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Abstract

In edge computing application scenarios, resource deployment and allocation
constitute critical issues. To address load balancing requirements in edge com-
puting networks, we propose a centralized control-based scheduling mechanism.
First, we determine at which network nodes to deploy edge computing functions;
then, for user data and requests, we strive to minimize the average end-to-end
latency of traffic through scheduling while satisfying relevant load balancing
constraints. Evaluation results demonstrate that the number of edge comput-
ing nodes, as well as the load balancing degree of both computing and network
resources, may significantly impact the average end-to-end latency of traffic. By
selecting only a small number of appropriate nodes as edge computing nodes
and adjusting the load balancing of computing and network resources to an
appropriate level, the average end-to-end latency can be effectively reduced.
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Abstract: In edge computing application scenarios, resource deployment and
allocation are critical issues. To address load balancing requirements in edge
computing networks, this paper proposes a centralized control-based scheduling
mechanism. The scheme first determines which network nodes should deploy
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edge computing functions, then schedules user data and requests to minimize
the average end-to-end delay of traffic while satisfying relevant load balancing
constraints. Evaluation results demonstrate that the number of edge comput-
ing nodes and the load balancing degree of computing and network resources
can both affect the average end-to-end delay. Selecting a small number of suit-
able nodes as edge computing nodes and appropriately balancing the load of
computing and network resources can effectively reduce the average end-to-end
delay.

Keywords: edge computing; centralized control; load balancing; segment rout-
ing

0 Introduction

As user demands become increasingly diverse and network traffic continues to
grow, edge computing emerges as a key technology for cloud computing and
5G networks. Edge computing addresses the requirements of cloud computing
and IoT/mobile network scenarios by deploying computing functions at net-
work nodes between end devices and cloud data centers. This approach reduces
data center burden, saves energy, and improves data processing real-time perfor-
mance [1]. Figure 1 [Figure 1: see original paper] illustrates the edge computing
network architecture.

The network is primarily divided into access and core layers [2]. The access
layer connects user devices and deploys edge computing nodes, represented as
clouds in Figure 1. Note that Figure 1 omits interconnections between access
layer nodes, between access layer nodes and user devices, and between user
devices (if any). The core layer connects the access layer and data centers,
represented as ellipses in Figure 1, with solid lines indicating interconnection
links between core layer nodes, access layer nodes, and data centers. Each edge
computing node possesses computing and storage capabilities. Typically, after
preprocessing user data and requests, the traffic that needs forwarding to data
centers is significantly reduced [1].

Consequently, determining which network nodes should deploy edge comput-
ing functions and how to schedule user data and requests while balancing node
loads becomes a crucial consideration for edge computing networks. Software-
defined networking (SDN) employs centralized control mechanisms with a global
network view and the ability to control node operations, offering outstanding
advantages for edge computing networks [3]. This paper proposes a central-
ized control-based scheduling mechanism for load balancing in edge computing
networks. The main contributions are:

a) An analysis of the scheduling model in edge computing networks and
the proposal of a centralized control-based, load balancing-oriented
scheduling mechanism;
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b) A method to determine which specific network nodes should deploy edge
computing functions;

¢) A method to determine how to schedule user data and requests to minimize
average end-to-end delay while satisfying load balancing constraints.

1 Related Work

In recent years, edge computing has garnered widespread attention, with in-
creasing research efforts addressing its applications in mobile networks, IoT,
vehicular networks, and resource scheduling problems [4-6]. Emerging network
technologies such as software-defined networking and segment routing are grad-
ually being applied to edge computing [3,7,8].

Shi et al. [1] summarized edge computing concepts and principles, introduced
representative application examples, and outlined major challenges. Mao et
al. [9] focused on mobile edge computing, discussing research progress and chal-
lenges in system deployment, caching mechanisms, mobility management, en-
ergy efficiency, and privacy, while also introducing standardization efforts and
typical application scenarios. Mach et al. [10] examined computation offloading
use cases in mobile edge computing, summarizing research status for full offload-
ing and partial offloading scenarios. Full offloading primarily aims to minimize
execution delay, minimize energy consumption under delay constraints, or bal-
ance delay and energy consumption. Partial offloading focuses on minimizing
energy consumption under delay constraints or achieving a balance between
delay and energy consumption, considering appropriate computing resource al-
location and distinguishing between single-node and multi-node computation
allocation. Sun et al. [11] proposed PRIMAL, which considers end-to-end delay
between users and computing nodes and migration costs of computing and stor-
age resources to balance end-to-end delay and migration costs. Wang et al. [12]
studied load placement problems in edge computing to determine how to place
applications on edge computing nodes. These works demonstrate that resource
deployment and allocation are important issues in edge computing scenarios,
with end-to-end delay between user devices and edge computing nodes being a
primary optimization objective. However, few studies have examined how load
balancing requirements for computing and network resources affect end-to-end
delay.

