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Abstract— Physical topology of an ad hoc wireless network
imposes fundamental limits on its throughput capacity. In tis
work, we present a network design algorithm for configuring
node locations in an 802.11 ad hoc network with the goal of
improving the throughput capacity of the network. Given a
network configuration (i.e., a mapping of network nodes to plys-
ical locations), we establish an inverse proportional reldaonship
between the interference degree of the network and the guara
teed link-throughput. Motivated by this observation, we present
an algorithm which progressively guides the network toward
better configurations with lower interference degrees, wtgh in
turn increases the network’s throughput capacity. Packet ével
simulations using the NS-2 simulator shows that the reconfiged
topologies obtained by our algorithm consistently outpemrm the
original network topologies for throughput and delay related
metrics. In particular, for many cases, we observed over 106
increase in the total network throughput and the minimum
guaranteed throughput, over 60% increase in throughput fainess
and over 50% reduction in the mean-service delay of packets.
Our algorithm admits a simple distributed implementation and
can be viewed as a distributed mobility control primitive for
improving the throughput performance of mobile ad hoc net-

works. Alternately, our techniques can also be employed by a

centralized designer during network creation time to obtan a
network configuration with a high throughput capacity. To the
best of our knowledge, ours is the first work which explores tie
use of guided network configuration strategies for improvirg the
throughput capacity in ad hoc wireless networks.

I. INTRODUCTION

Bandwidth is a premium resource in wireless network
Wireless networks are typically composed of nodes and lin

whose peak data-rates are orders of magnitude lower,
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is far less than the sum of its parts (link / node bandwidths),
and optimally utilizing the scarce bandwidth resources in a
wireless network is the key to delivering acceptable thiguug
performance to end-users.

Several existing techniques for wireless throughput maxi-
mization rely on resource augmentation. For example, multi
channel multi-radio (MCMR) wireless networks [17], [23]
equip nodes with multiple wireless interfaces, each of Whic
operates on a non-interfering channel; this increases spa-
tial reuse of the communication channel and the network’s
throughput capacity. The use of directional antennas [31]
localizes wireless signal propagation to a smaller region,
limits interference, and thus improves throughput perfomoe.
Hybrid networks [2] employ high-speed wired backbones for
connecting different parts of a wireless network and augmen
the available wireless bandwidth. While all these techegu
are known to be effective in improving the throughput capac-
ity, the additional investment required for augmentingiogk
resources could be prohibitively expensive and limit their
applicability in cost-constrained scenarios.

In this work, we focus onoptimizing the structure
(topology) of the network during the time of deploy-
ment using interference-aware network design, and adaptiv
(re)configuration of the network during its operation using
controlled mobilitywith the goal of maximizing the throughput
capacity of the network. Some prime candidates which can
benefit from our work include sensor network deployments
or long term habitat and environmental monitoring (see for

stance, the Great Duck Island (GDI) sensor network [27]),

Aer-organizing network of mobile robots that are equipped
whose channel error-rates are several times higher than tr\‘/ﬁth 9 g auipp

wired counterparts. In addition, communication in wirsle
networks is fundamentally different from wired networksedu;
o the broadcast nature of the wireless medium. When ty, techniques are applicable to long-term ad hoc wireless
proximate wireless nodes attempt transmission at the saf
time, one or both of the transmissions may fail due to intelrl—iC

ference. Consequently, the total available network badttwi

various sensing capabilities for military surveiltan[6],

ﬁll], and wireless mesh networks for connecting remoteshost

in rural communities to the wired Internet [9]. In general,

loyments that exhibit static traffic patterns, or commu-
ation patterns which change relatively infrequentlyerov

time. In such settings where the traffic is regular enough, we
envision that the benefits of adaptive network configuration
in order to best serve the communication demands of the



