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Abstract—In recent years, along with the increasing popularity
of multi-hop wireless networks, there has been a growing demand
in the coupling of these networks to external ones such as the
Internet. As traffic destined for external networks increases,
special attention is required not only in gateway selection, but
also in optimized routing and scheduling in order to maximize
the network performance. In this paper we introduce the Ideally
Scheduled Route Optimization (ISRO) method to address this
concern. ISRO is the combination of three separate optimization
problems: optimal routing of gateway traffic under ideal con-
ditions, interference-free scheduling to determine link capacity,
and route adjustment in light of the new link capacities. The
performance of ISRO is evaluated by experiment which shows
significant potential in maximizing the throughput and capacity
of the network.

I. INTRODUCTION

Multi-hop wireless networks provide many advantages in
terms of reduced infrastructure, accessibility, and convenience
which have led to their rapid adoption. In addition to easier
deployment and greater connectivity, access to the Internet and
rich applications can be offered to client nodes by simply
inserting a gateway somewhere into the wireless network.
Gateway nodes, which serve as bridges to external networks,
can become popular and be overwhelmed with traffic. Atten-
tion is needed not only with proper gateway selection, but
with optimized routing and scheduling in order to maximize
the throughput and available network capacity regarding this
resource [1].

Although wireless networks offer many advantages, the
shared nature of the wireless medium introduces new prob-
lems of scalability and diminished performance as multiple
users attempt to transmit simultaneously [2]. The problem
of wireless interference, which results in reduced capacity
because of contention over access to the wireless medium,
continues to be a major roadblock in the performance of
wireless networks [3]. Modern applications, such as VolIP,
can especially be impacted by interference, because they are
susceptible to packet delay and jitter, which is a function of
network capacity [4]. Therefore, there is a need to maximize
the available network capacity, especially concerning gateways
which ultimately receive a majority of this traffic.

In this paper, we introduce the Ideally Scheduled Route
Optimization (ISRO) method, which addresses the problem of
gateway selection and route optimization. Our approach is the

combination of three separate optimization problems designed
to find the maximum available capacity of the network as well
as the total throughput received by each gateway. The first
step finds the optimal flow of traffic from each source node
to gateway under ideal conditions. The second step produces
an interference-free schedule to satisfy the flow requirements
and determines the initial capacity of each link. Using this
capacity information, the third step optimizes the routes in
order to maximize throughput in light of each links capability.

The remainder of this paper is organized as follows: Section
IT discusses related work. Our proposed gateway selection
and route optimization approach is detailed in Section III.
Section IV presents the performance evaluation and Section
V concludes the paper.

II. RELATED WORK

Building on the groundbreaking work of Gupta et al. [5],
who laid the framework for considering the effect of wireless
interference, Jain et al. [6] introduced the conflict graph and
ushered in the next major breakthrough in addressing the
problem of interference.

Among their several contributions, the conflict graph which
models the interference relationships between each wireless
link in the network has enjoyed widespread adoption [7],
[8]. The vertices of a conflict graph correspond to the active
links in the network, and an edge is placed between two
vertices if they cannot transmit simultaneously due to wireless
contention.

Scheduling is performed by finding the Maximal Inde-
pendent Sets (Max-IS) of vertices in the conflict graph and
assigning each set a unique transmission time-slot. A Max-IS
is an independent set which contains the largest amount of
unconnected vertices possible, so every vertex in the Max-IS
can transmit simultaneously without causing interference. The
authors suggest routing and scheduling be performed in the
same linear program, and although this can produce a feasible
schedule, without separating the steps it can be difficult to
maximize performance.

The gateway selection problem is formulated as a Mixed
Integer Linear Program (MILP) with the objective to minimize
the maximum node utilization throughout the network [7].
A conflict graph is used to account for interference and an
optimal schedule is produced by using Max-ISs. Although
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[7] is solely concerned with the traffic flowing from source
node to gateway, the conflict graph includes all links in the
network, even those without traffic. This can result in reduced
link capacity as more schedule time is allocated to inactive
links. The possibility of optimal routing is left as a future
problem and is not considered.

Wang et. al [8] study the problem of joint routing and link
scheduling in wireless multi-hop networks with time division
multiplexing in mind. They provide several greedy graph
coloring algorithms for both centralized and distributed link
scheduling under different interference models. The greedy
scheduling algorithms although practical, leave room for im-
provement in determining optimal network performance.

