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Abstract: With the rapid development of new energy and smart technology, the demand for inter-
device communication in medium-low-voltage smart distribution grids has sharply increased, lead-
ing to a surge in the variety and quantity of communication services. To meet the needs of diverse
and massive communication services, deploying service function chains to flexibly combine virtual
resources has become crucial. This paper proposes an optimization method based on fit entropy and
network utility to address the limited communication network resources in medium-low-voltage
smart distribution grids. This was conducted by modeling the distribution grid as a three-domain
model consisting of a service domain, a logical domain, and a physical domain and transforming it
into a hierarchical bipartite hypergraph-matching problem, which is a complex combinatorial opti-
mization problem. This paper introduces two matching optimization algorithms: “business do-
main-logic domain—physical domain integration” and “service domain-logic domain, logic do-
main-physical domain two-stage”, which effectively address this problem based on fit entropy and
utility. The simulation results demonstrate that these algorithms significantly improve service suc-
cess rates and resource utilization, enhancing overall network utility.

Keywords: power communication network; three-domain model; hypergraph; service function
chain; fit entropy; utility

1. Introduction

With the rapid development of new energy and the widespread application of intel-
ligent technology, the power system is undergoing a transformation from a traditional
structure to highly automated and intelligent operations. Power terminals are also rapidly
moving towards full connectivity and real-time interaction. The number of terminal de-
vices in the communication network of medium-low-voltage distribution grids will sig-
nificantly increase, leading to a manifold growth in service requests. In this process, with
the widespread use of technologies such as distributed energy and electric vehicles, vari-
ous new types of services have emerged in the communication network of smart distri-
bution grids on the medium-low-voltage side. These services require data from sensors
of different scales and types in the network at different intervals, demanding high service
capabilities from the network. For example, in the case of fee-control collection services,
ESAM (Embedded Security Module) information from all energy meters in the entire area
needs to be collected every day, authenticated, and controlled instantly, which requires
high real-time interaction and reliability from the network.

To meet the differentiated performance requirements of diverse services for network
resources, flexible adjustments in resource allocation are urgently needed to cope with
changing business scenarios. Traditional power communication networks mainly use a
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combination of hardware and software in the adjustment process, which is costly and re-
quires professional engineers to configure the network. However, the communication net-
work of smart distribution grids on the medium-low-voltage side, using network func-
tion virtualization technology, achieves the separation of software and hardware. It allows
network functions to run in standard infrastructure rather than in custom hardware, and
virtual network functions have the same processing capabilities as hardware network
functions, greatly increasing the flexibility of network management.

Although the adoption of network-function virtualization technology in the commu-
nication network of smart distribution grids on the medium-low-voltage side brings
many benefits, it still faces some key challenges. Specifically, in the context of limited net-
work resources, we must establish how to deploy multiple service function chains in the
network to meet the QoS requirements of different services as much as possible and im-
prove the resource utilization of the network. In this context, there is an urgent need for a
comprehensive assessment method for the communication network of smart distribution
grids on the medium-low-voltage side that considers various factors such as business
characteristics, network service capabilities, and cost-effectiveness to evaluate the degree
of alignment between the network and the business and optimize it.

Current communication network evaluation methods predominantly focus on as-
sessing network topology and performance parameters, which have certain limitations.
Some studies, based on complex network theory, utilize features like high clustering co-
efficients to compute the end-to-end reliability of networks [1]. Other research combines
mobile internet technologies to construct artificial intelligence models by monitoring var-
ious types of communication devices, thereby evaluating communication systems [2]. Ad-
ditionally, there are studies proposing multi-index critical node-identification algorithms
based on the centrality of structural holes, analyzing network vulnerabilities from both
network and business layers [3]. On another front, a network performance-evaluation
model system has been designed for smart-grid demand analysis, assessing metrics such
as communication bandwidth, speed, and device congestion [4]. Researchers have also
introduced reliability assessment methods for distributed renewable energy-based power
communication networks, analyzing their reliability through specific indicators like fault
rates [5]. Furthermore, based on the operational characteristics of power communication,
certain studies use link transmission traffic as link weights, constructing network-link di-
versity matrices and defining node importance and the structural entropy of power back-
bone communication networks to analyze network resilience using structural entropy as
an indicator [6].

With the emergence of network virtualization technology, existing hardware net-
works are transformed into software-based networks. The completion of business tasks in
the network can be seen as the process of allocating physical network resources to virtual
network requests (VNRs), referred to as the virtual-network mapping problem. Existing
methods primarily focus on either business priority or network priority. Business-ori-
ented approaches typically address specific metrics like latency sensitivity and reliability
[7,8], while network-oriented approaches focus on aspects like energy consumption and
load balancing [9-13]. Reference [14] solves the model through linear programming to
obtain an initial mapping scheme. If it is infeasible, it reselects the mapping path and ver-
ifies it in the dual model, thereby improving the mapping success rate and reducing the
execution time of virtual network mapping. Reference [15] proposes using queueing the-
ory to achieve VNF resource allocation, but this method is only applicable to fixed re-
source allocation. Moreover, this method requires specialized probes to monitor different
queue sizes in VNFs, which reduces its practicality.

