565  0.0331  0.0323 26
Iia 0.0540  0.0316  0.0309 22
S5 0.0637  0.0299  0.0291 29
L 0.0574  0.0272  0.0264 26
Is 0.0285 00138  0.0148 7.2
S 0.0252 00123  0.0125 1.7
Sii 0.0188  0.0092  0.0100 8.1
Si2 0.0188  0.0092  0.0100 8.1
Tia 0.0104  0.0061  0.0066 6.9
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Fig. 9 Comparison of CRSoS under phase 2 of the operational task

Further redistribution of the CRSoS of the nodes using
the ISCR method improves the CRSoS of nodes Sy, S,
S5, Dy, Is, and I,,. This is because nodes Sy, S;;, Si2,
D,, I5 have better reliability, security, and environmental
adaptability than their counterparts, which in turn
increases their CRSoS by the improvement factor. The
change rate for most nodes is approximately 3%, while
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the change rate of a few nodes is around 8%. Further-
more, the observed higher rate of change for sensors node
in operational task phase 2 can be attributed to three pri-
mary factors: (i) A significant increase in the number of
deployed sensor nodes compared to operational task
phase 1. (i) The number of manned over unmanned sen-
sor nodes. (iii) The demonstrated superior performance
characteristics of manned sensor nodes in terms of relia-
bility, security, and environmental adaptability.

The CRSoS of the nodes under the RCR and ISCR
methods are ranked separately and the importance of
nodes S;, S,, Ds, D4, 14, and I, is different under the
two methods. The ISCR method increases the impor-
tance of the decision nodes and readjusts the order of
nodes S;, S,, 14, and I;,. Compared to the SCR method,
the ISCR method does not alter the ranking of nodes. The
result is more valid.

Rank the CRSoS of the nodes according to the RCR
method:

D, >Ds>S;>Ds>1,>S, > 1, >

Rank the CRSoS of the nodes according to the SCR
method:

D, >Ds>Ds;>Dy>S, > 1, >
S;>1s>15>Se > S, > S, > 114

Rank the CRSoS of the nodes according to the ISCR
method:

Dy >Ds>D;>Dy > S, > 1y, >
Sy >1Ty>15>Se > Sy > S > 1.

The trend in the CRSoS contribution of the equipment
under the three methods is similar to that of the func-
tional nodes, with the collaborative accusation systems
C3S, having the highest CRSoS of 41.8%, and unmanned
equipment UE, in the unmanned equipment having a
higher CRSoS of 6.3%.

(iii) Operational task phase 3

Table 7 shows the CRSoS values for the functional
nodes under operational task phase 3 and Fig. 10 shows
the CRSoS for the functional nodes and equipment. The
results calculated using the RCR method are greater than
those calculated using the SCR and ISCR methods, which
are different from those of the decision functional nodes
in operational task phase 2. The reason for this is that in
operational task phase 3 there are fewer transfer relation-
ships between decision nodes, the operation loop is sim-
ple, and it is mostly composed of individual sensor, deci-
sion, and influence nodes.

Table 7 CRSoS under phase 3 of the operational task

Node number RCR SCR ISCR Change rate/% Node number RCR SCR ISCR Change rate/%
D, 0.5588 0.2039 0.2114 3.7 Sg 0.0303 0.0147 0.0155 5.7
Dy 0.2219 0.1375 0.1323 -3.8 T4 0.0276 0.0134 0.0136 1.5
N 0.1014 0.0985 0.096 4 -2.1 Ii3 0.0249 0.0121 0.0127 43
Ds 0.1939 0.0958 0.0906 —5.4 I; 0.0209 0.0102 0.0107 5.1
D, 0.0999 0.0773 0.0848 9.7 Ig 0.0182 0.0090 0.0095 5.8
Si3 0.1939 0.0812 0.0792 -2.5 Iy 0.0182 0.0090 0.0095 5.8
D3 0.0511 0.0433 0.0386 -10.8 Tio 0.0182 0.0090 0.0095 5.8
I 0.0511 0.0243 0.0239 -1.8 I 0.0182 0.0090 0.0095 5.8
Iz 0.0539 0.0228 0.0224 -1.9 Iis 0.0169 0.0083 0.0076 -8.9
S 0.044 1 0.0211 0.0210 —0.6 Lie 0.0169 0.0083 0.0076 -8.9
Sy 0.0303 0.0147 0.0155 5.7 117 0.0143 0.0070 0.0063 -10.6
Ss 0.0303 0.0147 0.0155 5.7 Iig 0.0143 0.0070 0.0063 -10.6
Se 0.0303 0.0147 0.0155 5.7 Ie 0.0090 0.0045 0.0050 11.6
S7 0.0303 0.0147 0.0155 5.7
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Fig. 10 Comparison of CRSoS under phase 3 of the operational task