Xin et al. [9] investigates throughput optimization in multi-
hop multi-channel wireless mesh networks with regard to
gateway placement. The gateway placement algorithm is for-
mulated as a throughput optimization problem. Interference is
modeled by a conflict graph and link scheduling occurs after
gateway placement. This two step approach is similar to [8]
where a schedule is developed in the second step to satisfy the
traffic requirements generated in first step. Their scheme also
includes a model for the delay incurred by channel switching
and allows for multi-path routing.

Although multi-path routing can provide a higher degree of
redundancy and fault-tolerance [10], without careful consider-
ation, there is no guarantee that packets will arrive in-order.
As [11] points out, multi-path routing can have a substantial
overhead. The re-sequencing delay of out-of-order packets can
be quite severe, so without special attention, the increase in
recorded throughput could in reality be hiding a significant
amount of packet reordering delay. In this paper we focus our
attention on single path routing.

III. PROPOSED ISRO METHOD
A. Overview

In this section, we present ISRO, a new method designed
to maximize the capacity and total throughput of the network
in regard to gateway traffic by optimally solving the gateway
selection, routing, and scheduling problem. ISRO concentrates
on the case of source nodes communicating with Internet
gateways and includes the assumption that every gateway
provides identical features and is capable of handling all the
traffic that it receives. The details of our proposal are given in
the following subsections.

The variables used commonly throughout this paper are
defined in Table I.

B. Ideal Routing

In this first step, we consider the entire network topology
and generate an initial route that will be used as the basis
for the analysis performed in later steps. Each source node
s is assigned a destination gateway g which will allow it to
communicate with an external network. The routes for each
source node are chosen by the linear program outlined below
which is designed to distribute traffic in the network.
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TABLE I: Variables

Denotes that a direct link exists between nodes ¢ and j.
lij This implies that nodes ¢ and j are within communication range.

The set of all active links. Any link [ ¢ L, is considered inactive.

L, The number of active links is denoted as || Lq||

The set of all nodes in the topology.
N The number of all nodes is denoted as || N||

The set of source nodes.

Nsre The number of source nodes is || Ngrc||
The set of gateways.
Ngw | The number of gateways is || Ngw ||

The capacity of link /;;
Cij Cij =Cji

The rate of traffic flowing on link /;; from node i to j

fijs which originated from source node s.
The sum total of all traffic from 4 to j flowing on link [;;.
(Provided that f;; # f;;)
fij fig =D een _ Jigs
The sending and receiving rate of node n.
fn fnzzieNfin"FZjeanj
Denotes whether or not traffic originating from s flows
Uijs over link [;;
The number of traffic flows from 7 to 5 on
link I;; (Provided that wu;; # w;;)
uij Uij = D en.,, Vids
The number of traffic flows passing through node n.
Un, Un:ZieNuin‘l’ZjeNunj

We recognize that in order to develop this initial route, the
exact traffic volume information for each link is not necessary.
Rather, the important information is simply in the number of
flows passing over each link. Therefore, we make the following
substitution:

fijs = Uijs (D

and simply examine the number of flows on the links. In this
step the effects of wireless interference are ignored in order
to obtain an ‘ideal’ route.

The ideal routing problem can be formulated as the follow-
ing MILP:

1
min max i Z U (2a)
neN
S.t.
D s = Y ujis (i€ N\ {Nye, Naw})
JEN jeN
(2b)
Z Usjs = 1 (3 € Nsrc)
JEN
(20)
Z Ujss = 0 (s € Nsrc)
iEN
(2d)
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(s € Ngpe,9 € Naw)

Zugjs =0

JEN
(2e)
Z Zuigs =1 (s € Ngre)
gENgw €N
(2f)

(s € Ngye, i € N)

Zuijs <1
J
(22)
(8 € Ngpe,i € N)

Zuijs <1
Z (2h)

where R,, is the nominal data rate of node n.

Eq. (2b) requires flow conservation, Egs. (2c, 2d) place
restrictions on the traffic sent by source nodes, Egs. (2e, 2f)
force one gateway per flow. Since u;j, is a boolean value,
Eqgs. (2g, 2h) ensure that each flow is routed through a single
path.

Using the results of the MILP, the ideal route can then be
built as follows: given a source node s, the route to its assigned
gateway ¢ can be found by selecting all links /;; which contain
traffic sent by s, where wu;;5 > 0.

