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Abstract—Wireless ad hoc networks are connected to the fixed Regardless of whether the proactive, reactive, or hybrid
Internet by means of Internet gateways. Whenever a node wiih  approach is used, an IGWADV message generally carries
the ad hoc network wishes to communicate with a host in the g,me information allowing the mobile node to choose the best

Internet, it selects a default Internet gateway to relay itstraffic . .
from the ad hoc network to the Internet. In this paper, we gateway. The most common and most simple approach is to

formulate the problem of selecting the best Internet gatewp as USe the hop count of the message to choose the IGW that is
a mixed integer linear program minimizing the maximum node closest in terms of hops [5]. More refined approaches propose
utilization in the wireless network. By simulations, we sha that  to carry information about the current load of the IGW [6]],[7

the performance that can be achieved by solving this optimition ; s ;
problem is significantly higher than what is achieved by stadard F(S’;]\,A;tgereby allowing for more efficient load sharing betwee

gateway selection algorithms based on hop count or gateway

load. In particular, these heuristic algorithms fail to adapt to the In this paper, we consider the problem of optimum Internet
offered traffic and available capacity in the network. gateway selection in heterogeneously connected wireldss a
hoc networks, and formulate the gateway selection problem

[. INTRODUCTION as a mixed integer linear program. By means of simulations,

In recent years, there has been a significant amount % compare the performance of the optimum allocation of
research in the field of Mobile Ad Hoc Networks (MANETs)datéways to nodes to the performance that can be achieved
Whereas most work initially focused on stand-alone MANETSY hop count based selection and the Minimum Load Index
there has been a growing interest in the connection %?llJt,'O” pre§ente_d by Huang et al. in [6]. TO. our knpwledge,
MANETS to the fixed Internet. This trend is also reflected b{"'S 'S the first time that. such a mathematical optlmlzauon
the ongoing activities of the IETF MANET and AUTOCONF2PProach has been applied to the gateway selection problem
Working Groups [2], [3] in wireless ad hoc networks. Although such an approach is not

Since all traffic that is sent between a MANET node an@Pplicable to a real world MANET, since_it requires complete
the Internet must pass through an Internet gateway (IG owledge of the network tppology, t.rafflc demands, gtc., we
connecting the wireless and wired networks, these no ?Ct that the rgsults of this work VY'” support the evahat .
present a potential bottleneck. Therefore, careful dttant © different practical gateway selection schemes and pleovi

must be paid to selecting the Internet gateways in order |{‘&§|ght into the impact of IGW selection on the network

balance the load between them in a reasonable manner. peéformancz.t h bl ¢ ootimal ting in ad h
To be able to send traffic to the Internet, a mobile node ompare 0. € pro _Qm of optimal routing In a pc
within the MANET must first become aware of an IGWnetworks, there is an additional degree of freedom heregsin

This can be done eithasroactively meaning that the IGW the destination of the flow is not fixed, but can be chosen
periodically sends out Internet Gateway Advertisemers (| from all gatewgys Wh.'Ch a mob|le_node can reac_:h _thrpugh
WADVSs) that are flooded through the MANET, eeactively the MANET._Thls prowd_es s_ubstantlal room for optimization

meaning that a node that has traffic to send floods an InterRELS changlng_ the destination of a flow may lead to a k_)etter
Gateway Solicitation (IGWSOL) through the MANET, Whenspatlal separation of flows, and thus less mterfer_encehen t

an IGW receives such a solicitation, it responds with etwork. Here, we separate the gateway selection problem
IGWADV message that is unicasted E)ack to the originati om the routing and assume that the routes from the wireless
node. In addition, éybrid approach has been suggested b odes to the gateways are provided by a routing protocol