On the other hand, Baktir et al. [3] proposed integrating software-defined net-
working with edge computing, where controllers manage data flows and perform
service orchestration and other management tasks, typically including service
discovery, service debugging and migration, performance tuning and optimiza-
tion, and user handover modules. The performance tuning and optimization
module primarily focuses on network and computing resource usage, managing
loads on edge computing nodes. Filsfils et al. [13] proposed segment routing,
which enables flexible configuration of data flow forwarding paths while reducing
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the burden of forwarding rule distribution on controllers. Hartert et al. [14] pro-
posed the centralized optimizer DEFO for controlling forwarding paths, where
segment routing’s flexibility and scalability play important roles. Desmouceaux
et al. [15] proposed 6LB, which uses IPv6-based segment routing technology
to guide packets and designs a load balancer. These works show that com-
bining centralized control mechanisms with edge computing can optimize load
balancing and network performance, while segment routing supports flexible
path control and enhances controller scalability.

Therefore, this paper treats load balancing requirements as constraints and aims
to minimize average end-to-end delay through scheduling based on centralized
control and segment routing technologies.

2 Overall Architecture and Problem Analysis

Based on abstraction of real-world scenarios and the design philosophy of this
mechanism, we assume all network nodes below the core layer in Figure 1 sup-
port segment routing technology. Segment routing forwarding rules only need
configuration at source nodes, enhancing centralized controller scalability. We
categorize these network nodes into three types:

a) User devices: In addition to basic network node functions, they send data
and requests to edge computing nodes;

b) Edge computing nodes: In addition to basic network node functions, they
process user device data and requests, possess computing and storage
resources, and return processed data and responses to user devices or
send them to data centers;

c¢) Intermediate nodes: Nodes that are neither user devices nor have edge
computing capabilities, possessing only basic network node functions.

This mechanism includes a centralized controller in addition to network nodes.
Using a common network topology as an example with 6 user devices, 3 edge
computing nodes, and 3 intermediate nodes, the overall architecture and con-
troller functions are illustrated in Figure 2 [Figure 2: see original paper|. The
controller only needs access to the edge computing network to use southbound
interface protocols such as NETCONF [16] to obtain network and resource us-
age information and configure devices (this function is not shown in Figure 2).
Solid lines with unidirectional arrows indicate the controller selecting appro-
priate network nodes to deploy edge computing functions. Dashed lines with
arrows indicate the controller receiving scheduling demands from user devices
and distributing segment routing forwarding rules to user devices and edge com-
puting nodes. Solid lines between network nodes represent their interconnection
links.

When edge computing nodes are determined and user devices generate data and
requests, the processing steps are as follows:
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a) User devices send traffic information of data and requests to the controller;

b) Based on current network and resource usage, the controller calculates which
edge computing nodes should receive the traffic and which paths should be used,
then distributes segment routing forwarding rules to user devices and notifies
relevant edge computing nodes to reserve resources. If processed data and re-
sponses need to be sent back to user devices, the controller similarly calculates
appropriate forwarding paths based on current conditions and distributes seg-
ment routing forwarding rules to edge computing nodes;

c¢) After receiving the controller’s response, user devices send traffic according
to the distributed rules;

d) Edge computing nodes process received traffic and, after receiving the con-
troller’s response, send traffic according to the distributed rules. User devices
eventually receive processed data and responses from edge computing nodes.
Figure 3 [Figure 3: see original paper] illustrates these processing steps.

In Figure 3, the dashed line with a unidirectional arrow between user devices
and the controller corresponds to the dashed line with bidirectional arrows in
Figure 2, representing user devices sending scheduling demands and the con-
troller distributing forwarding rules. The dashed line with a unidirectional
arrow between the controller and edge computing nodes corresponds to that
in Figure 2, representing the controller distributing forwarding rules. Thick
unidirectional arrows represent traffic exchange between user devices and edge
computing nodes. Intermediate nodes are omitted in Figure 3 as they support
segment routing technology, requiring no forwarding rule distribution from the
controller.