network far out-weigh its costs (such as the energy expended he rest of the paper is organized as follows. We survey
in network (re)configuration, or the bandwidth utilized byelated work in Section Il. In Section Ill, we discuss the
the (re)configuration scheme). Our techniques can also- intmodels, metrics, definitions, and notation that are used in
operate with resource augmentation schemes describeereathe rest of the paper. In Section IV, we analyze the impact
to jointly enhance the network capacity. of the maximum interference degree on the guaranteed link-
We note that mobility control and network design have bothroughput of the network under saturation conditions astd e
been explored in the context of low-energy routing, impngvi tablish an inverse relationship between the two. This mdlyur
geographic coverage and connectivity, and improving ead-tsuggests the use network design strategies which minimeze t
end reliability for packet transmissions in ad hoc / sensaiterference degree in order to improve throughput capacit
networks [13], [32], [33], [22], [5], [19], [20], [29]. Howeer, We then show in Section V that the problem of minimizing
to the best of our knowledge, ours is the first work to explotiaterference degree in ad hoc networks can be modeled as a
the use of mobility and location control to optimize themathematical program. We derive important insights froia th
throughput capacity of wireless networks. In particulag wmodel, and design a mobility control algorithm in Section VI
view the following as the main contributions of our work: which readily admits a simple distributed implementatiamd
o discuss further optimizations to our algorithm in Sectiok. V
A. Our Contributions In Section VIII, we deal with the performance evaluation of
1) We characterize the impact of network topology oour algorithm using NS-2 simulations.
per-link throughputs in an 802.11 network. Specifi-
cally, given amulti-hop 802.11 network and a set of Il. RELATED WORK
concurrently active links, we show that the minimum The idea of using controlled mobility in an ad hoc network
guaranteed link-throughput under saturation conditiofisr improving its performance was first pioneered by Golden-
is inversely proportional to the maximum interferenceerget al.[13]. In this work, the authors study the problem of
degree of the network. This generalizes the well-knowninimizing the total energy for routing a given set of multi-
analysis of Bianchi [7] for the case single-hop802.11 hop flows. The authors present a distributed algorithm vhieh t
networks, where the communication graph of the nodgsiarantee that the network converges to the optimal energy
is a clique. configuration. Our work is similar in spirit to this work in
2) We model the problem of minimizing the maximunthe following sense. We seek an optimal configuration which
interference degree (and hence optimizing link througlaaximizes the throughput metrics of interest to us for the
puts) in an 802.11 multi-hop network as a Mixed Integiven set of flows. However, the underlying combinatorial
ger Quadratic Program (MIQP). The significantly nonstructure in our problem is considerably more complex as
convex nature of the MIQP does not allow the uswe show in Section IV with important implications for the
of known optimization techniques for obtaining exactiesign of distributed protocols. In particular, unlike treergy
(or approximate) solutions to the MIQP; however, weninimization problem, we show that local-gradient based di
use the MIQP to derive key insights with importantributed algorithms ar@ot guaranteed to achieve the optimal
implications for the design of distributed protocols fothroughput configuration.
interference minimization. Mechanisms for deploying and repositioning mobile gat-
3) Motivated by the relationship between throughput anglays, sinks, or base stations for minimizing energy consump
interference degree, we present a simple distributédn and prolonging network lifetime has also been addksse
mobility control algorithm which guides nodes towardgy several researchers [24], [12], [3], [4], [5], [19], [2029].
regions of low-interference in the network, using purelfor instance, authors in [24], [12] propose integer program
local-control strategies. This ensures that the networking and ray-tracing models respectively to compute theé-min
progressively acquires a higher throughput capacityum number of base stations and their locations, for coeerag
without violating network connectivity constraints or gein indoor WLAN networks. A simple analytical formulation is
ographic locations constraints which must be respectptbposed in [3], [4] to allow the gatways in sensor networks
by the nodes in the network. The mechanisms we react and alter its positions in an attempt to maximize
propose in this paper aim to mitigate the impact of intethe efficiency of inter-domain communications. The proplose
ference through intelligent mobility control, and hencenechanism moves the gateway to the weighted geographic
they can be used to optimize many related objectivegntroid of its sensors by considering the location anditraf
(such as minimizing packet losses due to interferenagenerated by those sensors. Gateways reposition pefiigdica
fairness, etc.). to respond to the change in node locations and traffic pattern
We evaluate the performance of our algorithm using packét order to gradually get closer to nodes with high traffic
level simulations with the NS-2 network simulator for a edyi and maximize network lifetime. Unlike the assumption of the
of traffic scenarios. The reconfigured network topologies ohnconstrained gatway’s capability to move, authors in [5],
tained by our algorithm is seen to consistently outperfdien t[19], [20] propose mechanisms which also consider topology
original topology for a variety of throughput related mes$ri and connectivity constraints in controlling gateway mibil
as well the mean-service delay. Our simulations also revealmechanism for controling the mobility of relaying sensors
traffic regimes under which the mobility control algorithsr i instead of controlling the sink in order to prolong network
most effective in increasing the network capacity. lifetime is investigated in [29].