Additionally, the total number of flows on link [;;, the link’s
flow requirement, denoted as g;;, can be obtained from u;; as
follows:

(3a)

Gij = Uij + Ujs
where qij = 4ji

C. Link Scheduling

Given the flow requirements g;; from the previous step,
this section considers the effects of wireless interference
and builds an interference-free transmission schedule. The
resulting schedule is then used to obtain feasible capacity
constraints to be passed onto the next step. In order to produce
a tighter schedule, inactive links are cut from the network. Any
link /;; with a corresponding flow requirement of ¢;; = 0 is
removed from L.

Next, a conflict graph is built which models the interference
relationships between all of the active links. From the conflict
graph, the set of all Max-ISs is found and extracted. Although
this an NP-hard problem, various approximation schemes exist
which can be employed to address the intractability of the
problem [6]. Each Max-IS, I, is then assigned a temporary
position in the schedule matrix B according to the following
definition.

l1 U lHLaH
L [ b bu bi||L.||
B=1I; | bpx ... bu br||La | 4
Ik \br1 b1 br|L.|
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Here, each row corresponds to a time-slot and each column
corresponds to one of the active links in L, which utilize the
current time-slot. Initially, every row k in B, contains Max-IS
I;. such that element by; is defined as:

1
b = 0

The amount of time a link [ will be active during a schedule
period is the sum:

(I; belongs to Ij)
(otherwise)

(&)

K
T = Z bri (6)
k=1

Therefore, while 7; must remain as large as possible in order
to achieve the necessary capacity to satisfy I’s flow require-
ment, X must be minimized in order to reduce the schedule
period and increase the capacity of the entire network. If K
remains large, then the network throughput will be reduced
due to the longer period.

We employ the following MILP to solve this problem and
ensure that every link receives enough time-slots to satisfy its
flow requirements (one time-slot per flow) while minimizing
the overall number of time-slots:

min K (7a)

st Ti,, > qij (lij € La) (7b)

The result is a schedule for the maximum transmission time
of each link used in the ideal routing. From this we can
calculate the capacity of each link [ with the following:

T;

C = WE ()

where W is the link’s bandwidth capability.

D. Route Optimization

In this section we employ another MILP designed to max-
imize the flow of traffic on each active link in regard to the
capacity calculated in the previous step.

The MILP which also employs constraints similar to
Eq. (2b) — (2h), is as follows:

2. 2 2 s

SENsrc gENgw 1€EN

(9a)

max

S.t

Zfijs = ijis

JEN JEN

(i S N \ {NsrmNGW})

(9b)

Z (fijs + fiis) < Cij (ij, 1y € La)

SENgrc

(9¢)
Z fsjs = Z Z figs (5 € Nsrc)
JEN gENgw lig€ELq

9d)

where Eq. (9b) enforces flow preservation, Eq. (9¢) places
an upper bound on the flow rate of each link, and Eq. (9d)
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(a) The initial route found by the ideal routing step (b) Link capacity and conflicts after the scheduling step
1000 1000
800 | 800 |
¢ ;
600 | 600 |
400 1 400 |
200 f 200 |
. .
0 . . . s 0 . . . .
0 200 400 600 800 1000 0 200 400 600 800 1000

(c) The final route produced by ISRO

(d) Link capacity and conflicts of the ISRO route

Fig. 1: The results of the ISRO method on an example topology

ensures that the volume of traffic sent by source node s equals
the volume received from s at its chosen gateway.

The effect of this optimization is that links with spare
capacity are consolidated and the total number of active links
in the network is reduced while throughput and capacity are
increased. The final optimized routes can be found by using
the procedure described in Section III-B after swapping ;s
with f;;s. Additionally, a new schedule can be produced to
take advantage of this new route.

TABLE II: Evaluation Environment

Dimension

Number of Nodes (V)
Node Placement
Physical layer model
Link Bandwidth
Communication Range
Interference Range

1000 x 1000 units
16 (Nsre: 3, Naw: 2)
Uniform
Protocol Model
1000kbps
250m
325m

IV. PERFORMANCE EVALUATION

In this section, we discuss the performance of our approach

evaluated in MATLAB.