Network topology is typically represented as a directed graph. Network nodes
are denoted by ¢, with the set of all core layer nodes denoted by N. Links are
directed, denoted by e, with the set of links denoted by E. Each node i belongs
to exactly one of the three categories defined above. For clarity, user devices
and edge computing nodes are also denoted by s and ¢ respectively, with sets .S
and T'. The processing capacity of computing resources at node t is denoted by
v, with units consistent with user device sending rates (bps) for convenience.

Assume network topology information is known, S is known, and T is deter-
mined through the method in Section 3.1. Let |T'| denote the number of elements
inT.

For simplicity, assume a user device s has traffic from only one application (easily
extendable to multiple applications), with sending rate d, > 0. The portion sent
to a particular t is d (¢). The maximum computing resource utilization is set
to A (0 < A <1). The following constraints apply:

Equation (1) specifies the value requirements for d (¢) when computation is
allowed to be distributed across multiple nodes versus restricted to a single
node. Equation (2) ensures all d is sent. Equation (3) ensures traffic received
by each t can be processed by its actually usable computing resources. Clearly,
with constraints (1) and (2) satisfied, a smaller A indicates a narrower possible
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range of computing resource utilization across all ¢, so A is used to measure the
permitted load balancing degree of computing resources. Equation (4) ensures
that even with only one edge computing node, all traffic from s can be processed
when A = 1, meaning |T'| can be as small as 1, guaranteeing network robustness.

After processing d,(t), edge computing node ¢ returns r,(s) to s. For simplicity,
this paper assumes all traffic from s is of the same type (easily extendable to
multiple types). The traffic type determines coefficient «, where generally a
smaller « (even 0) indicates the traffic is primarily data requiring processing,
while a larger « indicates the traffic is primarily requests requiring processing.

Given network topology information, candidate loop-free forwarding paths be-
tween two nodes can be precomputed based on preset conditions and segment
routing rules. A candidate forwarding path is denoted by p, with p, indicating
whether link e is on path p (1 if yes, 0 otherwise). The candidate path sets from
stoi € N Sandfromie N S tos are denoted by P, and P;, respectively.
Path hop count h, measures end-to-end delay when path p is used. For each
pair (s,i), paths in P,; and P, correspond in opposite directions, so the mini-
mum hop counts are identical, denoted by h,. Let w, denote path p’s routing
cost (weight), and w,; denote the weight of the minimum-hop path. If traffic

z, is carried on path p, then:

Equations (6) and (7) indicate that d (t) and r,(s) have been assigned forward-
ing paths. Notably, when computation is restricted to a single node, this paper
typically requires using only one forwarding path to avoid packet reordering
[17]. From equations (1)-(2) and (5)-(7), we have:

When computation distribution across multiple nodes is allowed, there is no
such restriction:

Finally, the average hop count H of traffic is defined as:

The H calculated by equation (11) measures the average end-to-end delay of
traffic. If network resources are also considered, with link capacity denoted by
¢, and maximum link utilization set to 6 (0 < # < 1), then similar to A, 6
measures the permitted load balancing degree of network resources:

Equation (12) indicates that actually usable network resources may constrain
forwarding path selection, thereby affecting the obtained H. Typically, under
identical conditions for a;, A, and 6, the obtained H should be minimized, with
the optimization task written as minimize H. Specifically, if network resource
load balancing constraints are ignored and the optimization task is minimize H,
the h,, of selected forwarding paths from s to ¢ and ¢ to s should equal hg,. In
this case, only equations (1)-(3) need consideration, and equation (11) simplifies
to:

Equation (13) shows that o does not affect the obtained H in this scenario.
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3.1 Edge Computing Node Selection

Before selecting edge computing nodes, known information includes network
topology, set S with corresponding d,, and for all s to all 7 € N S, the values of
hg and wg;. During selection, computing and network resource load balancing
constraints are ignored, with the optimization task being minimize H. Since T'
is unknown, we first set the final |T| equal to k.

Let u, indicate whether node i € N S is selected as ¢ (1 if selected, 0 otherwise).
Let d, (i) denote the portion of traffic from s sent to i. Set a sufficiently large
number m, ignoring units and taking only the numerical value, typically ensur-
ing m > max{max,cg ;cn 51}, Max,cg ;cn s{wg; }}. For node i € T, since it
is typically denoted by ¢, the corresponding P,;, P, h,;, and wg; can also be

sty *isy) '0si

denoted by P,,, P,,, hy, and w,,. Let path p € P, U P,,.