Several authors attempt to exploit mobility of one or morkigher-level routing protocols. Such mechanisms signitiga
designated nodes in the network to improve the success prodduce route-message exchanges and other routing protocol
ability of end-to-end packet receptions in sparse ad hoe neverheads while preserving network connectivity and the
works that suffer from frequent network partitions [32]3[3 capacity of the underlying physical network. In generat, le
[16]. Authors in [32], [33] introduce a pro-active Messagé .., denote the set of ordered node-pdirsv) which require
Ferrying (MF) approach which utilizes a set of special mebilone-hop data communication between themselvesElg}.,
nodes called “message ferries”, to provide communicatialenote the set of links that are needed to maintain network
service for nodes in the deployment area. Message ferre@mnectivity (for e.g..E..., could be selected by a virtual
move around the deployment area and take responsibilitgckbone mechanism); we 1&t= Ej,.0 | Econn denote the
for carrying data between nodes. With knowledge abosét of all links in the network.
ferry trajectories, nodes can adapt their own trajectottes We now briefly review the key ingredients of Distributed
meet the ferries and transmit or receive messages in or@mordination Function (DCF), which is the fundamental mech
to communicate with distant nodes that are out of rangmism used by 802.11 for accessing the wireless channel. A
or not currently connected. A similar approach for sensoode with a new packet to transmit monitors the channel
networks was proposed in [16]. As a specific mobile noder a fixed period of time called the Distributed Inter-frame
moves in close proximity to sensors, data is transferred $pace - DIFS. If the channel is idle during this duration,
the mobile node for later depositing at the destination dfie node transmits. Otherwise, the node monitors the cthanne
the data. These mechanisms, unlike our work, target delaytil it is found idle for a time of length DIFS. At this
tolerant applications and ameot geared towards exploiting point, the node waits for a time generated by the random
controlled mobility. A related approach to recovering fronexponential backoff scheme before transmitting; the bficko
ad hoc network partitions is by deploying mobile forwardings also employed between consecutive transmissions by the
nodes as in [22]. The mobile forwarding nodes detect netwonkde. The exponential scheme works as follows: at each packe
partitions and adaptively change their location for cotingc transmission, the random wait time is chosen uniform in the
partitions. range(0, ..., w — 1) (in units of time slots). In the beginning,

The dynamic aspects of the coverage in mobile sensor neach node sets itontention window to the minimum value
works has been explored recently in [14], [30], [25], [18hrF W. After each unsuccessful attempt, the valuis doubled up
instance, authors in [25] propose Dynamic Coverage Maint®-a maximum value of siz’~!1W, whereb is thenumber of
nance (DCM) schemes which exploit the limited mobility obackoff stagesNodes maintain a backoff time counter which
the sensor nodes, and compensate the loss of coveragehhrasiglecremented as long as the channel is seidledfrozen
controlled and careful repositioning of sensors with mimim when the channel is detected busy, and reactivated when the
expenditure of energy. The authors propose a set of digtdbuchannel is sensed idle again for a period of time equal to DIFS
DCM schemes which can be executed on individual sensorThe sensing mechanism at a naddeems the channel busy
nodes having knowledge of only their local neighborhodiithe total received signal strength is above a certairstot,
topology. called the carrier-sense threshold: this in turn is the c¢hse

While all of the above literature point to effective use ofnere exists another node which is currently transmitting,
mobility (both controlled and uncontrolled), the main goinand which is within thecarrier-sense ranger.s(> 7+), of u.
of departure for our work in comparison with the abov&iven a network configuratiolr, we define the interference
literature is in our use of novel mechanisms which explograph Hr(V, F) as follows: let edge(u,v) € F if both
controlled mobility for maximizing the throughput capgcit v and v are active nodes (i.e., end-point of some link in
of the network without violating connectivity or geographi Fqata) and if d(u,v) < re. For all w € V, let §(u)
constraints. denote itsinterference degreéi.e., the degree of. in H).

We definedax = max,ev d(u). In Section IV, we discuss
the crucial role played by the interference degfee limiting
the throughput of an 802.11 ad hoc network.