The change rate for decision nodes D, and D; in phase 2
is typically around 3%. In phase 3, the change rate for D,
and D; increases to approximately 10%. This difference
is attributed to node D, being a manned decision system,
while node D; is an unmanned collaborative software.
The reliability and environmental adaptability of node D;
are lower than those of node D,. The reasons for target-
ing influence nodes such as I, I;;, and I3 are similar,
while most other nodes exhibit a change rate of around
6%. Compared to the SCR method, the ISCR method
alters the ranking relationship between nodes D, and S3,
with significant changes observed in some decision nodes
and influence nodes.

Rank the CRSoS of the nodes according to the RCR
method:

D, >Dys>S;3>Ds>S,>D, > >D;>1, >
Sg>S4>S5>S5>S7>Sg>1|4>113>17>
L>Ig>10>1; >1is>1ig > 17> 115 > Ig.

Rank the CRSoS of the nodes according to the SCR

method:

D, >Dy>S;>Ds>S;3>D,>Dy > 1, > 15 >
So>S;>Ss>S>S;>Sg >y >I3>1>1 >

Io>To>1 > 1is>1ig > 117 > 115 > Lg.

Rank the CRSoS of the nodes according to the ISCR
method:

D >D,>S,>Ds>D,>S;3>Ds>1, > 15 >
So>Ss>Ss>Se>S;>Ss>1u>Iz>1; > 15 >
Io>Tig>1 >Lis>1ig > 17> 1ig > ILg.

The trend in the CRSoS of the equipment under the
three methods is similar to that of the functional nodes,
with the collaborative accusation systems C*S, having
the highest CRSoS of 21.1%, the unmanned equipment
UE, in the unmanned equipment having a higher CRSoS
of 11.9%, and manned equipment E¢ in the manned
equipment having a higher CRSoS of 3.5%.

4.2.2 Analysis of the CRSoS of functional nodes and
equipment under the whole operational task

The relative importance of different operational task
phases is expressed in terms of weights, which are
obtained through expert assignment. Subsequently, the
CRSoSs of functional nodes and equipment under the
whole mission are determined through weighted aggrega-
tion. As shown in Fig. 11 and Fig. 12, it can be seen that
the CRSoS of the decision node is relatively high,
and the CRSoS of I}, influence nodes is more prominent
than that of other influence nodes. The reason is that the
node I, plays a major role in the operational task phases
1 and 2 and is the main influence node in the combat net-

work.
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In the ASoS, the collaborative accusation system gen-
erally plays a significant role, followed by unmanned
equipment. This is because the collaborative accusation
system is at the heart of the AsoS in combat. When the
collaborative accusation system is disrupted, the mission
may not be completed or even collapse. Meanwhile,
unmanned equipment replaces manned equipment in
combat, becoming the primary contributor to combat
effectiveness.

Additionally, three decision nodes D,, D,, Ds are
taken as the target, and their CRSoS are analyzed under
the three operational task phases. The results are as fol-
lows. Node Ds has the largest CRSoS when it is at opera-
tional task phase 1 and the smallest CRSoS when it is at
operational task phase 3, with a CRSoS of 0.091. Node
D, has the highest CRSoS of 0.418 in operational task
phase 2 and the lowest CRSoS of 0.082 in operational
task phase 3. Node D, has the maximum CRSoS at task
phase 1 with a value of 0.218 and the minimum CRSoS at
task phase 2 with a value of 0.071.

The reason for the above results is that the same node
has different positions in the combat network when it is
in different combat phases. During operational task phase 1,
the number of nodes is limited, and the node D5 holds a
key position in the combat network, resulting in a high
CRSoS. However, during operational task phase 2, the
node D, transitions into a more prominent role, along-
side an expansion in the number of nodes, causing a
reduction in the CRSoS of the node Ds.

4.2.3 Impact analysis of edge capability on combat
effectiveness

The single-factor sensitivity test method is employed to
assess the impact of edge capability on the operational
effectiveness of ASoS during various task phases. Addi-
tionally, the sensitivity magnitude of edge-connecting
capability is determined using differential calculation.
The formula for calculating sensitivity S is as follows:
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_AE
T AC

where AE is incremental to combat effectiveness, and
AC is the value of the change in the ability to edges.