Equation (14) is the optimization task for the solver during edge computing
node selection. Its practical significance is: under the premise of minimizing H,
use m to ensure that when multiple solutions yield the same minimum H, the
solution with minimal routing cost is selected as the final solution. Equation
(15) derives from the definition of d, (i) and also indicates that d (i) = 0 when i
is not selected as t. Equation (16) rewrites equation (2). Equation (17) ensures
the final |T| = k. Solving can use optimization solvers like Gurobi [18], with
the optimization task being equation (14) considering only equations (15)-(17).
After obtaining T, for i € T' (denoted by t), d (i) and h,; become d (t) and h,,,
and H is calculated by equation (13).

Alternatively, a pending set S’ can be set for S, with two temporary variables
O and O”, using the following algorithm:

Algorithm 1: Edge Computing Node Selection

1) Input network topology, S with corresponding d, k, m, and all h;, w,;
forstoie N S

2) Initialize T as empty set, S" as S
3) for temp = 1 to k do

4)
5) Initialize candidate edge computing nodes as empty

6) foreachie N (SUT) do

EN|

—
_ O ©

—_ N

—_
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14) Add candidate edge computing nodes to T'

15) for each s € S’ do

if S’ is empty then

end for

27) if |T| < k then
28) Randomly select (k — |T'|) nodes from N (SUT) and add to T
29) else

30) end if

The algorithm outputs 7" and H with |T| = k. Edge computing nodes are
configured with computing resources according to 7" and corresponding v,.

3.2 Scheduling Computation

After node selection, the controller performs scheduling computation. Before
each computation, values for «, A, and 6 should be set. Generally, more condi-
tions increase computational difficulty.

If network resource load balancing constraints are ignored, the optimization
task is minimize H, considering only equations (1)-(3), with H calculated by
equation (13). Solving can use optimization solvers or the following algorithm:

Algorithm 2: Scheduling Computation
a) Input S with corresponding d,, T with corresponding v,, A, m, and all

hg, wy, for s tot

b) Initialize all d,(¢) to 0. Process all s in descending order of d,. When
calculating current s’s d (t), only consider already processed s and cur-
rent s, minimizing current s’s 3, . d,(t) - hy, while satisfying equations
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(1)-(3). Keep processed s’s d (t) unchanged in subsequent calculations.
After processing all s, if a solution exists, temporarily store it as Solution 1.

c¢) Initialize all d (¢) to 0. Process all s in ascending order of d,. When
calculating current s’s d (t), only consider already processed s and cur-
rent s, minimizing current s’s ), o1 ds(t) - hyy while satisfying equations
(1)-(3). Keep processed s’s d,(t) unchanged in subsequent calculations.
After processing all s, if a solution exists, temporarily store it as Solution 2.

d) If both steps b) and c¢) have solutions, compare Solution 1 and Solution
2, calculate their H values using equation (13), and select the one with
smaller H as the final solution. If only one has a solution, select that
solution and its H.

The algorithm outputs all d,(¢) and H. For each non-zero d (t), the controller
selects a forwarding path p € P, with h, = hy, setting z,, = d,(t). Calculate
r.(s) from d,(t), and for each non-zero r,(s), select a forwarding path p € P,,
with h, = hg, setting z,, = r,(s). Relevant configurations are distributed to
user devices and edge computing nodes based on z,,.

If network resource load balancing constraints are also considered, the optimiza-
tion task is minimize H, considering equations (1)-(3), (5)-(10), and (12), with
H calculated by equation (11). Solving uses optimization solvers, outputting all
z,. Only configurations corresponding to x, > 0 are distributed to user devices
and edge computing nodes.

4 Experimental Evaluation and Analysis

This paper obtains experimental network topology information from the public
dataset SNDLib [19], which contains 22 nodes. The preset S includes 10 of these
nodes. All link capacities are 40,000 Mbps. Three traffic matrices (TMs) are
selected from SNDLib’s TM dataset. For each TM, the sum of outgoing traffic
from these 10 s nodes is calculated as their respective d, values. The resulting
S and corresponding d; from these three TMs form Scenarios 1, 2, and 3. All
v, are set to 40,000 Mbps.