A. Experiment Setup

We show an example of a static environment with 16 uni-
formly placed nodes, 3 of which are sources, 2 are gateways,

and the remaining 11 nodes are relays. The network topology
is shown in Fig. 1, where source nodes and gateways are
depicted as blue circles and orange diamonds respectively.
Node connectivity is constructed as a Unit Disc Graph (UDG)
where each node has a 250m communication range. The inter-
ference range is defined as 325m (1.3 times the communication
range). The Protocol Model described in [6] is used to model
interference.

All nodes are given a 1000kbps radio operating on the same
channel which is limited only by wireless contention. Each
gateway is given a wired connection to the Internet. We assume
that all traffic originating from source nodes is destined for
the Internet and that other nodes only serve as relays. Each
gateway is capable of handling all of the traffic that it receives
and each source node will use all the link capacity that is
available to it.

Under these assumptions, we compare the ISRO method
against two other approaches.

The first approach, uses linear programming based routing
combined with the centralized scheduling algorithm defined in
[8]. This scheduling method uses a graph coloring algorithm
to build a transmission schedule by greedily assigning as few
time-slots as possible. We denote this method as LPR+CS.

The second comparison method uses linear programming
based routing and a linear programming based scheduler
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TABLE III: Performance Evaluation Results

Method Throughput (Link Utilization at Gateway)  Average Link Utilization  Average Available Capacity
LP Routing and Centralized Scheduling (LPR+CS) 333 125 167
LP Routing and LP Scheduling (LPR+LPS) 833 208 250
Ideally Scheduled Route Optimization (ISRO) 1200 333 400

designed to satisfy the route requirements and minimize the
schedule period. We denote this method as LPR+LPS and
compare against it in order to show the improvement offered
by ISRO.

B. Experiment Results

The numerical results of each method, LPR+CS, LPR+LPS,
and ISRO for the example topology are shown in Table III
We provide three comparison metrics, total throughput which
is the measured link utilization at the gateways, average link
utilization, and average available capacity, the latter two being
arithmetic means taken from the active links in the network.

In LPR+CS, although the schedule period is minimized,
because each link only receives one time-slot, the capacity
of every link is limited to the average available capacity
(167kbps). Since each link can only carry the same amount of
traffic, throughput is limited to the total number of links active
at the gateway, allowing only 333kbps in this case. LPR+LPS
provides a higher throughput of 833kbps, by assigning multi-
ple transmission time-slots to each link, as well as attempting
to minimize the schedule period.

The results of each intermediate step of the ISRO method
on the example topology are displayed in Fig. 1. The path
generated by the ideal routing step is shown in Fig. la. The
green lines trace the path of each traffic flow from source
(blue circle) node to gateway (orange diamond). The number
of flows active on a link, the value of ¢, is also shown (in
green), next to each link for values greater than 1.

The outcome of the link scheduling step including the initial
capacities of the active links are shown in Fig. 1b. Inactive
links, those which have been removed from consideration
are drawn with dotted lines. Conflicts between links due to
interference are illustrated by blue lines. It can be seen that in
this rather dense network with many conflicting links, reducing
the number of active links by consolidating traffic flows where
appropriate, can lead to a significant improvement.

The final route obtained by the ISRO method accomplishes
this and is shown in Fig. 1c. By consolidating the two flows
onto the leftmost path, the number of conflicting links has been
reduced, allowing for an improved transmission schedule with
a shorter period. The maximized link capacities and reduced
conflicts of the ISRO route are shown in Fig. 1d. In this case,
the capacities of the links in the leftmost path have been
increased to values of 200kbps and 400kbps. Additionally,
neighboring links are also benefited by the reduced contention,
as shown by the isolated link which is now capable of
transmitting at a full 1000kbps capacity. This allows for a total

throughput of 1200kbps which offers a notable improvement
over the other methods.

V. CONCLUSION

In this paper, we studied the problem of gateway selection
and optimized routing and scheduling in multi-hop wireless
networks. Because gateways can attract a significant amount
of traffic destined for the Internet, there is an ongoing need
to further improve the utilization of this resource. With this
problem in mind, we introduced ISRO, a new three step opti-
mization method designed to maximize the available capacity
and throughput in regard to gateway traffic. This process
involves initial routing under ideal settings, producing an
interference-free schedule in order to determine link capacity,
and finally using this information as constraints to optimize the
route. Through a performance evaluation we provide evidence
which shows that ISRO not only increases throughput but also
raises the total capacity of the network.
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