These studies have made some progress in different directions, but in smart-distri-
bution-grid communication networks and future networks, the types and demands of ser-
vices are complex and diverse. It is not sound to solely consider either business or network
aspects. Therefore, this paper focuses on the overall architecture of the communication
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network in smart distribution grids on the medium-low-voltage side. Based on the busi-
ness requirements in the network, a resource-business alignment evaluation and optimi-
zation method are established to improve network resource utilization while meeting
business QoS. The main contributions are as follows:

To characterize the complex and diverse relationships between different combina-
tions of business attributes, service function attributes, and device performance attributes
in smart distribution grids on the medium-low-voltage side, a three-domain model con-
sisting of a service domain, a logical domain, and a physical domain is designed, based
on the communication network architecture.

To evaluate the degree of alignment between business and network service capabili-
ties within the network, fit entropy is defined based on the probability distributions of
business demand in terms of latency, reliability, and accuracy, as well as the probability
distributions of service function chains that the network can provide across these three
dimensions.

To assess the network’s resource utilization and service capabilities, network utility
is defined in conjunction with fit entropy and network service costs. An optimization
problem is proposed based on maximizing network utility, aiming to meet business re-
quirements and optimize network resource utilization without exceeding network load.

To describe the multi-to-multi high-order matching relationships between business,
service function chains, and physical components in the network, the three-domain model
of the communication network in smart distribution grids on the medium-low-voltage
side is described based on hypergraph theory. The matching process of the physical com-
ponent of the business—service function chain is transformed into a hierarchical bipartite
hypergraph-matching problem. Two matching optimization algorithms, namely “service
domain-logical domain—physical domain integration” and “service domain-logical do-
main, logical domain—physical domain two-stage,” are proposed and verified through
simulation.

2. System Model

2.1. Communication Network Architecture for Smart Distribution Grids on the Medium—Low-
Voltage Side

This paper considers the communication network scenario for smart distribution
grids on the medium-low-voltage side, as depicted in Figure 1. The network scenario
mainly consists of multiple microgrids and network exchange centers. Microgrids serve
as the basic units, forming a multi-layered, interconnected, large-scale meshed infor-
mation network that is flexibly interconnected on demand. This network supports mas-
sive heterogeneous terminals for seamless access and meets the requirements for micro-
scheduling. Within each microgrid, there is a high degree of autonomy, allowing for in-
teraction with the distribution grid and information exchange. This setup addresses the
challenges posed by the large-scale integration of new energy sources and new types of
loads, enabling plug-and-play functionality.

As network demands increase, a large number of network middleware components
are added to the network. Additionally, the diversification of services and requirements
necessitates the continuous updating of physical equipment in the power network. How-
ever, as these devices are typically designed and implemented by different manufacturers,
there are significant differences in hardware architecture, leading to compatibility chal-
lenges. This complexity in network management results in high capital expenditure and
operational costs.



Sensors 2024, 24, 5522

4 of 20

T —— Optical fiber/230/RS485
A A <-> Low power wireless/HPLC

A <> Micropower wircless

Microgrid 2

Figure 1. Communication network for smart distribution grids on the medium-low-voltage side.

To address these issues, this paper assumes the power network consists of physical,
logical, and service domains. The purpose of the logical domain is to abstract the func-
tionality of physical devices and decouple them from the physical domain, forming a ser-
vice function network. This separation enables the service domain to be indirectly
matched with the physical domain, enhancing network flexibility and reducing both cap-
ital expenditure and operational costs.

The scenario is modeled as a three-domain model, as shown in Figure 2, which in-
cludes the service domain, logical domain, and physical domain. The definitions and rep-
resentations of each domain in the three-domain model are introduced separately.

Business Domain
Rugy

=
Load Control

Energy Regulatio

Aulgmelic Control Automatic Secondary Remote Control Energy Regulatio

(] Environmental Monitoring

Billing Collection s ¢ )
Energy Regulatio Billing Collection

EA

Equipment Monitoring
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Energy Storage Control Equipment Monitoring

Logical Domain

Service function 1 Service function 3 .

. Service function 2 . Service function 4

Physical Domain Optical fiber/230/RS485
<->  Low power wirelessHPLC

<> Micropower wircless

Microgrid 1
Microgrid 2

Figure 2. The three-domain model of communication network for smart distribution grids on the
medium-low-voltage side.

Physical Domain: The physical domain in the communication network of smart dis-
tribution grids on the medium-low-voltage side abstracts and models the physical devices
that provide basic resources and operate network functions, including access networks,
transport networks, core networks, and other physical equipment. It is defined as
W= {wl,wz,...wk,...} '



Sensors 2024, 24, 5522

5 of 20

w, = e’ res, , pos,’
Here, "t represents the physical component ¥, and * {typ k% P "}

used to describe the specific attributes of this component. Here, hpe represents the type

of physical component k, such as microgrid marketing equipment, microgrid distribu-

tion equipment, and medium-voltage grid transmission equipment. res represents the
location information of physical component k. rese represents the amount of resources
available for physical component k, including computational resources  , storage re-

w w
”
sources ¢ , spectrum resources fi , and power resources Py , represented as

wo__ w w w w
res; _{ck s Sy ’pk}

Logical Domain: The logical domain divides the existing communication network of
smart distribution grids on the medium-low-voltage side into logical segments. It ab-
stracts the functionality of different physical components and splits or combines them to
form a set of service functions. For business operations with varying requirements, inde-
pendent service functions are combined and scheduled to form isolated service function
chains with negotiable and customizable management capabilities. The logical domain is

defined as L:{ll,lz,...l,c,...}.