We now present the models, metrics and the notation usddbility model: We assume acontrolled node-mobility
in the rest of the paper. model as follows: each nodes € V has two dimensional
Network Model: We model an 802.11 ad hoc wirelessXY coordinates(z(u),y(u)). Nodes can employ a mobility
network using a connected undirected grd@pk= (V, E). All  control algorithm which allow them tohoose their locations
nodes inV lie on the two dimensionaX'Y plane. Nodes subject to the following constrainté?1) network connectivity
employ a common transmission power which results in @nstraint for each linku, v) € E; this requires the end-points
uniform transmission range,,. Nodesu andv canform a wu andwv to choose locations such that they can communicate
link (u,v) € E only if their distanced(u,v) < 7. Note directly between themselves; in particular, the mutuatbdise
that the distance constraint isreecessary condition but notd(u,v) can be at most;,; (P2) physical boundary constraints
a sufficient oneLinks between sufficiently proximate nodedor each node: of the formz(u) € [xow(w), Zhign(v)] and
may not exist due to high error levels in the communicatiof(u) € [yiow(w), Ynign(w)]; for e.g., nodes in a mesh/sensor
channel, physical obstructions, etc. Further, ad hoc nésvonetwork may be required to serve/sense a fixed target region;
often employ virtual backbone mechanisms (see [10], [26] fthis also models stationary nodd®3) network design con-
instance) which expose a limited subset of network edgesdimaints which decide the time at which the mobility control

IIl. BACKGROUND



strategy can be executed; we assume that in mesh/semsatfti-hop networks. A well-understood and important speci
networks, node locations need to be decided during the tim@se which was first studied by Bianchi [7] is as follows:
of network creation; in a mobile ad hoc network, we assunw®nsider a setC of m nodes, all of which are within the
nodes are allowed to employ a (distributed) mobility cohtrdransmission ranges;;,., (and hencer.,) of each other and
strategy which allow nodes to choose and change their lozehere each node il acts as a transmitter to some fixed
tions when the network is operational. intended receiver. Bianchi showed that the total achievaht-
Metrics: Recall thatEy,., denotes the set of links whichuration throughpuj:.;, for this setting can be approximated
involve direct data communication across themselves. &adn e as follows:
link e € Eg4:q, We assume that the transmitter always has a E[P]
non-zero number of packets to send to the receiver, i.e., we Heliq = -

assume that the network ssiturated Let 7(e) denote thesat- Ts+ oK +To(K(ex —1) — 1)

uration throughputof link e, i.e., the throughput achieved byHere E[P] is the expected size of the payload, is the

the 802.11 MAC protocol across linkin network saturation ; .
average time taken for a successful packet transmis§ipn,

conditions. Define th@etwork configuratiorio be a mapping . . i
of each node to a fixed location, such that the node Iocatio'ﬁsthe average length of time the channel is sensed busy by

satisfy the network connectivitP1) and boundary constraintseaCh hode during a Co”'S'?W’ Is the duration of an empty
(P2). slot, T = T; andK = \/g Observe that these values and
Given a fixed network configuratioR, we are interested henceu.;, arefixed constantindependent of the number of
in three throughput metricsl) the guaranteed saturationnodesm. By symmetry, it follows that the guaranteed per-link
throughputn (') = minecg,,,, 7(e); this is the throughput throughputieiiq = ficiiq/m.
which isguaranteedo be achieved bgvery linkin Eg,;,; for Bianchi’'s analysis relies on the fact that every sender
multi-hop connections, the end-to-end throughput of théimu contends with every other sender in the network and due to
hop flow is equal to that of the throughput of its bottlenecRetwork symmetry within a cliqgu@ll nodes would share the
link; thus, maximizing; directly translates to maximizing themaximum achievable network throughput equitably. Howgever
guaranteed end-to-end throughgdot a given set of multi-hop Symmetry is generally not a valid assumption in the case
connections2) The total throughpuu(T') = Y.cp,,,.7(e) ©Of a multi-hop network: nodes differ in the structure of
which is a natural measure of network utilizatidd). The their interference neighborhood and may experience differ
faimess index\(T") (Cecrann ™) . \yhile there is no @mounts of channel contention. This naturally motivates th

- IEdata‘ZeeE ataT(€)2 i i . i
fairness metric which is considdeffed “universally good’e tth"OW'ng question: how d_oes the saturation t_hroughpu_t of
node depend upon its interference degree in an arbitrary

above metric introduced by Jain, Chiu and Hawe [15] encap- . .
X - ?

