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Abstract—Traditional networks employ expensive dedicated
hardware devices as middleboxes to implement Service Chains
(SC) of user requests by steering data traffic along the mid-
dleboxes in the service chains. Network Function Virtualization
(NFV) is a promising virtualization technique by implementing
network functions as pieces of software in servers or data centers.
By leveraging the technique of Software Defined Networking
(SDN), NFV can be further enabled in a flexible and dynamic
way. In this paper, we consider dynamic admissions of delay-
aware NFV-enabled requests in SDNs by leveraging pre-installed
NFV instances in data centers. We first formulate a novel revenue
maximization problem, and show that the problem is NP-hard.
We then propose an online heuristic for the problem. We also
devise an online algorithm with a provable competitive ratio
for a special case of the problem where the end-to-end delay
requirement of requests can be neglected. We finally evaluate the
performance of the proposed algorithms through experimental
simulations. The simulation results demonstrate that the proposed
algorithms are promising.

I. INTRODUCTION

Provisioning network services in traditional networks takes
a great deal of time and effort, because dedicated hardware
devices in the networks need to be acquired and configured
manually in an inefficient manner. Also, the management of
network services provided by the dedicated hardware devices
is usually error-prone, since each service requires a dedicated
hardware device that needs to be individually configured with
its own command syntax [14]. Network Function Virtualiza-
tion (NFV) and Software Defined Networking (SDN) have
been envisaged as the next-generation networking paradigm
to enable fast service deployment, inexpensive and error-free
service provisioning in future communication networks [2].
Specifically, SDN introduces the concept of separation be-
tween the data plane and the control plane, thus provides
more flexibility in steering network flow, while NFV enables
highly optimized packet-processing network functions to run
on commodity servers. Typically, each flow goes through a
sequence of network functions in a specified order to perform
necessary packet processing, such a sequence is termed as the
service chain (SC) of the flow [12]. The integration of SDN
and NFV enables flexible allocations of service chains and
optimizes resource utilization for user request routing [14].

The adoption of SDN and NFV technologies poses several
fundamental challenges for network service providers to offer
NFV-enabled services in their SDNs. The first challenge is
how to maximize their revenues by admitting as many requests
as possible considering the constraints of computing and
bandwidth resources of the network. This can be achieved
by pre-installing instances of service chains in data centers
and allowing user requests share the installed instances among
NFVs of future user requests. User requests not only have

different amounts of resource demands but also have different
service chains and delay requirements. How to meet such
diverse resource demands and delay requirements such that
the revenue of a network service provider is maximized is
challenging. The second challenge is how to find routing
paths that include data centers to process the traffic of user
requests. The last challenge is how to dynamically admit user
requests, assuming that the requests arrive one by one without
the knowledge of future arrivals. Tackling these challenges
requires novel frameworks, algorithms, and technologies, as
conventional routing algorithms, protocols designed for tradi-
tional networks are not applicable to NFV-enabled SDNs.

There have been several studies on NFV-enabled user
request routing [7], [9], [10], [11], [13], [15]. For example,
Martins et al. [11] introduced a virtualization platform to
improve network performance, by extending existing virtualiza-
tion technologies to support the deployment of modular virtual
middleboxes on lightweight VMs. Lukovszki and Schmid [10]
considered NFV-enabled request admissions under an ideal
assumption that each server in a network can only accom-
modate one VNF and the VNFs of different network func-
tions consume the same amount of computing resource. They
devised an online algorithm with competitive ratio 𝑂(log 𝑙)
where 𝑙 is the maximum number of VNFs in any NFV-enabled
request. Li et al. [9] investigated QoS-aware NFV-enabled
user request routing problem by implementing the VNFs of
the service chain of each request in a single data center.
However, most of these studies considered only the computing
capacity of nodes [10], and neglected the delay requirement
of requests. Huang et al. [4], [5] considered maximizing the
network throughput problem by consolidating all VNFs of a
service chain into a server, through seeking non-trivial tradeoff
between the accuracy of a solution and the running time
needed to obtain the solution. Xu et al. [15] considered a
throughput maximization problem by making use of existing
VNF instances, assuming that all requests are given in advance.
In addition, most studies focus on delivering exact solutions by
Integer Linear Programming (ILP) or heuristic solutions. These
solutions are neither scalable nor any performance guarantees.
To the best of our knowledge, we are the first to study the
revenue maximization problem of dynamically admitting NFV-
enabled requests in SDNs, by making use of pre-installed
VNF instances, and we devise very first online algorithms with
performance guarantees for the problem.

The main contributions of this paper are as follows. We
first formulate the online revenue maximization problem of
dynamically admitting delay-aware NFV-enabled requests in
SDNs, assuming that each request is admitted on a pay-as-
you-go basis, subject to various network resource capacity
constraints, and show the problem is NP-hard. We then propose
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an online heuristic for the problem. We also devise an online
algorithm with a provable competitive ratio for a special case
of the problem where the end-to-end delay requirement of
each request can be neglected. We finally conduct empirical
evaluation on the performance of the proposed algorithms
through experimental simulations.

The rest of the paper is organized as follows. Section II
introduces notions, notations, and the problem definition. Sec-
tion III formulates an ILP solution to an offline version of
the problem. Section IV develops a heuristic for the problem,
and Section V devises an online algorithm with a provable
competitive ratio for a special case of the problem where the
end-to-end delay requirement of each request can be neglected.
Section VI evaluates the performance of the proposed algo-
rithms empirically, and Section VII concludes the paper.

II. PRELIMINARIES

We consider a Software Defined Network (SDN) as a
directed graph 𝐺 = (𝒮𝒲∪𝑉,𝐸), where 𝒮𝒲 is a set of SDN-
enabled switch nodes and 𝑉 is a set of data centers, and 𝐸 is a
set of links between SDN-enabled switches and between SDN-
enabled switches and data centers. The implementation of
virtualized network functions (VNFs) in data centers consumes
computing resource. Denote by 𝐶𝑣 the computing capacity of
data center 𝑣 ∈ 𝑉 . Also, different VNFs may have different
processing delays. Furthermore, the data traffic routing of each
request consumes link bandwidth and incurs data transmission
delays along its routing path. Denote by 𝐵𝑒 the bandwidth
capacity of a link 𝑒 ∈ 𝐸.