I, = {tperes,. perf, |

/ . . .
Here, ' represents the service function k , and k is used to

!
describe the specific attributes of this service function. bpe represents the category of

!
res;

service function X, such as a firewall, routing forwarding, a gateway, etc. repre-

sents the amount of resources consumed by service function ¥ per unit traffic, including

. ¢ i A
computational resources "%, storage resources '*, spectrum resources ’*, and power re-

TR GV A S B
resk—{ck,rk,fk,pk}

! !
re, . :
sources P, represented as . el represents the performance indi-

delay,

cators of service function ¥ for processing per unit traffic, including delay , relia-

! ! ref! =ldelay.,rel’, prec'
bility rel and precision 7%, represented as prefs { Vi€ P k}.

Service Domain: The service domain abstractly models various business scenarios
generated in the communication network of smart distribution grids on the medium-low-
voltage side. Different technological combinations are adopted based on the differentiated
requirements of internal network services, and corresponding service function chains are
customized on demand in the logical domain. Initially, this paper predefines the types
and specific requirements of various businesses based on the diversity of business catego-
ries and demands. Let S represent the collection of all businesses in the service domain,

defined as S {sl,sz,...,sk,...} .

s, = {type,f,Dsk ,Rk}

s . . .
Here, °* represents business k ,and * is used to describe the

specific requirements of this business. bpe, represents the type of business k, Ds, rep-

resents the data volume size of business ¥ , and R, represents the description of the

types and levels of requirements for business k' Business requirements mainly consider
delay, precision, and reliability.

In the communication network of smart distribution grids on the medium-low-volt-
age side, the business exhibits a certain level of periodicity. The requirement levels of var-
ious businesses are statistically analyzed over a period of time. Businesses are divided
into different requirement levels based on their demands, described as

R, =idelay, rel] i
, { CDhTE ,preck} , representing the levels of delay, reliability, and precision re-

quirements. The corresponding table is as follows:
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2.2. Service and Resource Matching Process

To evaluate the alignment between the communication network of smart distribution
grids on the medium-low-voltage side and the internal network services, this paper views
the execution process of network services as a three-tier matching process, as illustrated
in Figure 3. Firstly, based on the requirements of business in the service domain, the ser-
vice function chain (SFC) requests are generated. Then, according to all the types of service
functions in the requests, one or more service function chains that meet their requirements
are searched for in the logical domain. Subsequently, under the condition of meeting re-
source requirements, the service functions in the service function chain are matched and
mapped to the physical devices in the physical domain. Since the micro-services are
formed by abstracting the functionality of physical devices, one physical device can cor-
respond to multiple micro-services, and similarly, one micro-service can match multiple
physical devices.

Physical Domain Logical Domain Business Domain
Computational
Resources
Service Function™] _ |
Chain
\ 7/
\ N /7y
\ 7y
/
N /
xS
NS N
\
A (
/ / \
\ N
. : \
Service Function / .
Chain B }\“' Business 2
/
/ \ 7
7
\ 7
VA
\ \
X \
N\ \\
AN
Computational / 7 N
% N
esources
Service Function™) |
@ Chain i
Resources
~esources

I

Matching of Physical Matching of Service Matching of Service
Components with Functions with Service Function Chains with
Service Functions Function Chains Business

Figure 3. Illustration of three-domain matching.

Define R°”** as the mapping probability matrix from the service domain to the
logical-domain service function chains. The matrix size is Ngx N, where N repre-

. . . . S—Ler .
sents the number of service function chains. Matrix element R~ indicates the proba-

bility of mapping the business s, to the service function chain SFC;, denoted as

N

RS—>L5FC — R;—ﬂayfc — py| Zpii =1, Vie [I’NS] (1)
J=1

SFCG, s defined as the set of service function chains in the logical domain that have

a probability mapping with the business *7, denoted as



Sensors 2024, 24, 5522 7 of 20

Nsre

SFCG, = { \J sFc,

=

R #0,Vie[l,Ng ]} )

The relationship between service function chains and service functions in the logical

RLSFCHL c {0 1}NYF(‘XNL
’

domain is represented by the association matrix . Then, the mapping

probability matrix R*”" from the service domain to the service functions in the logical
domain can be obtained through the row normalization of R*~* xR

Similarly, define R as the mapping probability matrix from the logical domain

to the physical domain. The size of the matrix is Ny >Ny , where each element represents

the probability of service function g mapping to physical component ", denoted as
Ny
RLK :{Rfk_}K _ pjk|Zij =1LVje [1, NL]} 3)
j=1

For the business side, each business aims to have service function chains that meet
its business requirements. Due to the stochastic and multidimensional nature of business
demands, selecting matches based on a single criterion is not comprehensive. Therefore,
this paper evaluates the alignment between service function chains and business using the
concept of fit entropy. The following introduces the definition of fit entropy.

2.3. Definition of Fit Entropy

To effectively evaluate the alignment between service function chains and business
demands, we present and explore the concept of fit entropy. Fit entropy is particularly
suitable for this context because it is designed to match the random distributions based
on cross-entropy.

