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Abstract—Network function virtualization (NFV) decouples net-
work functions from dedicated hardware by implementing them
as software-based virtual network functions (VNFs), thereby en-
abling flexible network resource management. Network services
are provisioned through service function chains (SFCs) composed
of multiple VNFs. Given SFC requests and physical machines
(PMs), this paper investigates the VNF deployment problem with
three objectives: maximizing the service acceptance ratio (SAR),
minimizing the fotal energy consumption (TEC), and balancing
the load among PMs. We then propose a load-aware and energy-
efficient VNF deployment (LEEV) scheme that dynamically adapts
its deployment strategy based on the system load. Under light-
load conditions, LEEV deploys adjacent VNFs of a given SFC on
one PM to reduce energy consumption, while under heavy-load
conditions, it can shift toward load-balancing deployment without
sacrificing energy efficiency. Simulation results reveal that LEEV
achieves a higher SAR, lower TEC, and improved load balance.

Index Terms—deployment, energy, load balance, network func-
tion virtualization (NFV), virtual network function (VNF).

I. INTRODUCTION

In large-scale networks, most network services are provided
by middleboxes—typically expensive, purpose-built hardware
devices that can process and transform network traffic based on
packet content. Service orchestration requires steering traffic
through a sequence of selected middleboxes, forming service
function chains (SFCs). Such tight coupling between network
functions and middleboxes not only increases the capital and
operational expenditures of service providers but also makes
network resource management rigid and complex [1].

To overcome the limitations, ETSI has developed standards
for network function virtualization (NFV) [2]. NFV leverages
virtualization technologies to replace traditional middleboxes
with software-based virtual network functions (VNFs), which
facilitates their deployment and execution on commodity phys-
ical machines (PMs). VNFs can migrate across PMs, and SFCs
can be scaled by adding or removing VNFs as needed. As a
core technology, NFV is crucial for 5G and 6G networks [3].

A key challenge in NFV is the efficient assignment of VNFs
to PMs, known as the VNF deployment problem. This NP-hard
problem significantly affects the performance and efficiency of
NFV-enabled networks. To address this challenge, this paper
studies the problem by jointly considering three objectives: 1)
maximizing the service acceptance ratio (SAR); 2) minimizing
the total energy consumption (TEC); and 3) balancing the
load across PMs. The first objective is generally achieved by

improving PM resource utilization [4], while the latter two aim
to reduce operational expenditures and mitigate performance
degradation caused by overloaded PMs [5].

However, these objectives often conflict. In particular, de-
ploying VNFs on fewer PMs can improve resource utilization
but may cause load imbalance, with some PMs heavily loaded
and others idle. Conversely, distributing VNFs across multiple
PMs improves load balancing, but VNFs belonging to the same
SFC may reside on different PMs, increasing inter-PM traffic
and energy consumption of network links.

Consequently, we propose a load-aware and energy-efficient
VNF deployment scheme, referred to as LEEV, that dynami-
cally adapts deployment decisions based on the system load.
Under light-load conditions, LEEV employs a bundling-based
deployment strategy to co-locate multiple adjacent VNFs on
the same PM, which improves resource utilization and reduces
energy consumption caused by inter-VNF communication. As
the system load increases, LEEV shifts toward load balancing
among PMs while preserving energy efficiency. Simulations
demonstrate that the LEEV scheme can achieve a high SAR,
reduce TEC, and balance the load across PMs.

The rest of this paper is organized as follows: Section II
reviews related work, Section III presents the system model,
Section IV describes the LEEV scheme, and Section V evalu-
ates its performance. Finally, Section VI concludes the paper.

II. RELATED WORK

The problem of VNF deployment for improving PM re-
source utilization has attracted considerable attention. An inte-
ger linear programming model is proposed in [6] to maximize
resource utilization and provider revenue, while norm-based
criteria are adopted in [7] to match PM resources with SFC
demands. The work [8] proposes first-fit, best-fit, and segment-
based algorithms to increase deployed SFC weight. The studies
in [9]-[11] improve resource utilization by considering service
latency, workload prediction, and link consumption. However,
aggressive VNF consolidation tends to concentrate VNFs on
a limited number of PMs, resulting in load imbalance.