Consider a user request 𝑟𝑗 = (𝑠𝑗 , 𝑡𝑗 ;𝑆𝐶
(𝑘), 𝑏𝑗 , 𝜌𝑗 , 𝐷𝑗) that

its data traffic will transfer from source 𝑠𝑗 to destination 𝑡𝑗
with a given packet rate 𝜌𝑗 > 0, and the data traffic must
pass through the instances of VNFs in its service chain 𝑆𝐶(𝑘).
We assume that the service chains among all requests can be
classified into 𝐾 types. We also assume that each instance of
a VNF can process a basic packet rate [15], and a request
𝑟𝑗 with 𝜌𝑗 packet rate implies it needs 𝜌𝑗 instances of its
required type of service chain and the amount 𝑏𝑗 (= 𝜌𝑗 ⋅𝑏(𝑘)) of
bandwidth resource, where 𝑏(𝑘) is the bandwidth requirement
of a basic data packet rate of the request with 𝑆𝐶(𝑘). We
assume that some service chains have been instantiated in
data centers already. We further assume that the data traffic of
each request will be processed in a single data center. Since
different requests may have different types of service chains,
establishing a routing path for each request needs steering its
data traffic flow to pass through the specified VNFs in its
service chain. An ordered sequence of VNFs is defined as
a service chain (SC). Denote by 𝑆𝐶(𝑘) the service chain of
type 𝑘 and 𝐶(𝑆𝐶(𝑘)) the computing resource consumption of
an instance of the service chain of type 𝑘 with 1 ≤ 𝑘 ≤ 𝐾.
Assume that there are 𝑛

(𝑘)
𝑣 ≥ 0 instances of type-𝑘 service

chain pre-installed in data center 𝑣 ∈ 𝑉 . Sometimes, instances
of a specified service chain in a data center may run out. If
there is sufficient available computing resource in the data
center, new instances for that type of service chain can be
instantiated.

Each request 𝑟𝑗 has an end-to-end delay requirement 𝐷𝑗

that specifies the maximum duration of per data packet of the
request from its source to its destination, which includes both
the processing delay and the transmission delay of the packet.
Denote by 𝑑𝑗(𝑆𝐶

(𝑘)
𝑣 ) the processing delay of a packet at data

center 𝑣. Furthermore, traffic route for request 𝑟𝑗 along a link
𝑒 ∈ 𝐸 incurs a data transmission delay 𝑑𝑒. The data trans-
mission delay along the first segment 𝑃 (𝑠𝑗 , 𝑣) of the routing
path for the data traffic of request 𝑟𝑗 from node 𝑠𝑗 to data
center 𝑣 is 𝑑𝑗(𝑃 (𝑠𝑗 , 𝑣)) =

∑
𝑒′∈𝑃 (𝑠𝑗 ,𝑣)

𝑑𝑒′ . Similarly, the data
transmission delay along the second segment 𝑃 (𝑣, 𝑡𝑗) of the
routing path is 𝑑𝑗(𝑃 (𝑣, 𝑡𝑗)) =

∑
𝑒′∈𝑃 (𝑣,𝑡𝑗)

𝑑𝑒′ . The end-to-end
delay of data transmission of request 𝑟𝑗 along the routing path
via data center 𝑣 thus is 𝑑(𝑟𝑗) = 𝑑𝑗(𝑃 (𝑠𝑗 , 𝑣)) + 𝑑𝑗(𝑆𝐶

(𝑘)
𝑣 ) +

𝑑𝑗(𝑃 (𝑣, 𝑡𝑗)). To meet the end-to-end delay requirement of 𝑟𝑗 ,
we have 𝑑(𝑟𝑗) ≤ 𝐷𝑗 .

A network service provider typically charges its users by
admitting their requests on a pay-as-you-go basis through
adopting a common revenue collection model [13]. The rev-
enue collected 𝑅𝑗 by admitting a request 𝑟𝑗 is proportional
to its computing and bandwidth resource demands, where
𝑅𝑗 = 𝜆1 ⋅ 𝜌𝑗 ⋅ 𝐶(𝑆𝐶(𝑘)) + 𝜆2 ⋅ 𝑏𝑗 , where 𝜆1 and 𝜆2 are
constant weights for computing and bandwidth selling prices.
The total revenue collected by admitting a set 𝒮 of requests is
𝑅𝑉𝒮 =

∑
𝑟𝑗∈𝒮 𝑅𝑗 .

Given an SDN 𝐺 = (𝒮𝒲∪𝑉,𝐸), the number of instances
𝑛
(𝑘)
𝑣 of 𝑆𝐶(𝑘) for type 𝑘 service chain pre-installed at each

data center 𝑣 ∈ 𝑉 , let 𝑟1, 𝑟2, . . . 𝑟𝑗 be the sequence of requests
arrive one by one without the knowledge of future arrivals,
the online revenue maximization problem in 𝐺 is to maximize
the total revenue 𝑅𝑉𝒮 collected by admitting a subset 𝒮 of
requests in the sequence while meeting the end-to-end delay
requirement of each admitted request, subject to resource
capacity constraints on both data centers and links.

Following a reduction from a well known NP-hard problem
- the knapsack problem, the revenue maximization problem
in 𝐺 is NP-Hard. Detailed reduction is omitted due to space
limitation.

III. ILP FOR THE OFFLINE PROBLEM

In this section, we consider a revenue maximization prob-
lem as follows. Given a set of NFV-enabled requests 𝒜, and
some instances of service chains in each data center in 𝐺,
the problem is to admit as many requests as possible such
that the revenue collected by the network service provider is
maximized, subject to network resource constraints and request
end-to-end delay requirements.

We formulate an ILP solution to this offline revenue
maximization problem, which will serve as the benchmark to
the online revenue maximization problem. For each request
𝑟𝑗 ∈ 𝒜, 𝑎𝑘𝑗 = 1 if 𝑟𝑗 is a type 𝑘 request; 𝑎𝑘𝑗 = 0, otherwise.
𝑥𝑗 is a decision variable with value 1 if request 𝑟𝑗 is admitted
and 0 otherwise, and 𝑅𝑗 is the revenue collected if request
𝑟𝑗 is admitted. Each request can be either assigned to pre-
installed or newly-created service chain instances. We thus
introduce decision variables 𝑦𝑗,𝑣 and 𝑦′𝑗,𝑣 for request 𝑟𝑗 and
data center 𝑣 ∈ 𝑉 , with 𝑦𝑗,𝑣 = 1 or 𝑦′𝑗,𝑣 = 1 if it is assigned
to pre-installed or newly-created service chain instances in
data center 𝑣, respectively. For clarity, denote by 𝜓+(𝑢) and
𝜓−(𝑢) the sets of out-going and incoming edges of a node
𝑢 ∈ 𝒮𝒲 ∪ 𝑉 , respectively. As an edge 𝑒 ∈ 𝐸 can be used
in both the first segment 𝑃 (𝑠𝑗 , 𝑣) and the second segment
𝑃 (𝑣, 𝑡𝑗) of the routing path for request 𝑟𝑗 via 𝑣, two decision
variables 𝑧𝑠𝑣𝑗 (𝑒) and 𝑧𝑣𝑡𝑗 (𝑒) are adopted to distinguish between
these two segments. 𝑧𝑠𝑣𝑗 (𝑒) is with value 1 if and only if link 𝑒
belongs to the first segment 𝑃 (𝑠𝑗 , 𝑣) and 𝑧𝑣𝑡𝑗 (𝑒) is with value



1 if link 𝑒 is within the second segment 𝑃 (𝑣, 𝑡𝑗); otherwise,
their values are 0. The proposed ILP algorithm is described as
follows.