R, = {delay; srely, pr ec;}

Based on the description of the time delay requirement, re-

liability requirement, and the precision requirement of business **, micro-service func-
tions in the logical domain form service function chains according to business needs. Due
to the diversity in the performance of individual service functions, there is no unique ser-
vice function chain that meets business requirements. The set of service function chains
that satisfy business requirements is referred to as a service-function-chain group.

SFC} ={SF,SF},....SF} |

Suppose one of the service function chains is , where

“kis the number of service functions in the service function chain matched to business

s . . . . . SFC!

k. Define the delay service level of service function chain i as
Nk

delay! = Stelay [DskHdelay//} p
= , where "% maps values to delay levels. Similarly, the reli-

N
rel' = f,,, [DskHrelj.]
ability  service level = and precision service level

Nig
prect = f,.. [Dsk HpreCj]
J=l can be defined.

Suppose there are N service function chains matched with business %, and the

B, :[p,p yeor D J
probability group of matches ! v " - represents the probability of each ser-
vice function chain being matched. Due to the uncertainty of the matched service function
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chains, the provided service levels are also uncertain. Taking delay capability as an exam-
ple, the probability group of the capability of the matched service-function-chain group
with the business can be represented as

delay, ={P!,P* ..P} ...P" | @)

N,
P +P*+...+P" =1 N,
where "¢ e e ,

@y represents the maximum number of levels of delay
capability, and P! is the probability of the delay capability service level being K . This is
derived from the expectation of the capability levels of each service function chain in the
group according to the matching probability.

Similarly, reliable capability and precision capability can be specifically expressed.
Meanwhile, define conformity entropy to measure the degree of conformity between the
service capability provided by the service-function-chain group and the service capability
required by the business, represented as £ . Due to the multidimensionality of service
capability, conformity entropy is divided into multiple parts. If the business’s delay sta-

. ) _ delay={P',P*...P"...P"|
tistical requirement is

ity entropy is defined as

, then the expression of delay conform-

Noetay

Edelay:_z Pilog(f:,’), P;;to (5)
i=1

Similarly, expressions for reliability conformity entropy E™ and precision con-
formity entropy E”* can be defined. The conformity entropy is composed of the
weighted sum of these parts, represented as

E=1

delay

Edelay + lm[ Erel + 2{ . E prec ( 6)

prec

A

Here, Ao , 7, and Apre are the weighting coefficients for the delay conformity

entropy E*®, reliability conformity entropy £ ', and precision conformity entropy
E™ | respectively.

Based on the conformity entropy, we can represent the degree of conformity between
the power network and the internal business requirements—that is, the degree of match-
ing between the network and the business. However, the conformity entropy only reflects
the business requirements and does not consider the costs incurred in meeting the busi-
ness requirements in the network. Blindly optimizing conformity entropy would signifi-
cantly increase network costs. Therefore, this paper defines business utility to simultane-
ously weigh both aspects.

2.4. Business Utility Definition

In economics, utility refers to the measure of satisfaction or fulfillment that consum-
ers derive from the consumption of goods or services, as well as from the enjoyment of
leisure activities. Economists use it to explain how rational consumers allocate their lim-
ited resources to maximize satisfaction by choosing goods or services that provide the
greatest benefit.

In this study, the network utility value depends on the degree of alignment between
the capabilities of the service-function-chain group matched with the business in the net-
work and its requirements, as well as the service costs required to implement these service
functions. The degree of alighment between the business and its matched service-func-
tion-chain group is represented by the conformity entropy. Next, the expressions for ser-
vice costs and network utility values will be introduced.

Service cost refers to the total resources consumed by the service-function-chain
group matched with the business. The types of resources include computing resources,
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. . L
storage resources, spectrum resources, and power resources. Taking service function “*

as an example, the cost of using service function L is related to the size of the data DS
and the cost of using various types of resources. It is defined as

cost, = Ds(c¢, +7, + f, + ;) @)

In this paper, network utility is related to the cost of business service and the fit en-
tropy E.When the fit entropy £ is smaller, the cost of business service is also smaller,
resulting in a larger system utility value U . Conversely, when the fit entropy £ is
larger, the cost of business service is also larger, leading to a smaller system utility value
U . Based on these properties, a specific form of network utility function can be derived
as

U(E, COSt) = 1_6’1\'5712 -cost” 3 (8)
where 41°22: 25 are all positive constants.

3. Optimization of the Matching between the Service Domain, Logical Domain and
Physical Domain Based on Utility

3.1. Problem Formulation

The service domain must first select multiple service function chains in the logical
domain for matching. These chains are ordered or partially ordered sequences composed
of service functions, and data packets, frames, or streams must adhere to their specified
sequential constraints. The order of service function chains may not be linear and can al-
low for multiple branches.