sulates the fact that a fairness value closé.tbcorresponds ult hpp er(?c_lests netwotrl:r.] n ordlfr t? bet_ter :Jr:qersi?:j _t

to equitable channel sharing and all throughput valuesg)eiﬁctenar'o’.t\;ve lrsd presedn.t .etres(;.l ; 0 "?‘.S":I“ arllon SHy:

nearly equal, while a fairness value clos@1d corresponds to a transmitter node: and 1ts intended recipient, wherew 1S

disparate throughput values due to inequitable sharingne®f tW'th'n the transmission range af Let D, the disk of radius

channel. For clarity of exposition, whenever it is clearnfro Tes CONtered at, denote the |_nterference nelghborh(_)odzpf
the context, we will omit the argumemtfrom 7, u, and A in We place a set 0d nodes uniformly at random withi®;
the rest of ihe paper B each of these) nodes act as a sender to a unique neighbor

Our approach in brief: The objective of our work is to within its transmission range. We measure the effect'sf

achieve the optimal network configuration which maximize@terfere.nCe degr_e@a_s afunctl_on of the throughpu_tobserve_d
on the link (u, v) in this scenario. The results of this scenario

the value of the three metrics of interest to us (possibl D - . ;
in a distributed manner). The basic idea underlying our %r_fe plotted in Figure 1. It is immediately obvious from the

gorithm is as follows: each transmitter/receiver (transag . : :
estimates the amount of interference it experiences awrer{nversely p“?p"”"_’”"’_" o the mterferen_ce degoeef u. .

and sequentially attempts to move to a new location with We establish this inverse relationship between the interfe
lesser interference, subject to network connectivity aoden €1¢€ degree and saturation throughput inabitrary multi-

boundary constraints. We discuss how interference estmatnoP neliwczrkusmg The(zjorem L Thﬁ theorem sta(tjtes that_ln a
as well as sequential mobility can be achieved in three i gtworh oF maximum begrzé’%aw’ tfe”guaragte&ctifaturﬁtlon
creasingly complex environments: where network desigaer Hnroughputy is upper-bounded as follows < 5= The

complete knowledge of the network (mesh/sensor network ,OOT of Thec_>rem810;s1els a:jc:reful packllngf zrguﬁment to show
where nodes have accurate information about their interfé at in any given -11 ad hoc network of degoggx + 1,

i i iza Smaxtl i
ence neighborhood (MANETS/ sensor networks), and whefl'€ iS always a large clique’ of size =25 This fact
nodes know only their single-hop communication neighbo?pmb'ned with Bianchi’'s analysis implies that the guaradte
hood (MANETSs/sensor networks) saturation throughput for any link with a senderdt is at

mostn < f“—lﬁ (this is an upperbound andot an exact
estimate).For ease of analysjsthe statement and proof of
theorem 1 assumes that the set of edgedvin;, form a

We now analyze the crucial role played by the interfereneeatching (i.e., each node communicates with at most one of
degreed,.x On the guaranteed saturation throughpufor its neighbors). We discuss later, how our analysis can bibeas

(1)

yperbolic curve that the saturation throughputu,v)) is

IV. IMPACT OF INTERFERENCEDEGREE



46+006 captured by Theorem 1. We note that incorporating the effect
\ of hidden nodes does not change this result qualitativeity, b
only leads to an increased value of the constant factorweebl

3.5e+006

;3 seraoe \ (this constant is 6 in Theorem 1). Secondly, Eq. 1 holds
o 2o \ only when the number of backoff stagésand the length
£ 2e+006 of the smallest backoff window!” for the 802.11 protocol
g 1564006 \ at each node has been optimized w.r.t. its interferenceedegr
8 [7]. However, the current 802.11 DCF standard specifies fixed
= ferooe \\ values ofb and W which are specific to the physical layer but
500000 independent of the node’s interference degree [7]. In thierla
o A e case, the total saturation throughpuf,, can be evaluated
5 1w 1820 2% 30 B4 numerically by solving for the values of and p in the

Interference degree

following set of equations and by substituting the value of
Figure 1. The saturation throughput for a node is inversely propogi to ¢ in EqQ. 2. Heret represents the transmission probability at
its interference degree a given time slot ang denotes the conditional probability
that a collision occurs given that a transmission occurteal a
particular time slot (see Bianchi [7] for details).