Ratanchandani and Kravets [4] that makes use of proact'i;l ning mdep_endently of the gatewa.\y _selectlon._
IGW discovery only within a certain distance of the IGW. his paper is structured as follows: First, we discuss sdver

measured in the number of hops. Mobile nodes outside ﬂ’;ﬁgproaches to the gateway selection problem that have been

region must transmit IGWSOL messages on demand. Tﬁllrsoposed in previous work in Section Il. In Section Ill, we

approach is intended to limit the total overhead due to ﬂ%esent our network model that allows us to formulate the

flooding of advertisements throughout the MANET. gateway selection problem as a mixed integer linear program
in Section IV. In Section V, we present simulation results to

This work is partially funded by the European Commissiorotigh the cqmpare the performan?epf the th'mum gateway §electlon
NEWSKY project [1] under contract no. 37160. with the previous heuristic solutions. Finally, Section VI



concludes this paper and presents steps for further work.

II. INTERNET GATEWAY SELECTION

The simplest method of Internet gateway selection in wire-
less ad hoc networks is to choose the gateway that is closest
to in terms of hops [5]. The distance to the gateway can be
inferred from the hop count of the gateway advertisements.
The obvious drawback of this approach is that load balancing
between gateways is not supported.

In contrast, Huang et al. [6] propose the Minimum Load
Index (MLI) solution to select the Internet gateway based
on the current load of the gateways. The meificthat is
advertised by gateway, referred to as its Load Index, is
calculated according to the equation

Fig. 1. Ad hoc network that is connected to the Internet via
> < T heterogeneous access links. Nddand node2 each have two paths
x pz,z x
= (1) to a gateway.
2

where(; is the bandwidth of gateway andp, ; is the fraction

of the total trafficT}, that hostz sends to gatewai However, One weakness of load based approaches such as the MLI
a gateway cannot calculate its load index directly accarttin solution presented above is that although they reflect the lo
(1), since it is not aware of the hostg;, or p, ;. Therefore, of the gateway, they do not reflect the situation of the path
the gateway must estimate its current load. We assume ttlabugh the MANET between the mobile host and the gateway.
this is done according to a running average. Every time thalko, the gateways must have an accurate estimate of their
a new advertisement is generated, the gateway estimatesrisfic load, which may fluctuate considerably.

L=

current Ioadfi[n] based on the previous estimalg[n — 1] To compensate for this weakness, Brannstrom et al. [12]

and the volume of traffid@’[n] that it has processed since thepropose to select the Internet gateway based on the varidince

last advertisement: the time that elapses between the reception of two suceessiv
— 1 — gateway advertisements. Intuitively, higher traffic loaty-a
Li[n] = C, (O‘T[”] + (1 —a)Lin — 1]) ) (2)  where along the path between the gateway and the node will

] o o cause the advertisements to experience different delathaisd
where € (0,1] is a weighting coefficient to choose thggaq to a higher variance of their inter-arrival times. Henc
impact of the new load measuremein]. according to this scheme, a node should always select the

In principle, each traffic source in the network selects t teway associated with the lowest variance.
gateway advertising the lowest load according to (1) as its

default gateway. In addition, several rules ensure thatshos I1l. NETWORK MODEL
do not switch between gateways too rapidly. When a hostgince we are considering heterogeneously connected net-

currently using gateway receives an advertisement fromyorks, we assume that the wireless nodes are equipped with
another gateway/ advertising a lower load, it configures muyltiple interfaces: one interface for communication wvith

as its new gateway only if the ad hoc network itself, as well as one or more interfaces
« it as been using gatewayfor a minimum duratiorfhog, Used to connect to an Internet gateway. These differentagise
and communication systems are assumed to be sufficiently fat apa

« after switching from gateway to gatewayj, the Load in the frequency domain that interference between them does
Index of gateway; will still be at least a predeterminednot need to be considered.
thresholdA, less than the Load Index af An example of such a heterogeneous network composed of