The optimization objective is to maximize the utility of the communication network
in the low- and medium-voltage intelligent distribution grid, leading to the following op-
timization problem formulation:

Ny Ny Ny

st. CLY S RIIRE ey <¢f
i=1 j=1 k=1
Ny Ny Ny

C2: ZIZZR;*LR_,%;W; <
M

C3: ZZ;R;%R]%;W fi<f
Yy No Nw

C4: 22 D RI7R" p) < pi
=] j

C5:3 RS =1, ¥ie[L,N, ]
=1
N

C6:Y R =1,Yj €[N, |
k=1

C7:SevL (k)= R;(k),SevL € SFCG,,1<k <3

Here, Ny represents the number of businesses in the service domain, Ny repre-
sents the number of service functions in the logical domain, Ny represents the number
of physical components in the physical domain, and E represents the entropy of fit be-

tween the business and its matched service function chain. represents the computa-
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tional resource required by service function 7. Similarly, hi represents the storage re-

/,

source, ’/ represents the required frequency resource, and P, represents the required
max
power resource. %  represents the maximum computational resource that physical
max

. .. 7 .
component k' can provide. Similarly, "  represents the maximum storage resource,
max max
I represents the maximum frequency resource, and ¥  represents the maximum

power resource. SevL (k) represents the kth dimension capacity level of the service func-

tion chain, while R, (k) represents the kth dimension demand of service Si, SFCG,

represents the service-function-chain group matched with service * . Constraints
CL C2. €3 €4 respectively, represent that the required computation, storage, fre-
quency, and power resources of the service function chain cannot exceed the maximum
values of the mapped physical devices. €5+ €6 represent normalization limits for map-
ping probabilities, while €7 indicates that the service level of the matched service func-
tion chain must be greater than the demand level of the business.

The optimization problem of tri-domain matching essentially involves matching be-
tween service domains and logical-domain service function chains, as well as matching
between logical-domain service functions and physical domain components. It can be
viewed as a graph matching problem. Since graph matching problems themselves are
combinatorial optimization problems, it is difficult to find their global optimal values.
Typically, constraints in the optimization of graph matching problems are relaxed to ob-
tain approximate optimal solutions. Current mainstream graph-matching algorithms
roughly fall into spectral methods, continuous relaxation optimization methods, proba-
bility-based methods, and learning-based methods. This paper mainly focuses on hyper-
graph matching methods.

3.2. The Matching Mechanism between the Service Domain, Logic Domain, and Physical Do-
main

The three-domain utility-optimization matching problem involves matching busi-
nesses with service function chains and service functions with physical components. The
nodes in the three domains are mutually exclusive and can be seen as two bipartite graph-
matching problems. However, because businesses are matched with service function
chains in the logic domain, which involves a one-to-many relationship, it is not straight-
forward to describe using a simple bipartite graph. A hypergraph, on the other hand, is a
generalized form of a graph and is advantageous in describing multi-matching scenarios.
Therefore, this paper treats the three-domain utility-optimization matching problem as a
hierarchical bipartite hypergraph-matching problem. To obtain suitable matching rela-
tionships, two methods, namely the two-stage and integrated approaches, are used for
matching.

3.2.1. Description of the Three-Domain Model Based on Hypergraphs

Hypergraph of the service domain: The hypergraph model of the service domain is

H (Vs E . . . . .
s (Vo Bs ), where each business “* is a node in the service domain hyper-

v, =5

denoted as

graph, and the nodes in the service domain are denoted as . Business entities be-

longing to the same category DP€ can form a hyperedge within the service domain, and
each category of business is considered a hyperedge. Thus, the set of hyperedges in the
service domain is denoted as {typel Lpe; } .

Hypergraph of the logical domain: The hypergraph model of the logical domain is

H,(V,.E,)

. . l . . . .
denoted as L7, where each service function * is a node in the logical domain
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hypergraph, and the nodes in the logical domain are denoted as Vi =L Service functions

!
belonging to the same service function chain SFC can form a hyperedge within the log-

ical domain, and each service function chain is considered a hyperedge. Thus, the set of

E, ={SFC|,SFC; ..

hyperedges in the logical domain is denoted as { }
Hypergraph of the physical domain: The hypergraph model of the physical domain

is denoted as " (V- Ey ), where each physical component " is a node in the physical

domain hypergraph, and the nodes in the physical domain are denoted as Vw =W . Phys-

ical components belonging to the same category OP can form a hyperedge within the
physical domain, and each category of physical components is considered a hyperedge.

E, ={type’ ,typet ...
Thus, the set of hyperedges in the physical domain is denoted as " { e, bpe; } :

3.2.2. Building Service Function Chains

The construction of service function chains is fundamental to meeting customized
business requirements. However, due to the interdependencies among the set of service
functions that form a service function chain, the exact order of service functions cannot be
fully determined. Therefore, depending on different strategies, the construction approach
for service function chains varies, leading to differences in service capabilities.

To address the issue of low construction efficiency caused by the unknown logical
sequence of SFCs, this paper proposes an SFC construction algorithm based on an im-
proved lexicographic order, inspired by the lexicographic-order method.

The algorithm starts with a current construction plan as a base to encode the SFs in
the SFC. This encoding ensures a one-to-one correspondence between SFs and their codes
in the form of key-value pairs, enabling the generation of all possible SFC construction
plans in lexicographic order. Then, based on the dependencies of service requests, rapid
indexing is performed to obtain all SFC groups (SFCGs) that meet the criteria. Finally,
decoding is performed to obtain all eligible SFCGs. The steps of Algorithm 1 are as fol-
lows:

Step 1: When the SFCG is empty, encode the service functionalities in the business
request, establishing a one-to-one correspondence using key-value pairs. For example, if
the business request contains service functionalities {s,,s,,s;,s,}, encode them using lex-
icographic order and store them as {s, :1,s, :2,s5,:3,s, : 4} .