Both studies [12], [13] improve energy efficiency by reduc-
ing the number of working PMs, potentially imposing heavy
workloads on active PMs. The study [14] adopts a centrality-
based ranking method for VNF-to-PM mapping. Zhang et al.
[15] propose a near-optimal placement algorithm to decrease
PM and link energy consumption. However, these approaches



largely rely on VNF consolidation to achieve energy efficiency.
Varasteh et al. [16] employ blocking islands to abstract PMs
and links, reducing computational complexity at the cost of
potentially suboptimal deployment decisions.

Load balancing among PMs has also been studied. In [17], a
max-min allocation strategy is used to assign as many VNFs as
possible to the least-loaded PM. If a PM becomes overloaded,
the study [18] moves part of its VNFs to other PMs. The work
[19] scores each PM based on its resource status and that of
neighboring PMs, triggering VNF migration upon overload.
Xuan et al. [20] apply a deep Q-network for VNF deployment
to improve load balance. In [21], a utility function is used to
evaluate PM suitability for hosting VNFs, with differentiated
deployment methods for the first and subsequent VNFs in an
SFC. Although these approaches enhance load balancing by
distributing VNFs across PMs, they may incur increased inter-
PM traffic and energy consumption of links.

In contrast, our work adapts VNF deployment decisions de-
pending on the system load, with the aim of jointly considering
resource utilization, energy consumption, and load balancing.

III. SYSTEM MODEL

We model the underlying infrastructure network as a graph
(P, L), where P denotes the set of PMs and £ denotes the set
of links between PMs. For each PM p, € P, AR represents its
capacity of resource type R, where AR € Z* and R € {C,M}.
Specifically, C and M denote computing and memory resources,
commonly required by VNFs [22]. Link [, , € L exists if PMs
p, and p, are directly connected.

Let S denote the set of SFCs to be served. Each SFC S; € S
is represented as an ordered sequence of VNFs, denoted by
{vi1,vi2, -+ ,vin}. For each v, ; € S;, )\?J € Z* denotes
its demand for resource type R. If v; ; and v; ;41 are deployed
on different PMs, data is transmitted over one or more links,
consuming bandwidth b; ;. We define b, ij = = 0if v; ; and v; j 11
are deployed on the same PM or if v; 5 is the last VNF in S;.

According to the energy model in [15], TEC is composed of
PM energy consumption (PEC) and link energy consumption
(LEC). PEC represents the energy consumed by PMs for basic
operations and VNF hosting. Given the set V,, of VNFs hosted
on p., the PEC of p, is defined as
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where ¢22%¢ is the baseline energy consumption of p, without
hosted VNFs, and ¢% is the additional energy consumption per
unit of resource type R. LEC is the energy consumed by links
for inter-PM data transmission. Let V;,y be the set of VNFs
whose traffic traverses I, ,. The LEC of [, is estimated by
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where ;% ¢ and ;" denote the energy consumption of [, ,

under idle and full- load conditions, and b‘;a;‘ is the maximum
bandwidth of I, ,. Then, TEC can be expressed as
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On the other hand, the load of PM p, can be characterized
by the proportion of resources consumed by the VNFs hosted
on it (i.e., V;), which is calculated as follows:
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The degree of load balance among all PMs can be measured
using Jain’s fairness index (JFI) [23], computed as follows:

w= (Y ) /(P L €) o

JFI ranges from 1/|P| to 1, and a higher value indicates better
load balance.