Even if these two conditions are fulfilled, the node onljaptop computers and smart phones is shown in Fig. 1. Here,
switches gateways with a certain gateway-switching prob&]ﬂre are two Internet gateways: a cellular base Statleléd
bility, intended to reduce the amount of fluctuation betweeds GW1 and a WiFi access point, labeled &8V,. Each of
gateways. To assess the load balancing capability of the MhEse gateways is connected to the Internet via an acceiss.rou

algorithm, Huang et al. define the Load Balance Index (LBIyode1 at the bottom of the figure has two potential paths to
of the network as the two gateways, labeled &% ; and P o, respectively. These

max{L;} — min{L;} paths_ are determined by the routing protocol running within
. (3) the wireless network.
max{Li} For each of the systems, our interference model is similar to
In case the network’s traffic load is distributed among thie-ga the protocol model of interferender a contention-based MAC
ways according to the gateways’ capacities, the LBI becoma®sented by Gupta and Kumar [13]. According to this model,
0. If one gateway handles the entire traffic, the LBl is 1. two nodes are able to communicate if they are within the

LBI =




maximum reception distancéy. A transmission potentially the binary integer variables, , € {0,1}, which are equal
poses interference to any node within interference digtanto one if pathp is used by source and zero otherwise. To

dint > dix Of the sender. The wireless network topology iassure that only one gateway is selected for every demand, we
represented as a network graph, in which two nodaedj introduce the constraint

are connected if the distaneg ; between the nodes is less P,

than the reception distaneg,. Nodes that are using multiple Zu&p -1 Vs. (5)
wireless interfaces, such as a node that is receiving a packe o

from another node using a Bluetooth link and forwarding it | . . _ _ .

to a gateway using e.g. IEEE802.11, are conceptually split u Using this notation, the total _trafﬂc that is transmittecepv
into multiple virtual nodes that do not mutually interfere. Nk ¢, denoted ag., can be written as

To account for interference, the authors in [9] make use of 5 P
a conflict graph which is constructed such that for every link Yo = Z Z Oe.sphstis p. (6)
in the network graph from nodéto nodej, there is a cor- s=1p=1

responding vertex; ; m_the confll_ct graph. An edge betwe_enThen’ the traffic load that is handled by nodés ", _. v,
two nodes of the conflict graph indicates that these two Ilnbv ere€. is the set of all links arriving at or Ieavinee Hode
cannot be used at the same time due to mutual inten‘erenc:e.rrnffiC trr:at is forwarded bv a node ?:ontributes tv?/ice to the
IEEE 802.11, a sender only transmits if it senses the channél. , . . oy ; ) .

. . e . node’s load, since it arrives on one link and is retransuhitte
as free, i.e. if no other node within interference distance .

. e L . on another link.

dint is currently transmitting, and the transmission is reagive
correctly if no node within interference distance of theaieer IV. FORMULATION OF THE GATEWAY SELECTION
is transmitting simultaneously. Thus, two verti¢gs and/,,, ,, PROBLEM
of the conflict graph are connected by an edgé; if, < din, _ L :
din < dinty OF dp; < dint. In coONtrast to the protocol model In selecting Internet gateways, our optimization goal is to
of interference in7[9]_ we also require that the sender ie fie minimize the maximum node utilization within the network,
interference to more accurately represent the senderisneha '€ 1
sensing. Given this model, finding combinations of linkst tha minmaXR— Z Ye, (@)

may be used simultaneously then amounts to findmagimal " ecEn

independent setsf the conflict graph [9]. In graph theory, anynere R, is the nominal data rate of node This will result
independent set of a graph is defined as a set of verticesipfy petter spatial distribution of traffic within the networ
the graph such that no two vertices are connected by an edggrepy avoiding "hot spots” prone to congestion or exeessi
A maximal mdepend.ent set is an independent set that is Noh gy ference, though possibly at the expense of longerspath
subset of any other independent set of the graph. through the network.