The optimization objective of this problem is:

𝑚𝑎𝑥𝑖𝑚𝑖𝑧𝑒
∑
𝑟𝑗∈𝒜

𝑅𝑗 ⋅ 𝑥𝑗 ,

subject to:∑
𝑣∈𝑉

𝑦𝑗,𝑣 + 𝑦′𝑗,𝑣 = 𝑥𝑗 , ∀𝑟𝑗 ∈ 𝒜 (1)

∑
𝑒∈𝜓−(𝑢)

𝑧𝑠𝑣𝑗 (𝑒)−
∑

𝑒∈𝜓+(𝑢)

𝑧𝑠𝑣𝑗 (𝑒) = 0, ∀𝑢 ∈ 𝒮𝒲 ∖ {𝑠𝑗}, 𝑟𝑗 ∈ 𝒜

(2)∑
𝑒∈𝜓+(𝑢)

𝑧𝑣𝑡𝑗 (𝑒)−
∑

𝑒∈𝜓−(𝑢)

𝑧𝑣𝑡𝑗 (𝑒) = 0, ∀𝑢 ∈ 𝒮𝒲 ∖ {𝑡𝑗}, 𝑟𝑗 ∈ 𝒜

(3)∑
𝑒∈𝜓−(𝑣)

𝑧𝑠𝑣𝑗 (𝑒)−
∑

𝑒∈𝜓+(𝑣)

𝑧𝑠𝑣𝑗 (𝑒) = 𝑦𝑗,𝑣 + 𝑦′𝑗,𝑣, ∀𝑣 ∈ 𝑉, 𝑟𝑗 ∈ 𝒜

(4)∑
𝑒∈𝜓+(𝑣)

𝑧𝑣𝑡𝑗 (𝑒)−
∑

𝑒∈𝜓−(𝑣)

𝑧𝑣𝑡𝑗 (𝑒) = 𝑦𝑗,𝑣 + 𝑦′𝑗,𝑣, ∀𝑣 ∈ 𝑉, 𝑟𝑗 ∈ 𝒜

(5)∑
𝑒∈𝜓−(𝑠𝑗)

𝑧𝑠𝑣𝑗 (𝑒) = 0, ∀𝑟𝑗 ∈ 𝒜 (6)

∑
𝑒∈𝜓+(𝑡𝑗)

𝑧𝑣𝑡𝑗 (𝑒) = 0, ∀𝑟𝑗 ∈ 𝒜 (7)

∑
𝑒∈𝜓+(𝑠𝑗)

𝑧𝑠𝑣𝑗 (𝑒) = 𝑥𝑗 , ∀𝑟𝑗 ∈ 𝒜 (8)

∑
𝑒∈𝜓−(𝑡𝑗)

𝑧𝑣𝑡𝑗 (𝑒) = 𝑥𝑗 , ∀𝑟𝑗 ∈ 𝒜 (9)

∑
𝑒∈𝐸

𝑑𝑒(𝑧
𝑠𝑣
𝑗 (𝑒) + 𝑧𝑣𝑡𝑗 (𝑒)) +

∑
𝑣∈𝑉

𝑑𝑗(𝑆𝐶
(𝑘)
𝑣 ) ⋅ (𝑦𝑗,𝑣 + 𝑦′𝑗,𝑣) ≤ 𝐷𝑗 ,

∀𝑟𝑗 ∈ 𝒜 (10)∑
𝑟𝑗∈𝒜

𝑏𝑗 ⋅ (𝑧𝑠𝑣𝑗 (𝑒) + 𝑧𝑣𝑡𝑗 (𝑒)) ≤ 𝐵𝑒, ∀𝑒 ∈ 𝐸 (11)

∑
1≤𝑘≤𝐾

𝑛(𝑘)
𝑣 𝐶(𝑆𝐶(𝑘)) +

∑
𝑟𝑗∈𝒜

∑
1≤𝑘≤𝐾

𝑦′𝑗,𝑣𝑎
𝑘
𝑗 𝜌𝑗𝐶(𝑆𝐶(𝑘)) ≤ 𝐶𝑣,

∀𝑣 ∈ 𝑉 (12)∑
𝑟𝑗∈𝒜

𝜌𝑗 ⋅ 𝑎𝑘𝑗 ⋅ 𝑦𝑗,𝑣 ≤ 𝑛(𝑘)
𝑣 , ∀𝑣 ∈ 𝑉, 1 ≤ 𝑘 ≤ 𝐾 (13)

𝑧𝑠𝑣𝑗 (𝑒), 𝑧𝑣𝑡𝑗 (𝑒) ∈ {0, 1}, ∀𝑒 ∈ 𝐸, 𝑟𝑗 ∈ 𝒜 (14)

𝑥𝑗 , 𝑦𝑗,𝑣, 𝑦
′
𝑗,𝑣 ∈ {0, 1}, ∀𝑣 ∈ 𝑉, 𝑟𝑗 ∈ 𝒜 (15)

Constraints (2) and (3) ensure flow conservation at any
switch node except the source and sink of the flow. Con-
straints (4) and (5) specify whether the service chain of
𝑟𝑗 is implemented in data center 𝑣. Constraints (6) and (7)
ensure that there is no flow that has not been processed by
its service chains enters the source node 𝑠𝑗 and there is no
flow that has been processed by its service chains leaves
the destination node 𝑡𝑗 . Constraints (8) and (9) enforce data
flow entering and leaving the network in accordance with the
admission of 𝑟𝑗 . Constraint (10) enforces the end-to-end delay

requirement. Constraints (11), (12) and (13) impose bandwidth
and computing resource capacity constraints for all links and
data centers in the network, respectively.

IV. A HEURISTIC

In this section, we deal with the online revenue maximiza-
tion problem. We first consider the delay-constrained shortest
path problem via a specified node, which will be used as a
subroutine for the online revenue maximization problem. We
then propose an efficient heuristic for the problem, and we
finally devise an online algorithm with a provable competitive
ratio for a special case of the problem where the end-to-end
delay requirement of each request can be neglected.

A. Delay-constrained shortest path via a specified node
Given a graph 𝐺 = (𝒮𝒲 ∪ 𝑉,𝐸), a request 𝑟𝑗 from a

source 𝑠𝑗 to a destination 𝑡𝑗 with a delay 𝐷𝑗 , and a specified
node 𝑣 ∈ 𝑉 , the delay-constrained shortest path via a specified
node problem in 𝐺 is to find a minimum cost path (or route)
from 𝑠𝑗 to 𝑡𝑗 that passes through the specified node 𝑣, while
the route delay is no greater than 𝐷𝑗 . This problem is NP-hard
as its special case the delay-constrained shortest path problem
is NP-hard [6].