Step 2: Perform a lexicographic permutation of the encoded service functionalities to
obtain all possible service function chains.

Step 3: Based on the dependencies among service functionalities in the business re-
quest, use the encoding to rapidly filter and obtain the SFCG that meets the criteria.

Step 4: Decode the eligible construction plans to obtain the SFCG.

The process of the SFC construction algorithm based on the improved lexicographic
order is outlined as follows:

Algorithm 1: SFC Construction Algorithm Based on Improved Lexicographic Order

1: Initialize the business request and its service functionality dependencies

2 for each service request do

3: Randomly select a construction plan for encoding

4 Obtain all construction sets SFCG of SFC according to the lexicographic
order.

5: for SFC, € SFCG' do

6: if gpc does not satisfy the dependency relationship
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7: del SFC.
8: end if

9: end for

10: end for

3.2.3. The Two-Stage Matching of the Service Domain, Logic Domain, and Physical Do-
main

The first stage involves matching between nodes in the service domain and hy-
peredges in the logic domain. For the service domain, each service desires the best service
experience. Therefore, given that the business wishes to meet its requirements, it will se-
lect the service chain with the highest service level for matching. Hence, the preference
order in the service domain corresponds to the order of service levels in service chains.

For the logic domain, service chains are selected based on the requirements of the
business, preferring users with higher business demand levels. Thus, the preference order
in the logic domain is the order of business demand levels. To ensure business demands
and resource utilization, it is desirable to match businesses with service chains that are
close in demand level. Therefore, the degree of matching between businesses and service

chains is adjusted, measured by utility U (E,cost) '

The second stage involves matching between nodes in the logic domain and nodes in
the physical domain. The second stage is influenced by the matching in the first stage.
Since the matching probability between businesses and service chains and the matching
probability of services are determined, determining the matching between services and
physical components only requires that the resources of physical components satisfy the
needs of the services. The available physical nodes can be considered as the set of physical
components on the shortest path between the starting and ending points of the business.
Considering load balancing, the number of resources consumed by each component in the
set is proportional to the ratio of its resources to the total resources of the available phys-
ical component set multiplied by the resources needed by the service chain.

3.2.4. The Integrated Matching of the Service Domain, Logic Domain, and Physical Do-
main

The difference between integrated matching and two-stage matching lies in the ap-
proach to selecting physical components after choosing a service function chain for a busi-
ness. In integrated matching, if the total resources available in the current set of usable
physical components cannot meet the resource requirements of the service function chain,
the current service function chain becomes unavailable. It needs to be excluded from the
service-function-chain group, and the matching probability weights of the service func-
tions need to be reoptimized.

The integrated matching approach involves selecting service function chains and
physical components together, treating service functions and physical components as a
unified entity. This approach eliminates scenarios where suitable service function chains
exist but appropriate physical components are unavailable, thereby improving the service
rate for businesses.

Below is the matching algorithm based on utility optimization (Algorithm 2):

Algorithm 2: Optimization Matching Algorithm for Business-SFC-Physical Compo-
nent Based on Utility

Initialize the business requirements and their corresponding service function

1:
chain groups with service levels.

2:  Generate preference lists for each business and service function chain.

3:  Place all unmatched businesses into yNpMATCH
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4: while UNMATCH = &
5: for 1e UNMATCH

The requester sends matching requests to all service function chains in the

6: . . .
list that meet its requirements
7: for je SFCs that meet the requirements
8: Compute the matching probability to optimize utility
9: end for
10: end for
1 if the total resources of the available physical component set > resources re-
" quired by the SFC
12: Match Successful
13: else if the available physical component resources are insufficient
14: Delete the currently matched service function chain and re-execute step 6.
15: end if

16: end while

3.2.5. The Complexity Analysis of the Algorithms

In the two-stage matching, the first stage involves matching between the service do-
main and the logical domain, resulting in the relationship between business and service

functions, with a time complexity of OMN,N,) , where N, represents the number of busi-

nesses and V- represents the number of service functions. The second stage involves
matching between service functions and physical components, resulting in the relation-
ship between service functions and physical components, with a time complexity of

O, Nyy) , where N, represents the number of service functions and Ny represents the

number of physical components. The overall time complexity is O, (NL + Ny )) . For

integrated matching, treating service functions and physical components as a single en-

tity, the total number of combinations is N.Ny , resulting in a time complexity of
OMN,N,N;)

It can be observed that the time complexity of the two-stage matching is lower. As

Ni~ Ny increases, the advantage of the two-stage matching in terms of time becomes

more significant, making it more promising for applications with time-sensitive require-
ments.

4. Simulation

The simulation experiments in this paper were conducted on a device equipped with
an Intel Core 17-12700H processor and 16 GB of memory, using Matlab, Netlogo, and Py-
Charm software for simulation. In order to evaluate the proposed method (Algorithm 2),
two matching methods were set up, with the method from reference [16] serving as a
comparison. In the comparison matching method, for the matching between the service
domain and the logic domain, each business selects a service function chain from its
matched group with the same matching probability for each service function chain. In the
matching between the logic domain and the physical domain, the shortest path algorithm
is used to find the set of available physical nodes in the network, and services are deployed
on the physical nodes with the largest available resource capacity.