The VNF deployment problem seeks to assign PMs in P to
host VNFs of each SFC in S, with three objectives:
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maxmize , (6)
minimize TEC, @)
maxmize JFI. (8)

In particular, Eq. (6) maximizes SAR, where z’; is a binary
variable indicating whether VNF v; ; is deployed on PM p,.
Since the operation of an SFC depends on its deployed VNFs,
SAR may alternatively be defined as the ratio of accepted
SFCs to the total number of SFCs. However, Eq. (6) further
accounts for variations in the number of VNFs among SFCs,
assigning greater weight to SFCs with more VNFs and thus
providing a more representative evaluation. Eq. (7) minimizes
TEC, while Eq. (8) balances loads among PMs in P.
The constraints are defined as follows:
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Specifically, Eq. (9) enforces 2 ; to be binary. Eq. (10) ensures
that a VNF’s resource demands do not exceed PM capacity.
Eq. (11) prevents a VNF from being split across multiple PMs.
Eq. (12) guarantees that the aggregate resource demands of
hosted VNFs remain within PM capacity. Eq. (13) accounts
for link bandwidth required for VNF data transmission. Table I
summarizes the acronyms and notations.

IV. THE PROPOSED LEEV SCHEME

The LEEV scheme dynamically adapts its deployment strat-
egy according to the system load, defined as follows:
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In particular, wy denotes the weight associated with resource
type R, where 0 < wy < 1 and ZRE {cm} Wr = 1. Moreover,

(14)



TABLE I
SUMMARY OF ACRONYMS AND NOTATIONS.

(a) Summary of acronyms

acronym full name
BIH blocking island hierarchy
CLVS cost-aware and load-balancing VNF scheduling
JFI Jain’s fairness index
LBVD load-balanced VNF deployment
LEC/PEC/TEC | link/PM/total energy consumption
LEEV load-aware and energy-efficient VNF deployment
NFV network function virtualization
PM physical machine
SAR service acceptance ratio
SFC service function chain
VNF virtual network function
(b) Summary of notations
notation definition
P, LS sets of PMs, links, and SFCs (S;: an SFC in S)
Pss, Pcan search space and set of candidate PMs
AR, R capacity and usage amount of PM p;’s resource type R
R

i demand of VNF w; ; for resource type R
z binary variable to check if PM p, hosts VNF v; ;
- bandwidth required by VNF v; ; to send data
el;gc, €lEC | PEC of PM p, and LEC of link Iz,y

z,y
Wsys, 5sys system load and its threshold

& = 2.8,e8 Qv €8, N, Tepresents the usage amount
of resource type R on PM p,. The system load in Eq. (14)
is calculated as the sum of the weighted average resource uti-
lization across all PMs in P. In the absence of any preference
for a particular resource type, we recommend assigning equal
weights to different resources, that is, wg = wy = 0.5. The
value of Wy ranges from O to 1, where a larger value indicates
that most PMs have fewer remaining available resources.

For each SFC §; € S, LEEV deploys its VNFs sequentially.
The deployment strategy is determined by comparing system
load Wy with a threshold dgys (0 < fgys < 1). If Wy < gys,
LEEV uses the bundling-based deployment strategy described
in Section IV-A. When Wgys > dgys, LEEV switches to the
load-balancing deployment strategy presented in Section I'V-B.
Further discussion of LEEV is provided in Section I'V-C.

A. Bundling-Based Deployment Strategy

Let v; ; denote the VNF (belonging to SFC S;) currently to
be deployed. We define Pss C P as the subset of PMs whose
hop counts to the PM hosting the preceding VNF v; ;_1 € S;
do not exceed a threshold p, where p € Z*. If v; ; is the first
VNF in §;, then Pss = P. Hence, the set Psg represents the
search space of candidate PMs for deploying v; ;.

Algorithm 1 shows the pseudocode of the bundling-based
deployment strategy. In line 1, Pcay denotes the set of candi-
date PMs, which is initially set to (), while Vepy consists of Vs j
and the subsequent K — 1 VNFs, where K is a small integer
with K > 1. In line 2, the Boolean variable bundle indicates
whether it is feasible to deploy all VNFs in Mgy on one PM.