A vertex of the conflict graph, representing a link of the g,mmarizing the above constraints, the gateway selection

network graph, may belong to multiple maximal independegioplem can be formulated as the Mixed Integer Linear
sets. Since each independent sehay be used only for a Program (MILP)

fraction )\; of the total time, the available data rate of each
link is reduced accordingly. IfZ. refers to the set of all

maximal independent sets of the conflict graph that contain min maxi Z Ye, (8)
link e, the usable rate of link reduces from its nominal rate ib{uspt n Ry erl
Te 0T 7 Ai
1€l S.t. yeo <71 i Ve, 9

Since all independent sets must share the same channel, the Je =T Z,GXZ: c ©)

total utilization may not be greater than one: I ‘
S a<l ) > usp=1 Vs, and (10)
i a p=1

Effectively, finding the factors\; amounts to solving the Z)‘i =1, (11)

scheduling problem of a contention-based MAC.

In our network model, a total of nodes act as sources for where the minimization is performed with respect to the
traffic flows. Each source generates a constant bit rate flovallocation of nodes to gateways, , and the scheduling of
of volumeh,, measured in bits per second. From each souréedependent sets;. Constraint (9) assures that no link is
a total of P, paths lead to one of the Internet gateways. Taverloaded, constraint (10) assures that each node onf/ use
indicate if a linke lies on a certain patlp from sources to one gateway, and (11) assures that the total utilization of
a gateway, we introduce the binary variable, , € {0,1}, the wireless channel is not greater than one. Note that the
which is equal to one if linke lies on pathp of sources and scheduling of the independent sets and the definition of the
equal to zero otherwise. link load according to 6) also implicitly guarantee that ramla

To formulate the gateway selection problem, we introduég overloaded. In the following, this gateway selectionesuk



number of hosts 50
size of playground 1000 mx 1000 m
number of GWs 2
max. transmission range | 250 m
max. interference range | 330 m
data rate of MANET nodeg { 11 Mbps, 2 Mbp$

For our simulations, we consider a rectangular area in which
static nodes are randomly distributed. Two Internet gagswa
are placed in diagonally opposite corners. The paramesest u
in our simulations are given in Table I. The number of nodes

Jaia Tate of GW 1 11 Mbps generating traffic is kept variable, with each source pradyc
data rate of GW 2 5.5 Mbps a packet of size 1024 bytes every 40 ms, corresponding to a
packet size 1024 bx{fe data rate of ca. 200 kbps. The node density is sufficientli hig
G‘i/?/;‘g’\t/ rele gg E‘yti that all sources typically have a path to both gateways. One
GWADV rate T35 gateway provides a data rate of 11 Mbps, whereas the other

TABLE | only provides 5.5 Mbps.

PARAMETERS USED FOR SIMULATIONS We do not make use of a full-fledged routing protocol, since
we only require packets to be sent from some of the nodes
to the gateways. Instead, we perform shortest path routing b
making use of the gateway advertisements that are flooded
will be referred to as the MMNU (MinMax Node Utilization) thrpugh th_e network. Every node simply tracks which of its
solution. neighbors is closest to the gatewgy,_ based on the hop cour_1t of
Although the class of Mixed Integer Linear Programs itshe advertisements, and uses this mfo_rmatlon for forweaydi
ackets to the gateway. Due to the static topology and the fac

known to be NP-complete [14], small to medium sized pro hat communication only takes place between the gateways an

lems can still be solved efficiently. Relaxing the problem b% . . . L ;
allowing theu, , to take on continuous values between 0 ange wireless nodes, this approach is sufficient in our séenar
5P We first consider the case where the MANET nodes are

1 would allow a node to split its traffic arbitrarily between . ;

. . . . Interconnected by an 11 Mbps link. In this case, the gateways
multiple paths to potentially multiple IGWs, thereby opepia will pose a bottleneck for the data traffic. The Packet Deljive
further possibility for load balancing between gatewayswH P :

ever, this might result in packets belonging to the same floli/evatlo (PDR), average delay, and LBI for each of the three

experiencing significantly different delay, which is gealyr gateway selection schemes considered are presented i.Fig.

not desirable from the end to end point of view. As can be seen from the LBI of 0.5, the hop count