The simulation considers two microgrids, with a total of 500 grid devices randomly
distributed. Among them, there are 400 marketing nodes responsible for generating mar-
keting-related services and 100 distribution nodes responsible for generating distribution-
related services. The links between nodes in the microgrid can be either wireless or wired.
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The communication radius between nodes within the microgrid is set to 50 m. The con-
nection between the two microgrids is established through a medium-voltage power grid,

distributed within an area of 9007x3007 The service data in the network topology
are as shown in Tables 1 and 2, and simulation parameters are shown in Table 3. The cor-
responding network topology is illustrated in Figure 4.

Table 1. Correspondence table of business requirements and requirement levels.

Delay Require- Delay Require- Reliability Require- Reliability Require- Precision Require-

ment ment Level ment ment Level ment
Less than 0.05 s Level 1 Above 99.5% Level 1 Entire area
Less than 0.3 s Level 2 Above 99% Level 2 Hundreds /km?
Less than 5 s Level 3 Above 98% Level 3 Dozens /km’
Less than 30 s Level 4 Above 95% Level 4 Several /km’
Less than 60 s Level 5 Above 90% Level 5 Single device

Table 2. Service requirement level table.

Service Category  Service Type Delay Requirement Reliability Requirement Precision Requirement

Level Leve Level
Equlpme.nt Moni- Level 3 Level 2 Level 2
toring
. Automatic Second- Level 4 Level 4 Level 1
Marketing ary Remote Control
Env1ro.nmf3ntal Level 3 Level 5 Level 2
Monitoring

Billing Collection Level 3 Level 3 Level 5
Automatic Tertiary Level 1 Level 2 Level 2

Remote Control
S New Enngy Regu- Level 1 Level 1 Level 2

Distribution lation
Energy Storage Level 1 Level 1 Level 1
Control

Load Control Level 2 Level 3 Level 1

[ ] marketing node
distribution node

% Medium voltage node
®ee HPLC

= Wireless link

Figure 4. Topology of grid devices.

According to the network load, different numbers of SFC demands are dynamically
generated on the grid devices. The number of service function instances in each SFC de-
mand is randomly generated between three and six. The same type of virtual network
function (VNF) is instantiated only once in each SFC. The simulation parameters are pre-
sented in the following table. To make the scenario more general, this study quantifies
resource consumption using “units”.
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Table 3. Simulation parameters.

Network Parameters Value
Number of network nodes 500
Proportion of marketing and distribution business [0.2,0.8]
Performance indicators for VNF processing unit traffic delay U[1,5]
Performance indicators for VNF processing unit traffic reliability U[1L,5]
Performance indicators for VNF processing unit traffic accuracy U[1,5]

Consumption of computing resources per unit of traffic processed by VNF  U[10,25]
Consumption of storage resources per unit of traffic processed by VNF U[10,25]
Consumption of spectrum resources per unit of traffic processed by VNF  U[10,25]

Consumption of power resources per unit of traffic processed by VNF U[10,25]
Computing resources of distribution nodes U[100,200]
Storage resources of distribution nodes U[100,200]
Spectrum resources of distribution nodes U[100,200]
Power resources of distribution nodes U[100,200]
Computing resources of marketing nodes U[50,100]
Storage resources of marketing nodes U[50,100]
Spectrum resources of marketing nodes U[50,100]
Power resources of marketing nodes U[50,100]
Computing resources of medium-voltage nodes U[500,800]
Storage resources of medium-voltage nodes U[500,800]
Spectrum resources of medium-voltage nodes U[500,800]
Power resources of medium-voltage nodes U[500,800]

The success rates of the business—service function chain and service function chain—
physical component under different matching schemes are shown in Figure 5. Under the
utility optimization-based matching approach, businesses can select the most suitable ser-
vice function chain to match their needs, minimizing resource consumption while meeting
demands. Therefore, the success rate is higher as the number of businesses increases. From
the graph, it can be observed that both two-stage and integrated matching methods using
utility optimization outperform the control matching algorithm. In two-stage matching,
the selection of service function chains does not consider the resource availability in the
physical domain, leading to situations where the chosen service function chain cannot be
deployed on suitable physical components, resulting in a lower network-service success
rate compared to the integrated approach. The success rate of two-stage matching exceeds
80%, while that of integrated matching exceeds 85%.
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Figure 5. Comparison of network-service success rates under different business counts for various
matching schemes.

The curves depicting the variations of network resource consumption, conformity
entropy, and average network utility under different matching schemes in the network
are illustrated in Figures 6-8, respectively. Under the control matching scheme, where all
service function chains within a matching group are equally likely to be selected for a
given business, there is uniform probability across all service function chains. For service
function chains with excessively high service levels, there exists a significant disparity be-
tween their service levels and the requirements of the business, leading to resource wast-
age compared to the utility-based optimization in both integrated and two-stage match-
ing. Consequently, the utility-based optimization algorithms demonstrate significant im-
provements in network resource utilization and conformity compared to the control
matching algorithm.