Lines 3-8 search for candidate PMs for deploying the VNFs
in Veay when it contains multiple VNFs. In line 4, g denotes
the aggregate demand of resource type R required by all VNFs
in V. The for-loop in lines 5-8 checks whether each PM

Algorithm 1: Bundling-based deployment

1 PCAN — @, VCAN — {Ui,j7vi,j+1, .

2 bundle <+ false;

3 if |[Vean| > 1 then

4| A= v Mo VR € {C, M}

foreach p, € Pss do

if q)(pauXRy'Ui}jfl) = true then
L Pean < Pean U {pz};

bundle <+ true;

Vi b K1}

®w N & W

9 if bundle = false then

10 foreach p, € Pss do

1 if ®(p,, A} ;,vij—1) = true then
12 L Pean < Pow U {pz }:

13 if PCAN 75 (Z) then

14 if |Vean| > 1 and bundle = false then
15 L VCAN — {Ui,j};

16 Py < argming, epy, frec(Pz, Vean);
17 Deploy all VNFs in Veay on py;

18 | Update uy, VR € {C,M};

19 else

20 | Deny the deployment of v; ;;

Pz € Pss can accommodate all VNFs in V. To this end,
we define a checking function ®(p,;, Ag, vi j—1), which returns
true if the following two conditions are satisfied: 1) pu® + g <
A};, VR € {C,M}, i.e., p, has sufficient residual resources; and
2) a path with sufficient link bandwidth exists for the preceding
VNF v; ;_1 to transmit its generated data from its hosting PM
to p.. The second condition is not considered if v; ; is the first
VNEF. Otherwise, the checking function returns false. Once p,,
passes the check, it is added to Pcyy, and the variable bundle
is set to true.

Lines 9-12 deal with the case where the variable bundle is
false. This situation may occur under two conditions: 1) Veay
contains merely v; ;, that is, v; ; is the last VNF in S;; or 2)
no candidate PMs are identified in lines 3-8, i.e., no PM can
accommodate all VNFs in Vgyy. In this case, candidate PMs
for deploying v; ; are searched from Pgs.

The remaining code chooses a PM from Pcyy to deploy the
VNFs in Vepy. In lines 1415, if Vepy contains multiple VNFs
while the variable bundle is false, Veyy is reduced to contain
only v; ;, because deploying multiple VNFs on the same PM
is infeasible. Line 16 selects a PM, denoted by p,;, such that it
yields the minimum value of frgc(ps, Vean). More specifically,
Jrec(Px, Vean) is a function that calculates the increase in TEC
resulting from deploying all VNFs in Veay on PM p,:

ZRE{C M} va m € Vean

b, ; )

J—1 full idl

bma}é (wO&uﬁ ql}a’ﬁe) ?
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Algorithm 2: Load-balancing deployment

Pean < 0;
foreach p, € Psg do
if ®(ps, A}, vij—1) = true then
| Pean < Pean U {pz};

if PCAN = @ then
6 L Deny the deployment of v; ; and return;

7 €pin < minpw €Pean fTEC(p$7 {’Ui,j});
foreach p, € Pcyy do

9 if frec(pz, {vi;j}) > €pin + 7 then
10 L Pean < Pean \ {pz};

[ T S

*®

AL - Y.
11 Dy < arg MaXp, € Pea (ZRG{C,M} wg, X Al;u )’
12 Deploy v; j on p, and update yj, VR € {C,M};

where £ is the set of links traversed by data flow from v; ;1
to v; ;. If v; 5 is the first VNF in S;, then b; j—1 = 0. Lines
17-18 deploy all VNFs in Vgay on the selected PM p, and
update its resource usage amount ,ug for each resource type.

However, if Pcuy is empty, i.e., no candidate PMs can be
found, lines 19-20 are executed to deny the deployment of v; ;.
Two cases are then considered. If v; ; is a necessary VNF, the
entire SFC is rejected, and previously deployed VNFs of S;
are removed (i.e., rollback). Otherwise, v; ; is skipped, and
LEEV proceeds to deploy the next VNF in S;.