Assume that the implementation of the service chain of a
request 𝑟𝑗 is assigned to the instances in data center 𝑣, and
the processing delay at 𝑣 is 𝑑𝑗(𝑆𝐶

(𝑘)
𝑣 ). To meet its end-to-

end delay requirement 𝐷𝑗 , its routing delay 𝑑𝑗(𝑃 (𝑠𝑗 , 𝑣)) +
𝑑𝑗(𝑃 (𝑣, 𝑡𝑗)) from its source 𝑠𝑗 to its destination 𝑡𝑗 must be
no greater than 𝐷𝑗 − 𝑑𝑗(𝑆𝐶

(𝑘)
𝑣 ). However, finding such a

minimum cost routing path for request 𝑟𝑗 from 𝑠𝑗 to 𝑡𝑗 via 𝑣 is
challenging, and existing algorithms for the delay-constrained
shortest path problem is not applicable. We instead develop a
novel algorithm to solve it. Specifically, for request 𝑟𝑗 and data
center 𝑣 ∈ 𝑉 , we construct an auxiliary graph 𝐺′

𝑗,𝑣 from 𝐺,
we reduce the problem in 𝐺 to the delay-constrained shortest
path problem in 𝐺′

𝑗,𝑣 = (𝑉 ′, 𝐸′), where 𝑉 ′ = {𝑢′, 𝑢 ∣ ∀𝑢 ∈
𝒮𝒲 ∪ 𝑉 }, and 𝐸′ = {⟨𝑢′, 𝑤′⟩, ⟨𝑢,𝑤⟩ ∣ ∀⟨𝑢,𝑤⟩ ∈ 𝐸}.
We then merge the specified data center node 𝑣 and its
copy 𝑣′ into a single node 𝑣, i.e., 𝑉 ′ = 𝑉 ′ ∖ {𝑣′},
𝐸′ = 𝐸′ ∖ (

∪
⟨𝑢′,𝑣′⟩∈𝐸′{⟨𝑢′, 𝑣′⟩} ∪ ∪

⟨𝑣′,𝑢′⟩∈𝐸′{⟨𝑣′, 𝑢′⟩}) ∪
(
∪

⟨𝑢′,𝑣′⟩∈𝐸′{⟨𝑢′, 𝑣⟩} ∪∪
⟨𝑣′,𝑢′⟩∈𝐸′{⟨𝑣, 𝑢′⟩}) for any 𝑢′ ∈ 𝑉 ′.

A delay-constrained shortest path 𝑃 ′(𝑠𝑗 , 𝑡′𝑗) in 𝐺′
𝑗,𝑣 from

node 𝑠𝑗 to 𝑡′𝑗 with a delay no greater than 𝐷𝑗−𝑑𝑗(𝑆𝐶
(𝑘)
𝑣 ) can

then be found, by applying the approximation algorithm due
to Juttner et al. [6]. A pseudo-routing path (route) 𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣)
in 𝐺 for request 𝑟𝑗 via data center 𝑣 can then be derived from
𝑃 ′(𝑠𝑗 , 𝑡′𝑗), where a pseudo path (route) is a path in which
nodes and links can appear multiple times.

The detailed algorithm description for finding a delay-
constrained shortest path via a specified node is given in
Algorithm 1.

Lemma 1. (i) If there is a directed path in 𝐺′
𝑗,𝑣 from 𝑠𝑗 to

𝑡′𝑗 , it must pass through node 𝑣, i.e., 𝑣 is an articulation point
in 𝐺′

𝑗,𝑣 . (ii) Any delay-constrained shortest path 𝑃 ′(𝑠𝑗 , 𝑡′𝑗) in
𝐺′
𝑗,𝑣 from 𝑠𝑗 to 𝑡′𝑗 cannot pass through node 𝑣 twice. (iii)

Each edge or node in 𝐺 appears at most twice in the route
𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣) in 𝐺 which is derived from 𝑃 ′(𝑠𝑗 , 𝑡′𝑗).

Proof: We first show claim (i) by contradiction. Assume
that there is a directed path from 𝑠𝑗 to 𝑡′𝑗 that does not pass



Algorithm 1 Finding a delay-constrained shortest path via
node 𝑣 for request 𝑟𝑗 in 𝐺

Input: 𝐺 = (𝒮𝒲 ∪ 𝑉,𝐸), a data center 𝑣 ∈ 𝑉 , a request 𝑟𝑗 =
(𝑠𝑗 , 𝑡𝑗 ;𝑆𝐶

(𝑘), 𝑏𝑗 , 𝜌𝑗 , 𝐷𝑗).
Output: A delay-constrained shortest path via data center 𝑣; if it

does not exist, data center 𝑣 cannot be used for implementing
service chain for 𝑟𝑗 without violating its delay requirement.

1: Construct the auxiliary graph 𝐺′
𝑗,𝑣 from 𝐺;

2: Find a delay-constrained shortest path 𝑃 ′(𝑠𝑗 , 𝑡′𝑗) in 𝐺′
𝑗,𝑣 , by

applying the algorithm due to Juttner et al. [6];
3: if 𝑃 ′(𝑠𝑗 , 𝑡′𝑗) in 𝐺′

𝑗,𝑣 exists then
4: 𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣) in 𝐺 is derived from 𝑃 ′(𝑠𝑗 , 𝑡′𝑗);
5: else
6: Request 𝑟𝑗 cannot make use of data center 𝑣.

through node 𝑣. We remove 𝑣 and its incident edges from
𝐺′
𝑗,𝑣 , this will not impact the directed path since 𝑣 is not on it.

However, the removal of 𝑣 from 𝐺′
𝑗,𝑣 will lead to the resulting

graph disconnected and nodes 𝑠𝑗 and 𝑡𝑗′ will not be in the
same connected component. Then, there is not any directed
path from 𝑠𝑗 to 𝑡′𝑗 , which forms a contradiction.

We then show claim (ii). Assume that there is such a delay-
constrained shortest path 𝑃 ′(𝑠𝑗 , 𝑡′𝑗) from 𝑠𝑗 to 𝑡′𝑗 that passes
through 𝑣 twice. Then, 𝑃 ′(𝑠𝑗 , 𝑡′𝑗) must contain a directed cycle
with 𝑣 in it. If we break the cycle by removing some of its
edges and nodes except 𝑣 while keeping 𝑡′𝑗 reachable from 𝑠𝑗 .
The length of the resulting path from 𝑠𝑗 to 𝑡′𝑗 thus is shorter
than that of 𝑃 ′(𝑠𝑗 , 𝑡′𝑗), which contradicts the fact that 𝑃 ′(𝑠𝑗 , 𝑡′𝑗)
is a shortest delay-constrained path from 𝑠𝑗 to 𝑡′𝑗 .

We finally show claim (iii). It is easy to see that 𝑃 ′(𝑠𝑗 , 𝑡′𝑗)
is a simple path in 𝐺′

𝑗,𝑣 . Each edge ⟨𝑢,𝑤⟩ ∈ 𝐸 is contained in
the route 𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣) in 𝐺 derived from 𝑃 ′(𝑠𝑗 , 𝑡′𝑗) if ⟨𝑢,𝑤⟩ ∈
𝑃 ′(𝑠𝑗 , 𝑡′𝑗) or ⟨𝑢′, 𝑤′⟩ ∈ 𝑃 ′(𝑠𝑗 , 𝑡′𝑗). Thus, each edge or node in
𝐺 appears at most twice in 𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣).