4
22 710 . . : .
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)
T

—+&— Utility-Based Integrated Matching Algorithm
—O— Utility-Based Two-Stage Matching Algorithm
- -A- - Integrated Matching Comparative Algorithm

Network Resource Consumption

0.6 - -8 - - Two-Stage Matching Comparative Algorithm | |
04 . . . .
100 200 300 400 500 600

Number of Businesses

Figure 6. Comparison of network resource consumption under different matching schemes across
varying numbers of businesses.
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Figure 7. Comparison of network entropy under different matching schemes across varying num-
bers of businesses.
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Figure 8. Comparison of network utility under different matching schemes across varying numbers
of businesses.

The variation of utility in the network with different matching schemes as the pro-
portion of distribution-class businesses changes is shown in Figure 9. It can be seen that
when the number of businesses remains constant and the proportion of distribution-class
businesses is 20%, the difference in network utility among the four schemes is not signifi-
cant. This is because distribution-class businesses have higher demands compared to mar-
keting-class businesses. When the proportion of distribution-class businesses is low, the
distribution of service-level demands among various types of businesses in the marketing
class is relatively uniform in the network, and the control matching scheme also adopts
uniform matching. Therefore, the utility-based matching scheme does not show a signifi-
cant improvement. However, as the proportion of distribution-class businesses increases,
the control matching scheme still employs uniform matching, failing to adapt well to
changes in business demands. In contrast, the utility optimization-based scheme can ad-
just the matching probabilities according to business demands, resulting in a significant
improvement in network utility.
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Figure 9. Comparison of network utility under different matching schemes across different business
proportions.

The change in business-service success rates with the number of service functions
under different matching schemes in the network is shown in Figure 10. In a fixed number
of businesses in the network environment, the more service functions there are, the finer
the granularity of resource allocation, leading to higher resource utilization and a finer
granularity of business selection, thus improving the business-service success rate. From
Figure 10, it can be observed that the business-service success rates of all four matching
methods increase with the increase in the number of service functions. However, under
the utility-optimization scheme, the resource utilization rate is higher, leading to a higher
business-service success rate. It is worth noting that an increase in the number of service
functions can lead to finer granularity, resulting in more choices for businesses. In this
case, the complexity of optimization also increases. Therefore, for delay-sensitive busi-
nesses, it is important to find a balance between granularity division and optimization
complexity.

Network Service Success Rate

- 'A: - 1—8— Utility-Based Integrated Matching Algorithm
PR -8 —O— Utility-Based Two-Stage Matching Algorithm
065 PPt - -A- - Integrated Matching Comparative Algorithm | |
VN e - - -8 - - Two-Stage Matching Comparative Algorithm
06% - . . . L | | |
7 7.5 8 8.5 9 9.5 10 10.5 11

Number of Network Service Functions

Figure 10. Comparison of business-service success rates across different numbers of service func-
tions under different matching schemes.

5. Conclusions

This paper investigates assessment and optimization algorithms for the alignment
between services and resources in the communication network of the intelligent distribu-
tion network on the medium- and low-voltage sides. By establishing a three-layer match-
ing model from the service domain to the logical domain, and then to the physical domain,
this paper comprehensively considers the adaptation process of the power network to the
internal business of the network and defines the alignment entropy and network utility,
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constructing a comprehensive evaluation system that considers network performance and
cost.

Under the definition of alignment entropy, this paper proposes a comprehensive
method to evaluate the degree of alignment between service function chains and busi-
nesses. By considering multiple dimensions of requirements, such as latency, reliability,
and accuracy, and integrating different performance indicators through weighted sum-
mation, the evaluation of the alignment degree becomes more comprehensive and accu-
rate. Furthermore, this paper introduces the concept of utility, considering the matching
effectiveness between business and services from an economic perspective, providing a
more comprehensive consideration of the matching degree between the network and busi-
ness.

In the solution to the three-domain matching optimization problem, due to the excel-
lent fit between the matching of the three domains and the hypergraph matching theory,
this paper considers the three-domain utility-optimization matching problem as a hierar-
chical bipartite hypergraph-matching problem and proposes two matching schemes: two-
stage matching and integrated matching. Through simulation experiments, this paper ver-
ifies the performance of these two matching methods, demonstrating the superiority of
utility optimization over traditional matching.

In the simulation results and analysis, this paper deeply analyzes the trends of busi-
ness-service success rate and network utility with the number of businesses and service
functions. In networks with a large number of businesses, the utility-optimization match-
ing method performs well in improving the business-service success rate and saving net-
work resource consumption. In terms of the access success rate, integrated matching is
superior to two-stage matching, but the optimization complexity of integrated matching
is higher. Therefore, we can choose the matching method according to the changes in dif-
ferent time scales: for small changes on a small time scale, the two-stage matching method
can be used to achieve fast adaptation, and for large changes on a large time scale, the
integrated matching method can be used to optimize the overall performance.

Although our primary focus is on medium- and low-voltage smart distribution net-
works, the architecture design of the three-domain model is universally applicable. The
model can be extended to other types of distribution networks and higher voltage levels.
This is because the core of the three-domain model lies in achieving flexible matching
between resources and services through the division of service, logical, and physical do-
mains. This division is independent of specific voltage levels and network types.
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