B. Load-Balancing Deployment Strategy

Unlike the bundling-based deployment strategy, which at-
tempts to deploy multiple VNFs of SFC S; on the same PM,
the load-balancing deployment strategy selects a suitable PM
for deploying VNF wv; ;. Algorithm 2 presents the pseudocode
of this strategy. Lines 1-4 check whether each PM p, € Pss
can pass the checking function ®(p,, )\]},j, v;,5—1). If so, py is
added to the candidate set Pcpy. However, when Pcpy remains
empty, no feasible PM is found. Hence, the deployment of v; ;
is rejected, as shown in lines 5-6.

Line 7 finds the minimum value of frec(pg, {vi;}) among
all PMs in Pc,y, denoted by e ;,. The for-loop in lines 8-10
removes from Pcyy those PMs whose frec(ps, {vi;}) values
exceed ey, + 7. This procedure ensures that deploying v; ; on
any PM in Pgpy results in a TEC increase that is bounded by
T, relative to the minimum achievable TEC increase.

Among all PMs in Pguy, line 11 selects the PM with the
largest amount of remaining resources, denoted by p,. Finally,
line 12 deploys v; ; on p, and then updates its resource usage
amount accordingly.

C. Discussion

We discuss the rationale behind the LEEV scheme. When
system load W is below threshold gy, most PMs in P are
considered to have ample available resources. Under this con-
dition, LEEV adopts the bundling-based deployment strategy,
which opportunistically attempts to deploy K adjacent VNFs

in SFC §; on the same PM. This approach not only improves
the resource utilization of the selected PM but also reduces
LEC incurred by S;. Note that the value of K should remain
small; otherwise, the selected PM may become heavily loaded.
Based on this consideration, we recommend setting K = 2.

When Wgyo > dgys, the system operates under a relatively
high-load condition. The available resources of PMs become
limited, and thus bundling multiple VNFs on the same PM may
lead to performance degradation. Therefore, LEEV switches
to the load-balancing deployment strategy, which deploys each
VNF individually while considering both energy efficiency and
load distribution. By filtering candidate PMs based on the TEC
increase threshold 7 and subsequently selecting the PM with
the largest amount of remaining resources, LEEV can prevent
excessive load concentration on just a few PMs. This strategy
effectively balances the trade-off between minimizing energy
consumption and maintaining a balanced resource utilization
across PMs under high system load.

V. PERFORMANCE EVALUATION

To evaluate system performance, a simulator is implemented
in C++. Two common large-scale network topologies, namely
fat-tree and jellyfish, are used. The fat-tree topology organizes
PMs into a 3-layer hierarchy, providing multiple shortest paths
between edge PMs [24]. The jellyfish topology is modeled as
a random regular graph, where non-edge PMs have identical
degrees but are connected arbitrarily [25]. The network com-
prises 99 PMs with the maximum node degree of 6, resulting
in 162 and 142 links for the fat-tree and jellyfish topologies.

For each PM, the computing and memory capacities (AS
and AY) are 64 units and 32 units. The baseline energy con-
sumption of a PM (4°2%°) is 5W, while the additional energy
consumption per unit of computing and memory resources (¢
and zj)fc) is set to 4 W and 2 W. For each link, the maximum
bandwidth (b3)) is uniformly drawn from the range [800,
1000] Mbps. Its energy consumption under idle and full-load
conditions (13%)¢ and 1I"*) is 0.44 W and 15.4 W [26].

The number of SFCs is increased from 1 to 25, where each
SFC consists of 12 VNFs. For the middle six VNFs in each
SFC, the computing and memory demands (\{ ; and A} ) are
uniformly drawn from [18, 20] units and [14, 16] units. For
other VNFs, the computing and memory demands are drawn
from [8, 10] units and [4, 6] units. In addition, the bandwidth
required for data transmission between two consecutive VNFs
(b; ;) is uniformly drawn from the range [1, 5] Mbps.

We compare the proposed LEEV scheme with three rep-
resentative methods introduced in Section II. The blocking
island hierarchy (BIH) method [16] uses blocking islands to
abstract PMs and links for VNF placement. The load-balanced
VNF deployment (LBVD) method [19] scores PMs according
to local and neighboring resource status and performs VNF
migration upon overload. The cost-aware and load-balancing
VNF scheduling (CLVS) method [21] employs a utility-based
approach with differentiated placement strategies for the first
and subsequent VNFs in an SFC.
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Fig. 1. Performance evaluation of BIH, LBVD, CLVS, and LEEV under different network topologies.