The results are shown in Fig. 13, Fig. 14, and Fig. 15.
It can be seen that the edge capability is positively corre-
lated with the combat effectiveness of the ASoS in differ-
ent phases of the operational task. In operational task
phase 1 and operational task phase 2, the edges that have
a greater impact on the combat effectiveness of the ASoS
correspond to the nodes that have a greater CRSoS. For
example, in the operational task phase 1, connecting
edges D, —Ds, Ds —1),, and I;, — T have a greater impact
on combat effectiveness and the sensitivity coefficients
are higher, with values of 0.658, 0.577, and 0.545 respec-
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tively. The rest of the connecting edges are smaller, cor-
responding to the larger nodes Ds and I;, in the CRSoS
analysis. However, in operational task phase 3, the
changes in the capabilities of company edges such as
D,-D,, D,;—1;, and Ds—D, have a greater impact on
the combat effectiveness of ASoS, and the sensitivity
coefficients are higher, with values of 0.209, 0.141, and
0.152 respectively, which is different from the CRSoS
analysis, where the nodes of D, and S, have a higher
CRSoS than those of D, and S,;. This is because there
are more operation loops containing decision nodes D,
than node D, in task phase 3. However, the change in the
capacity of a single connecting edge containing nodes D,
and S;; has a higher impact on combat effectiveness than
nodes D, and S;.
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0
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(b) Sensitivity factor for the edge

Fig. 13 Edge capability on combat effectiveness under operational task phase 1
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Fig. 15 Impact of edge capability on combat effectiveness under operational task phase 3

4.3 Results discussions

Based on the analysis of the above results, we make the
following recommendations.

(1) In the infantry squad ASoS, the CRSoS of the col-
laborative accusation system is high, with unmanned
equipment generally making a greater contribution than
manned equipment in combat. For the future squad
ASoS, It is essential to enhance the intelligent capability
of the collaborative accusation system and increase the
proportion of unmanned equipment within the squad
ASoS, thus improving the overall intelligence level of
infantry squads and meeting operational requirements.

(i) CRSoS is dynamic and not a fixed value, which
varies depending on the position of functional nodes dur-
ing different phases of operational tasks, as well as their
interactions with other nodes. In actual combat, it is gen-
erally believed that there should not be a situation where

the CRSoS of a particular node is too large, as this would
lead to the inability to complete an operational task if that
specific node is to be destroyed. Consequently, the struc-
ture of the combat network should be modified accord-
ingly to increase the number of nodes of the same type
and reduce the CRSoS of that node.

(iii) The combat effectiveness of ASoS is positively cor-
related with the connecting edge capability, as indicated by
the analysis results. In the event of damage to the combat
network requiring repair, prioritizing the connecting edges
with larger sensitivity coefficients is essential to swiftly
enhance combat effectiveness. Therefore, it is recom-
mended that the sensitivity coefficient of the connecting
edges be used as the target for effective repair strategies.

5. Conclusions

In response to the problems in the evaluation of CRSoS,
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such as the inability of the RCR method to handle situa-
tions with zero combat effectiveness, do not take into
account the correlation between equipment, and failure to
decompose the evaluation object into functional modules
of equipment, a framework called OLISV is proposed.
The OLISV constructs the ASoS combat network by
multi-layer heterogeneous network and operation loop
methods and then obtains the CRSoS of functional nodes
and equipment in the combat network by the improved
Shapley value method. The case study analyzes the
CRSoS of functional nodes and their corresponding
equipment across various operational task phases, exam-
ining the impact of alterations in edge capabilities on
combat effectiveness. The comparative results indicate
that our proposed ISCR method can effectively address
the influence of dependencies and correlations between
nodes on CRSoS compared to the RCR method, and the
ISCR method is more reasonable and scientific.

OLISV has the following merits.

(i) The OLISV takes into account synergies and depen-
dencies between functional nodes and introduces non-
effectiveness influencing factors to enhance the accuracy
and reasonability of the CRSoS analysis results. In con-
trast, the RCR method calculates the CRSoS of a func-
tional node by attributing changes in combat effective-
ness to that node, disregarding the correlation between
functional nodes.

(i1) The ISCR method addresses the issue that the RCR
method cannot calculate the CRSoS of a functional node
when its combat effectiveness becomes 0 after the node is
removed, demonstrating that the ISCR method has a
broader range of application scenarios.

(iii) A three-layer network model of the operational
task, equipment, and functional nodes is constructed by
adopting multilayer network modeling, and the CRSoS
research objective is focused on the functional nodes
within this model. The empowerment calculation is car-
ried out for the parallel node structure in the combat net-
work.

There is still much work to be done in the future, for
example, further analysis on the impact of equipment per-
formance parameters on CRSoS, the dynamic changes in
equipment capabilities in a temporal combat network, and
the optimization and design of the structure of the ASoS
combat network.
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