Lemma 2. Given a 𝐺 = (𝒮𝒲 ∪ 𝑉,𝐸), a request 𝑟𝑗 , and
a specified node 𝑣 ∈ 𝑉 , there is an approximation algorithm
with an approximation ratio of (1+𝜖) for the delay-constrained
shortest path via a specified node problem, which takes
𝑂(∣𝐸∣2 log4 ∣𝐸∣) time, where 𝜖 is a constant with 0 < 𝜖 ≤ 1.

Proof: The approximation ratio and time complexity of
Algorithm 1 can be inferred from Juttner et al.[6]. Detailed
proof is omitted, due to space limitation.

B. Online algorithm

We here propose an online algorithm for the online revenue
maximization problem. We start by introducing a cost model to
measure the network resource consumption, where if a specific
resource has been highly utilized, it should be less used in
the future, otherwise it will result in a higher cost. On the
other hand, if the resource has rarely been used, it should be
encouraged to use by assigning it a lower cost. Thus, when
request 𝑟𝑗 arrives, for each data center node 𝑣 ∈ 𝑉 , we have

𝑐𝑣(𝑗) = 𝐶𝑣(𝛼
1−𝐶𝑣(𝑗)

𝐶𝑣 − 1), ∀𝑣 ∈ 𝑉, (16)

where 𝛼 is a tuning parameter to be decided later, with 𝛼 > 1;
𝐶𝑣(𝑗) is the residual computing resource at data center 𝑣 when
request 𝑟𝑗 arrives, with 𝐶𝑣(𝑗) = 𝐶𝑣(𝑗− 1)− 𝜌𝑗 ⋅𝐶(𝑆𝐶(𝑘)) if
𝑟𝑗 admitted and 𝐶𝑣(0) = 𝐶𝑣; 𝑐𝑣(𝑗) thus is the cost of using
the computing resource at data center 𝑣 by request 𝑟𝑗 .

Similarly, for each link 𝑒 ∈ 𝐸, the value of 𝑐𝑒(𝑗) is the
cost of using the bandwidth resource at link 𝑒 by request 𝑟𝑗 ,

𝑐𝑒(𝑗) = 𝐵𝑒(𝛽
1−𝐵𝑒(𝑗)

𝐵𝑒 − 1), ∀𝑒 ∈ 𝐸, (17)

where 𝛽 is another tuning parameter, with 𝛽 > 1; 𝐵𝑒(𝑗) is
the residual bandwidth at link 𝑒 when request 𝑟𝑗 arrives, with
𝐵𝑒(𝑗) = 𝐵𝑒(𝑗 − 1)− 𝑏𝑗 if 𝑟𝑗 admitted and 𝐵𝑒(0) = 𝐵𝑒.

We then define the weights of each data center 𝑣 and
each link 𝑒 in 𝐺 as the normalized usage costs as follows.
𝜔𝑣(𝑗) = 𝑐𝑣(𝑗)/𝐶𝑣 = 𝛼1−𝐶𝑣(𝑗)

𝐶𝑣 − 1, and 𝜔𝑒(𝑗) = 𝑐𝑒(𝑗)/𝐵𝑒 =

𝛽1−𝐵𝑒(𝑗)
𝐵𝑒 − 1.

For the admission of a coming request 𝑟𝑗 , denote by 𝐺𝑗 =
(𝒮𝒲 ∪𝑉,𝐸;𝜔𝑣(𝑗), 𝜔𝑒(𝑗)) the network of 𝐺 in which its data
center nodes and links are assigned with the defined weights
by removing those nodes and links that do not have enough
residual resources to accommodate 𝑟𝑗 . Then, for each data
center 𝑣 ∈ 𝑉 , a delay-constrained shortest path 𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣) in
𝐺𝑗 from 𝑠𝑗 to 𝑡𝑗 via 𝑣 is found by applying Procedure 1.
One shortest path via a data center 𝑣′ finally is identified if
𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣

′) = min𝑣∈𝑉 {𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣)}.
To avoid admitting request 𝑟𝑗 that consumes too much

resources (or high costs), thereby undermining the performance
of the SDN, the following admission control policy is adopted.
(i) if 𝜔𝑣′(𝑗) > 𝜎1 for the chosen data center 𝑣′ ∈ 𝑉 , 𝑟𝑗 will
be rejected; or (ii) if

∑
𝑒′∈𝑃 (𝑠𝑗 ,𝑡𝑗 ;𝑣′) 𝜔𝑒′(𝑗) > 𝜎2, 𝑟𝑗 will be

rejected, where 𝜎1 and 𝜎2 are admission control thresholds of
computing and bandwidth resource, respectively, and we set
𝜎1 = 𝜎2 = 𝑛 − 1, 𝑛 = ∣𝒮𝒲 ∪ 𝑉 ∣. The algorithm is given in
Algorithm 2.

Algorithm 2 Maximizing the total revenue by admitting a
sequence of arriving NFV-enabled requests one by one
Input: An SDN 𝐺 = (𝒮𝒲 ∪ 𝑉,𝐸) with a set 𝑉 of data centers, a

sequence of requests 𝒜 = {𝑟𝑗 = (𝑠𝑗 , 𝑡𝑗 ;𝑆𝐶
(𝑘), 𝑏𝑗 , 𝜌𝑗 , 𝐷𝑗)}.

Output: A solution to maximize the revenue. If a request 𝑟𝑗 is
admitted, a data center 𝑣′ to implement its service chain and
its routing path from 𝑠𝑗 to 𝑡𝑗 via 𝑣′ will be delivered.

1: For each request 𝑟𝑗 , construct 𝐺𝑗 ;
2: Find the delay-constrained shortest path 𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣

′) via data
center 𝑣′ among all shortest paths via different data centers in 𝑉 ,
by invoking Algorithm 1 for 𝑟𝑗 via each data center 𝑣 ∈ 𝑉 ;

3: Determine whether 𝑟𝑗 should be accepted or not by the admission
control policy.

Theorem 1. Given an SDN 𝐺 = (𝒮𝒲 ∪ 𝑉,𝐸) with a set 𝑉
of data centers, there is an online algorithm, Algorithm 2,
for the online revenue maximization problem, which delivers
a feasible solution for each request in 𝑂(∣𝐸∣2 log4 ∣𝐸∣ ⋅ ∣𝑉 ∣)
time.

The time complexity analysis of Algorithm 2 is trivial,
thus is omitted.

V. ONLINE ALGORITHM WITH A COMPETITIVE RATIO

In this section, we consider a special case of the online
revenue maximization problem where the end-to-end delay
requirement can be neglected, for which an online algorithm
with a provable competitive ratio will be devised through
performing modifications to Algorithm 2. Specifically, a
shortest path 𝑃 (𝑠𝑗 , 𝑡𝑗 ; 𝑣

′) in 𝐺𝑗 , instead of a delay-constrained
shortest path will be found. This modified algorithm is termed



as Algorithm 3, and its detailed description is omitted due
to space limitation.