A. Performance Comparison

Fig. 1(a) compares SAR after deploying VNFs of 25 SFCs.
As the fat-tree topology contains more links than the jellyfish
topology, and all methods restrict the search space of candidate
PMs to those near the PM hosting the previous VNF, better
performance is observed under the fat-tree topology. Moreover,
all VNFs in an SFC are mandatory, i.e., if any VNF cannot
be successfully deployed, all previously deployed VNFs in the
same SFC are removed. Thus, the SAR values of all methods
fall within the range of 0.74 to 0.77. As observed, the LEEV
scheme consistently achieves a higher SAR than others.

Fig. 1(b) and Fig. 1(c) present the TEC achieved by each
method. Both LBVD and CLVS distribute VNFs across PMs
to improve load balancing, which significantly increases inter-
PM traffic and consequently results in higher TEC compared
to the other methods. In contrast, LEEV adopts both bundling-
based and load-balancing deployment strategies that explicitly
consider the impact on TEC when placing VNFs. As a result,
LEEV achieves the lowest TEC among all methods. In the
fat-tree topology, LEEV reduces TEC by 6.12%, 10.41%, and
14.73% compared to BIH, LBVD, and CLVS, respectively. In
the jellyfish topology, LEEV reduces TEC by 9.93%, 12.63%,
and 18.52% compared to BIH, LBVD, and CLVS, respectively.

Fig. 1(d) and Fig. 1(e) compare the JFI achieved by each
method. JFI generally increases as more SFCs are added, since
more PMs are assigned VNFs and their loads become more
balanced. In the fat-tree topology, all methods achieve similar
JFI values due to the regular structure and high link connec-
tivity. In contrast, BIH achieves significantly lower JFI than
the other methods under the jellyfish topology, indicating that
the blocking island abstraction provides limited information

for balancing loads across PMs. The LEEV scheme performs
comparably to LBVD and merely slightly worse than CLVS,
demonstrating its effectiveness in terms of load balancing.

B. Effect of Threshold sys

The LEEV scheme determines the used deployment strategy
according to whether the system load is below threshold dgys.
Therefore, we evaluate the impact of 5sys on the performance
of LEEV, as shown in Fig. 2.

We first investigate the case where dgys < 0.5. As Jgys rises,
the likelihood of using the bundling-based deployment strategy
under light-load conditions also increases. This leads to higher
PM resource utilization (reflected by an increased SAR), lower
TEC (due to reduced inter-PM traffic), and a decrease in JFI
(as some PMs tend to host more VNFs).

When 6sys > 0.5, the system load becomes relatively high,
meaning that most PMs have limited remaining resources. Un-
der such conditions, the bundling-based deployment strategy
cannot place multiple VNFs on the same PM in most cases
and thus behaves similarly to the load-balancing deployment
strategy. Hence, SAR, TEC, and JFI remain nearly unchanged
as dgys continues to increase beyond 0.5.

Based on the results in Fig. 2, we recommend setting 5Sys =
0.5, as this value achieves a favorable trade-off by improving
SAR, reducing TEC, and maintaining a high JFIL.

VI. CONCLUSION

In this paper, we propose the LEEV scheme to efficiently
address the VNF deployment problem by jointly considering
resource utilization, energy consumption, and load balancing.
LEEV dynamically adapts deployment decisions according to
the system load. Under light-load conditions, LEEV employs
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Fig. 2. Effect of threshold dsys on the performance of LEEV.

the bundling-based deployment strategy to flexibly place ad-
jacent VNFs of an SFC on the same PM. As the system load
exceeds threshold 6Sys, LEEV switches to the load-balancing
deployment strategy to distribute VNFs across PMs. Simula-
tion results demonstrate that LEEV consistently outperforms
BIH, LBVD, and CLVS in terms of SAR and TEC while
maintaining effective load balancing among PMs.
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