Finding all maximal independent sets of a graph is alszé:heme divides the traffic evenly between both gateways. Thi

T . ehavior can be expected due to the symmetric placement of
an NP-complete problem. However, it is also possible E P y P

fe gat . This leads t tion at th ker gat
approximate the problem by calculating only a subset of tT}Ie gateways. IS feads fo congestion &' the weaxer gateway

conflict graph’s maximal independent sets. In this case, t Ssultmg In both significantly higher packet loss and détey

: N S : _ fe MLI and MMNU solutions. MLI and MMNU achieve very
solution to the optimization above is still a feasible swlntto
the original problenwith all maximal independent sets, sinc

qsimilar PDR, but the delay of the MMNU scheme is much
the exclusion of a part of the maximal independent sets el ower. The sharp drops in the LBI of the MMNU solution
the effective capacity of the network. The solution foun

U$or three and six sources can be attributed to the fact treat th

in this case would be a lower bound of the true maximu MNU is able_ to a!locate exactl)_/ twice as many flows to
e gateway with twice the capacity, leading to an LBI very

performance. close to zero. In general, the LBI decreases as the number of

based ion based MAC h as IEEES02.11. H dBurces increases due to the higher flexibility in the atiooa
asedona contgnuon ase such as c. 11 HOY-5 larger number of flows to the gateways and the smaller
ever, it can readily be applied to other systems using TDM

. : _ ect of the granularity of the flows.
or FDMA instead. Our search for maximal independent sets, Fig. 3, the capacities of the gateways are left unchanged,

ir_‘ the conflict graph, represe_nting links t_hat can be SChi(‘T"HUIbut the nodes within the MANET are able to communicate
simultaneously without causing mutual interference, dan a4 only 2 Mbps. All three schemes suffer from this drop in

be adapted to the problem of assigning time slots or freq'uerI:Capacity. However, the MANET itself now poses a bottleneck,
channels to the hosts. instead of the gateways as before. The MLI and hop count
schemes are both agnostic of this change and assign the traffi
flows quite similarly as before. This leads to a significant
We have analyzed the performance of the MMNU gatewairop in the PDR of the MLI solution, whereas the hop count
selection according to (8) as well as the MLI scheme accgrdigolution comes close to the PDR of MNU. MMNU achieves
to [6] and simple hop count based selection by means of simapproximately half the delay of both the MLI and hop count
lations. All simulations were carried out using the OMNeT+schemes.
discrete event simulator [15] and its INET Framework for the One weakness of a pure load based approach becomes
simulation of wireless communication networks. To solve thevident if many packets are already dropped due to congestio
optimization problems, we used the GNU Linear Programmirg the network before they reach the gateway. In this cage, th
Toolkit (GLPK) [16]. The nodes access the wireless channielad measured by the gateway will be reduced, leading to the
using the INET implementation of IEEE 802.11. advertisement of a lower load, in turn attracting even more

V. SIMULATION RESULTS
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Fig. 3. PDR, delay, and LBI in the case of imbalanced gateways With= 11, R: = 5.5 Mbps, 2 Mbps within the MANET

traffic that will be lost due to congestion. This effect mayi[4]
cause a slightly congested network to collapse entirely.

VI. CONCLUSION [5]

These results show that common Internet gateway selecti?b[]
algorithms are not flexible enough to adapt to differentasitu
tions in a MANET, depending on the traffic demands and the
capacity that is provided by the MANET and the gateways. (7]

By formulating the gateway selection problem as a linear
program, we show that it is possible to increase networlé]
performance significantly, regardless whether the MANET or
the gateways are limiting the performance. 9]

Since solving this optimization problem is obviously not
possible in a real MANET, further work will focus on finding[10
a distributed solution that is better suited to the hetemeges
environment than the heuristic solutions proposed so far,
taking into consideration the situation of both the gatesaayd (11]
the path between the mobile node and the gateway. Additiona,
performance improvements may be gained by considering the
problem of joint gateway selection and routing.

]

[13]
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