The rest is to analyze the performance of Algorithm 3
as follows. We first show the upper bound on the total
cost of admitted requests when request 𝑟𝑗 arrives. We then
provide a lower bound on the cost of a rejected request by
Algorithm 3 but admitted by the optimal offline algorithm.
We finally derive the competitive ratio of Algorithm 3. Let
𝛾 = 𝑏𝑚𝑎𝑥 be the maximum bandwidth demand by any request,
i.e., 𝛾 = 𝑏𝑚𝑎𝑥 = max{𝑏𝑗′ ∣ 1 ≤ 𝑗′ ≤ 𝑗}, and let 𝛿 be the
maximum computing resource demand by any request, i.e.,
𝛿 = max{𝜌𝑗′ ⋅ 𝐶(𝑆𝐶(𝑘′)) ∣ 1 ≤ 𝑗′ ≤ 𝑗}.

The upper bound on the total cost of all admitted requests
at the arrival of request 𝑟𝑗 is given by the following lemma.

Lemma 3. Given an SDN 𝐺 = (𝒮𝒲 ∪ 𝑉,𝐸) with a
set 𝑉 of data centers, denote by 𝒮(𝑗) the set of requests
admitted by the online algorithm, Algorithm 3, until the
arrival of request 𝑟𝑗 . Then, the cost sum of data center nodes
and links in 𝐺 are

∑
𝑣∈𝑉 𝑐𝑣(𝑗) ≤ ℂ(𝑗)(𝜎1 + 𝑛 − 1) log𝛼,∑

𝑒∈𝐸 𝑐𝑒(𝑗) ≤ 𝔹(𝑗)(𝜎2 + 𝑛 − 1) log 𝛽, respectively, provided
that 𝜌𝑗′ ⋅ 𝐶(𝑆𝐶(𝑘′)) ≤ min𝑣∈𝑉 {𝐶𝑣}

log𝛼 and 𝑏𝑗′ ≤ min𝑒∈𝐸{𝐵𝑒}
log 𝛽 ,

with 1 ≤ 𝑗′ ≤ 𝑗, where ℂ(𝑗) and 𝔹(𝑗) are the accu-
mulated computing and bandwidth resources being occupied
by the admitted requests in 𝒮(𝑗) respectively, i.e., ℂ(𝑗) =∑
𝑟𝑗′∈𝒮(𝑗) 𝜌𝑗′ ⋅ 𝐶(𝑆𝐶(𝑘′)), 𝔹(𝑗) =

∑
𝑟𝑗′∈𝒮(𝑗) 𝑏𝑗′ .

The detailed proof of Lemma 3 is omitted, due to limited
space.

The lower bound on the cost of a rejected request by
Algorithm 3 but admitted by an optimal offline algorithm
is given by the following lemma.

Lemma 4. Let 𝒯 (𝑗) be the set of requests that are rejected
by Algorithm 3 but admitted by an optimal algorithm 𝑂𝑃𝑇
prior to the arrival of request 𝑟𝑗 , and let 𝑃𝑂𝑃𝑇 (𝑠𝑗′ , 𝑡𝑗′ ; 𝑣′) be
the routing path in 𝐺𝑗′ found by the algorithm 𝑂𝑃𝑇 for a
request 𝑟𝑗′ ∈ 𝒯 (𝑗) with 1 ≤ 𝑗′ ≤ 𝑗, and 𝑣′ the data center
to implement the service chain of 𝑟𝑗′ . Then, for any request
𝑟𝑗′ ∈ 𝒯 (𝑗), we have

∑
𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣′)

𝜔𝑒(𝑗
′) + 𝜔𝑣(𝑗

′) ≥
min{𝜎1, 𝜎2} = 𝑛− 1.

The detailed proof of Lemma 4 is omitted, due to space
limitation.

We finally analyze the competitive ratio of Algorithm 3.

Theorem 2. Given an SDN 𝐺 = (𝒮𝒲 ∪ 𝑉,𝐸) with a set of
data centers 𝑉 , there is an online algorithm, Algorithm 3,
with a competitive ratio of 𝑂(log 𝑛) for the special case online
revenue maximization problem where the end-to-end delay
requirement of each request can be neglected, when 𝛼 = 2𝑛
and 𝛽 = 2𝑛. The algorithm takes 𝑂(∣𝒮𝒲 ∪ 𝑉 ∣2 ⋅ ∣𝑉 ∣) time to
admit each request, where 𝑛 = ∣𝑉 ∣+ ∣𝒮𝑊 ∣.

Proof: Let ℂ𝑂𝑃𝑇 (𝑗) and 𝔹𝑂𝑃𝑇 (𝑗) be the total computing
resource and bandwidth occupied by the requests admitted
by the algorithm 𝑂𝑃𝑇 when request 𝑟𝑗 arrives, and let
𝑃𝑂𝑃𝑇 (𝑠𝑗′ , 𝑡𝑗′ ; 𝑣

∗) be the optimal routing path by the algorithm
𝑂𝑃𝑇 for request 𝑟𝑗′ ∈ 𝒯 (𝑗) and 𝑣∗ ∈ 𝑉 be the data center
to implement the service chain of 𝑟𝑗′ . We have

(𝑛− 1)(𝔹𝑂𝑃𝑇 (𝑗)− 𝔹(𝑗))

≤ (𝑛− 1)
∑

𝑟𝑗′∈𝒯 (𝑗)

𝑏𝑗′ =
∑

𝑟𝑗′∈𝒯 (𝑗)

𝑏𝑗′(𝑛− 1)

≤
∑

𝑟𝑗′∈𝒯 (𝑗)

𝑏𝑗′
( ∑
𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣∗)

𝛽1−𝐵𝑒(𝑗′)
𝐵𝑒 + 𝛼

1−𝐶𝑣∗ (𝑗′)
𝐶𝑣∗ − 2

)

=
∑

𝑟𝑗′∈𝒯 (𝑗)

𝑏𝑗′
( ∑
𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣∗)

𝑐𝑒(𝑗
′)

𝐵𝑒
+
𝑐𝑣∗(𝑗

′)
𝐶𝑣∗

)

≤
∑

𝑟𝑗′∈𝒯 (𝑗)

𝑏𝑗′
( ∑
𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣∗)

𝑐𝑒(𝑗)

𝐵𝑒
+
𝑐𝑣∗(𝑗)

𝐶𝑣∗

)
(18)

=
∑

𝑟𝑗′∈𝒯 (𝑗)

( ∑
𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣∗)

𝑐𝑒(𝑗) ⋅ 𝑏𝑗′
𝐵𝑒

+
𝑐𝑣∗(𝑗) ⋅ 𝑏𝑗′

𝐶𝑣∗

)

=
∑

𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣∗)

𝑐𝑒(𝑗)

∑
𝑟𝑗′∈𝒯 (𝑗) 𝑏𝑗′

𝐵𝑒
+ 𝑐𝑣∗(𝑗)

∑
𝑟𝑗′∈𝒯 (𝑗) 𝑏𝑗′

𝐶𝑣∗

≤
∑

𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣∗)

𝑐𝑒(𝑗) + 𝛾𝑐𝑣∗(𝑗),where 𝛾 = 𝑏𝑚𝑎𝑥, (19)