First, all P,; and P,; between each s and each ¢ € N S are computed. For each
pair (s,i), P, and P,, contain paths satisfying SLD [20] (segment list depth)
< 2 and loop-free conditions [21], from which all h,, and w,; are obtained for
subsequent calculations. Edge computing node selection is performed without
considering computing and network resource load balancing constraints. For
Scenario 1, varying k values are used to compare results from the optimization

solver and Algorithm 1, as shown in Figure 4 [Figure 4: see original paper].

Figure 4 shows that for the same k, the H values obtained by the optimiza-
tion solver and Algorithm 1 are identical. Since the optimization solver’s H
is the minimum under corresponding conditions, Algorithm 1’s H is also min-
imal. When k < 4, larger k yields smaller H; when k£ > 4, the obtained H
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remains the same. This occurs because when k < 4, some s have min,.p{h,} >
min;. y g{hy;}. When k increases to 4 or more, all s have min,.p{h,} =
min; 5 g{h,;}, so adding more ¢ cannot yield a smaller H. Additionally, when
k =1,2,3,4, the T obtained by both methods are identical. Algorithm 1 is a
relatively simpler greedy algorithm. These results demonstrate that using Al-
gorithm 1 to select a small number of suitable nodes as edge computing nodes
can effectively reduce average hop count while simplifying computation.

Next, k is set to 4. Based on Scenario 1, Algorithm 1 computes T, yielding all A,
and w,, for s tot. SN denotes restricting computation to single nodes, while MN
denotes allowing multiple nodes. Scheduling computation is performed without
network resource load balancing constraints. For Scenarios 1, 2, and 3, varying
A values are used to compare results from the optimization solver and Algorithm
2, as shown in Figure 5 [Figure 5: see original paper].

Figure 5 shows that for small A, the H from the optimization solver is slightly
smaller than Algorithm 2’s H when computation can be distributed across mul-
tiple nodes, and significantly smaller or equal when restricted to single nodes.
For large A, both methods yield identical H. Generally, before A reaches a cer-
tain threshold, distributing computation across multiple nodes yields H values
less than or equal to single-node restriction. Beyond this threshold, further in-
creasing A does not change the obtained H. This indicates that the permitted
load balancing degree of computing resources can significantly affect average
hop count, particularly for single-node restriction where smaller A may sub-
stantially increase average hop count. Multi-node distribution shows relatively
smaller increases. When A is large, Algorithm 2 also achieves good results.

Finally, k remains 4. Based on Scenario 1, Algorithm 1 computes T, yielding all
P,, and P,; between each s and ¢. Only multi-node distribution is considered
with A = 1. Scheduling computation incorporates network resource load balanc-
ing constraints with « set to 0, 0.5, and 1. For Scenarios 1, 2, and 3, varying
0 values are used with the optimization solver, as shown in Figure 6 [Figure 6:
see original paper].

Figure 6 shows that before 6 reaches a certain threshold, smaller 6 yields larger
H. Beyond this threshold, further increasing 6 does not change the obtained H.
For the same 6, « = 0 or 1 yields the same H as o = 0.5, because when s sends
and receives traffic in opposite directions, if received traffic size is 0 or equals
sent traffic size, the obtained H actually depends only on sent traffic. Before
0 reaches the threshold and for the same 6, a = 0 or 1 yields larger H than
a = 0.5, because when sent and received traffic are unequal and received traffic
is non-zero, the larger of the two has a greater proportion of traffic using higher-
hop paths due to network resource load balancing constraints. These results
demonstrate that the permitted load balancing degree of network resources can
also affect average hop count, with smaller 6 potentially increasing average hop
count.
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5 Conclusion

This paper proposes a centralized control-based scheduling mechanism for load
balancing requirements in edge computing networks. By scheduling to minimize
average end-to-end delay while satisfying load balancing constraints, the paper
analyzes the model and proposes algorithms to determine which network nodes
should deploy edge computing functions and how to schedule user data and
requests. Evaluation results show that the number of edge computing nodes
and the load balancing degree of computing and network resources can affect
average end-to-end delay. Selecting a small number of suitable nodes as edge
computing nodes and appropriately balancing computing and network resource
loads can effectively reduce average end-to-end delay.

Future work will consider reasonable scheduling under failures of links, shared
risk link groups, and nodes, while addressing centralized controller scalability
and energy efficiency needs of edge computing networks.
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