≤
∑
𝑒∈𝐸

𝑐𝑒(𝑗) +
∑
𝑣∈𝑉

𝑐𝑣(𝑗) ⋅ 𝛾

≤ 2(𝑛− 1)(𝛾 ⋅ ℂ(𝑗) log𝛼+ 𝔹(𝑗) log 𝛽). (20)

Ineq. (18) holds since the utilization ratio of each resource does
not decrease and thus the weight of each node or link in 𝐺𝑗
does not decrease with more request admissions. Ineq. (19)
holds because for any data center 𝑣 ∈ 𝑉 , the accumulated
bandwidth of all requests that are scheduled to 𝑣 is no more
than 𝐶𝑣 ⋅ 𝑏𝑚𝑎𝑥, i.e.,

∑
𝑟𝑗′∈𝒯 (𝑗)

∑
𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣∗)

𝑏𝑗′ ≤ 𝐶𝑣∗ ⋅
𝑏𝑚𝑎𝑥 ≤ 𝛾 ⋅ 𝐶𝑣∗ . Meanwhile, all algorithms, including the
algorithm 𝑂𝑃𝑇 for the problem of concern, the accumulated
usage of bandwidth in any link is no greater than its capacity,
i.e.,

∑
𝑟𝑗′∈𝒯 (𝑗)

∑
𝑒∈𝑃𝑂𝑃𝑇 (𝑠𝑗′ ,𝑡𝑗′ ;𝑣∗)

𝑏𝑗′ ≤ 𝐵𝑒. By Ineq. (20),
we have 𝔹𝑂𝑃𝑇 (𝑗) − 𝔹(𝑗) ≤ 2(𝛾 ⋅ ℂ(𝑗) log𝛼 + 𝔹(𝑗) log 𝛽),
and similarly, we have ℂ𝑂𝑃𝑇 (𝑗)− ℂ(𝑗) ≤ 2(ℂ(𝑗) log𝛼+ 𝛿 ⋅
𝔹(𝑗) log 𝛽).

Recall that 𝒮(𝑗) is the set of requests admitted by algorithm
Algorithm 3, and 𝒯 (𝑗) is the set of requests rejected by
Algorithm 3 but accepted by the algorithm 𝑂𝑃𝑇 , until the
arrival of request 𝑟𝑗 . Let 𝑅𝑉𝒮(𝑗) and 𝑅𝑉𝒯 (𝑗) be the total rev-
enues for the sets of requests 𝒮(𝑗) and 𝒯 (𝑗), respectively, i.e.,
𝑅𝑉𝒮(𝑗) =

∑
𝑟𝑗′∈𝒮(𝑗)𝑅𝑗′ , 𝑅𝑉𝒯 (𝑗) =

∑
𝑟𝑗′∈𝒯 (𝑗)𝑅𝑗′ . We here

abuse the notation 𝑂𝑃𝑇 to denote the optimal online algorithm
𝑂𝑃𝑇 and the revenue collected by it. The competitive ratio
of Algorithm 3 then is

𝑅𝑉𝒮(𝑗)

𝑂𝑃𝑇
≥ 𝑅𝑉𝒮(𝑗)

𝑅𝑉𝒮(𝑗) +𝑅𝑉𝒯 (𝑗)
=

1
𝑅𝑉𝒯 (𝑗)

𝑅𝑉𝒮(𝑗)
+ 1

≥ 1
2𝜆1(ℂ(𝑗) log𝛼+𝛿𝔹(𝑗) log 𝛽)+2𝜆2(𝛾ℂ(𝑗) log𝛼+𝔹(𝑗) log 𝛽)

𝜆1ℂ(𝑗)+𝜆2𝔹(𝑗)
+ 1

=
1

2 log 2𝑛(1 + 𝜆1𝛿+𝜆2𝛾𝑥
𝜆2+𝜆1𝑥

) + 1
,

where 𝑥 = ℂ(𝑗)
𝔹(𝑗) and when 𝛼 = 𝛽 = 2𝑛. The rest is to estimate

the upper bound of denominator term 2 log 2𝑛(1+ 𝜆1𝛿+𝜆2𝛾𝑥
𝜆2+𝜆1𝑥

)+
1 as follows.

Let 𝑓(𝑥) = 𝜆1𝛿+𝜆2𝛾𝑥
𝜆2+𝜆1𝑥

, 𝑥 ∈ (0,+∞). The first derivative

of 𝑓(𝑥) is 𝑓 ′(𝑥) = (𝜆1𝛿+𝜆2𝛾𝑥
𝜆2+𝜆1𝑥

)′ = 𝜆2
2𝛾−𝜆1

2𝛿
(𝜆2+𝜆1𝑥)2

. The term
1

(𝜆2+𝜆1𝑥)2
always is positive. We show that function 𝑓(𝑥) is

upper bounded by distinguishing into three cases.



Case 1. If 𝜆2
2𝛾−𝜆1

2𝛿 > 0, then 𝑓 ′(𝑥) > 0 and approaches
0 when 𝑥 → +∞. Function 𝑓(𝑥) thus is an increasing function
on 𝑥 ∈ (0,+∞) and lim𝑥→+∞ 𝑓(𝑥) = 𝜆2𝛾

𝜆1
.

Case 2. If 𝜆2
2𝛾−𝜆1

2𝛿 < 0, then 𝑓 ′(𝑥) < 0 and approaches
0 when 𝑥 → +∞. Thus, 𝑓(𝑥) is a decreasing function on
𝑥 ∈ (0,+∞) and lim𝑥→0 𝑓(𝑥) =

𝜆1𝛿
𝜆2

.

Case 3. If 𝜆2
2𝛾−𝜆1

2𝛿 = 0, 𝑓 ′(𝑥) = 0, then 𝑓(𝑥) = 𝜆2𝛾
𝜆1

=
𝜆1𝛿
𝜆2

.

In summary, the upper bound of 𝑓(𝑥) is 𝜆2𝛾
𝜆1

if

𝜆2
2𝛾 − 𝜆1

2𝛿 ≥ 0; or 𝜆1𝛿
𝜆2

otherwise. Therefore,
𝑅𝑉𝒮(𝑗)

𝑂𝑃𝑇 ≥
1

2 log 2𝑛(1+
𝜆2𝛾
𝜆1

)+1
if 𝜆2

2𝛾 − 𝜆1
2𝛿 ≥ 0; otherwise,

𝑅𝑉𝒮(𝑗)

𝑂𝑃𝑇 ≥
1

2 log 2𝑛(1+
𝜆1𝛿
𝜆2

)+1
. Notice that 𝜆𝑖 and 𝛿 are constants with

𝑖 = 1, 2.
The time complexity analysis of Algorithm 3 is trivial,

thus is omitted.

VI. PERFORMANCE EVALUATION

In this section, we evaluate the performance of the pro-
posed algorithms through experimental simulations.

A. Experiment settings
We consider an SDN consisting of from 10 to 250 nodes.

We adopt a commonly used tool GT-ITM to generate network
topologies. The number of data centers in each network is
set to 10% of network size, and the computing capacity of
each data center varies from 3,000 GHz to 6,000 GHz [15].
The bandwidth capacity of each link varies between 2, 000
Mbps and 20, 000 Mbps [8], and the transmission delay of
a link varies between 2𝑚𝑠 and 5𝑚𝑠 [8]. The revenue accu-
mulation weights 𝜆1 and 𝜆2 are set as two constants drawn
within [0.05, 0.12] and [0.15, 0.22], following typical charges
in Amazon EC2 [1]. Six different types of network functions:
IDS, Proxy, Load Balancer, Firewall, Gateway, and NAT are
considered. The processing delay of a packet for each network
function is randomly drawn from 0.045𝑚𝑠 to 0.3𝑚𝑠 [11]. The
processing delay of a service chain instance is the sum of
processing delays of its network functions. The number of
service chain types 𝐾 is set as 10. The bandwidth requirement
of each type of service chain instance is set between 10 Mbps
and 20 Mbps [3], and their computing demand is set from 1
GHz to 3 GHz [3], [11]. The number of instances of each type
of service chain in a data center is randomly drawn from 10 to
50. The packet rate 𝜌𝑗 of each request 𝑟𝑗 is randomly drawn
from 1 to 10 packets/second [9]. The delay 𝐷𝑗 varies from
10𝑚𝑠 to 100𝑚𝑠 [11], and its type of service chain 𝑆𝐶(𝑘) is
randomly picked from the 𝐾 types. The running time of an
algorithm is obtained based on a machine with 3.4 GHz Intel
i7 Quad-core CPU and 16GB RAM.

B. Performance evaluation of online algorithms
We refer to online algorithms Algorithm 2

and Algorithm 3 as Online-Delay and
Online-NonDelay, respectively. We first evaluate the
performance of online algorithms, Online-Delay and
Online-NonDelay, against the ILP solutions for the
offline revenue maximization problem with and without
delay requirements that are termed as ILP-Delay and
ILP-NonDelay, respectively. We then evaluate the online
algorithms against two baseline heuristics: Linear-Delay

and Linear-NonDelay. For each request 𝑟𝑗 , algorithms
Linear-Delay and Linear-NonDelay first remove all
nodes and links from 𝐺 that do not have enough residual
resources to admit 𝑟𝑗 , and then assign each data center node
and each link with a weight of one. They finally find a
shortest path with the minimum number of edges from 𝑠𝑗
to 𝑡𝑗 via a data center 𝑣 ∈ 𝑉 with and without the delay
requirement of the request.

We first evaluate the performance of algorithms
Online-Delay and Online-NonDelay against ILP
solutions by varying the number of requests from 100 to
1,000, and fixing the number of nodes in 𝐺 to 50. Fig. 1
depicts the total revenues and running times of different
algorithms. From Fig. 1 (a), we can see that algorithm
Online-Delay achieves a nearly optimal revenue with at
least 88.2% of the optimal one by ILP-Delay. For example,
algorithm Online-Delay can obtain as much revenue as
ILP-Delay do when there are less than 400 requests, and
it achieves 88.2% revenue of that by ILP-Delay when
there are 1,000 requests. From Fig. 1 (b), it can be seen that
ILP-Delay takes a much longer time to deliver an optimal
solution, while algorithm Online-Delay delivers a nearly
optimal solution in much shorter time, and the running time
of ILP-Delay is prohibitively high with the increase of
the number of requests, and no solution can be achievable
when the number of requests reaches 1,000. Similar results
can be obtained for algorithm Online-NonDelay against
ILP-NonDelay as well, which can be seen from Fig. 2 (a)
and (b).
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Fig. 1. Performance of different algorithms with network size 50 and with
delay requirements.
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Fig. 2. Performance of different algorithms with network size 50 and without
delay requirements.

We then evaluate the performance of algorithms
Online-Delay and Online-NonDelay against
heuristics Linear-Delay and Linear-NonDelay
by varying the number of nodes from 10 to 250 for a set of
10,000 requests, while keeping other parameters fixed, i.e.,
𝛼 = 𝛽 = 2𝑛 and 𝜎1 = 𝜎2 = 𝑛 − 1. Fig. 3 demonstrates
the performance behaviors of different algorithms. From
Fig. 3 (a) and 4 (a), we can see that both algorithms
Online-Delay and Online-NonDelay outperform
algorithms Linear-Delay and Linear-NonDelay.



Specifically, algorithm Online-Delay outperforms
algorithm Linear-Delay, and the performance gap
between them becomes larger and larger with the increase
in network size. The similar performance behaviors can be
observed by algorithm Online-Delay against algorithm
Linear-NonDelay too, see Fig. 4 (b).
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Fig. 3. Performance of different online algorithms by varying network size
from 10 to 250 and with delay requirements.
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Fig. 4. Performance of different online algorithms by varying network size
from 10 to 250 without delay requirements.

The rationale behind is that both algorithms
Online-Delay and Online-NonDelay assign higher
costs to over-utilized resources while assigning lower costs
to under-utilized resources, thus the resources in the network
can be maximally allocated to meet demands of user
requests, thereby achieve higher revenue gains. However,
algorithms Linear-Delay and Linear-NonDelay
do not take into account the utilization of resources, thus
the resource usages on some data centers and links are
overloaded. Fig. 3 (b) depicts the running time curves of
algorithms Online-Delay and Linear-Delay, where
algorithm Linear-Delay takes less time than algorithm
Online-Delay in all network sizes. The similar results
on running time of algorithms Online-NonDelay and
Linear-NonDelay can be seen in Fig. 4 (b).

C. Impact of parameters on the performance of algorithms
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Fig. 5. The accumulated revenue of online algorithms Online-Delay, and
Online-NonDelay with different maximum durations of requests when the
network size is 200.

We evaluate the impact of the maximum duration 𝑇𝑚𝑎𝑥
of request implementations on the performance of algorithms
Online-Delay and Online-NonDelay in a network of
200 nodes, by varying 𝑇𝑚𝑎𝑥 from 2 to 32. Assume that the

finite time horizon is slotted into equal time slots. The request
admissions and resource releases proceed in the beginning of
each time slot. The duration of each request implementation
is randomly drawn in [1, 𝑇𝑚𝑎𝑥]. The revenue collected by ad-
mitting a request 𝑟𝑗 is the duration of request implementation
in a data center times its revenue 𝑅𝑗 in a single time slot.
We consider a time horizon consisting of 200 time slots with
up to 1,000 requests per time slot. From Fig. 5 (a), it can be
seen that the longer the maximum duration, the more revenue
collected by algorithm Online-Delay. For each request, the
longer its implementation in a data center, the more revenue
collected by admitting it. The similar result can be obtained
for algorithm Online-NonDelay from Fig. 5 (b) as well.

VII. CONCLUSION
In this paper, we investigated the online revenue maxi-

mization problem in SDNs by leveraging pre-installed VNF
instances. We first proposed an ILP solution for offline version
of the problem. We then develop an efficient heuristic for the
problem. We also devised an online algorithm with a provable
competitive ratio for a special case of the problem. We finally
evaluated the performance of the proposed algorithms through
experimental simulations. Experimental results demonstrate
that the proposed algorithms are promising.
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