generalized to the case whekg,,, is an arbitrary subset of 2. (1—p)

FE. t = .
Theorem 1:For any given networlG = (V, E) whose in- (1=2p)- W+ 1) +pW-(1-(2p)")
terference degree %,.x, the guaranteed saturation throughput p = 1—(1—p)mY
< gl
Proof: Let u € V be a node of interference degree W = E[P] @)
dmax- Consider a diskD.,(u) of radiusr.s centered atu. cliq T, — T, + Tr—(1-t)"(Tg-1)

Clearly all nodes which interfere with, lie within the disk me- (1=t

D.s(u). Consider a sector dP..;(u) which has a radius.,
and which subtends an angleat u: we first observe that any

two nodes within this sector is of distance at mast Hence, 8008 7

all nodes within this sector interfere with each other antnfo 8e+006 |/~ .
a clique of interfering nodes (see Figure 3). Next, we note
that D.s(u) can be partitioned into at most such disjoint
sectors; hence, it follows that there is a clique of size astle
% in G which containsu. Crucially, all the clique nodes
share the channel with each other, since all of them aremithi
the carrier-sense range of each other. It now follows from
the analysis of Bianchi (Eq. 1) that the guaranteed saturati

throughput of links whose transmitters belong to this aidgi 1e+006 NG parameters tning ——
at mostn < #j’r—l = 56’#‘% m 0 With parameters tuning -
—RE—— max+ . 5 10 15 20 25 30 35 40
We now discuss how Theorem 1 can be generalized to the No. of nodes in clique

case wherE,,, is an arbitrary subset df. Let o(u) denote
the data-neighbor degree of a node This is simply the
number of nodes in the network to whiahtransmits data (i.e.,

the number of edges ia.:, which emanate from#n(_)de). Figure 2 plotsy.,,, for a range of values of; the figure
Observe that Theorem 1 imposes an upper—bour%iﬁﬁ on jllustrates thatu;;, < i and more significantlyy.,, . is
the total throughput of node. It follows that there exists a link a decreasing function ofn for fixed values ofb and W.

incidegt onu, whose saturation throughput is upper-boundeghjs implies that in a multi-hop network, the impact of the
by eyttt In general, the guaranteed saturation througherference degrekon the saturation throughpytor a high-
putn can now be upper-bounded hyin,, % which degree node is more severe than that of a low-degree node.
provides the required generalization of Theorem 1. To conclude the arguments in this section, Theorem 1 and

Next, we observe that our analysis yields an optimistiEq. 2 establish the crucial connection between the network
upper-bound for) (rather than a tight one) due to two reasonslegreed,,.., and the guaranteed saturation throughpin a
Firstly, for a given node, our analysis ignores the effect of themulti-hopad hoc network. More importantly, they suggest the
hiddennodes which do not lie within the carrier-sense ranggse of network design primitives which minimize the inter-
of u, but lie within the carrier-sense range ok intended ference degree of the network, for maximizing the guarahtee
receiver(s) (and hence interfere with them). The packetel®s saturation throughput across the active links in the ndtwor
at the receiver(s) caused due to collisions with hidden sodhis observation forms the basis of the mobility control misd

would lead to a further throughput reduction which is nadnd algorithms developed in the remainder of this paper.

7e+006 PP

6e+006

5e+006

4e+006

3e+006

Max clique throughput (bit/sec)

2e+006

Figure 2. Variation ofugliq w.rt. tom



special cases where the objective is to minimize a convex
function over a set of convex constraints. In our MIQP, the
set of constraints (5) span mon-convexsubspace which
renders convex-optimization techniques infeasible fariob

</ ing an optimal solution. Intuitively, the basic difficultyn i
solving our MIQP optimally is the existence of local-minima
which prevent local-gradient based solution strategiesnfr
converging to an optimal solution. We emphasize that the
existence of local optima for our MIQP is not an artifact
of our modeling technique but is an inherent feature of the
optimization problem itself (see Figure 5 for an illustoe).

Figure 3. Interference neighborhood: the disk of radiug with 6 disjoint
60° sectors represents the interference neighborhood of th&atenode.
Nodes within a sector interfere with each other; at least ahthe sectors
contain1/6" of the interfering nodes.

V. A QUADRATIC PROGRAMMING FORMULATION

We now present the Mixed Integer Quadratic Programming
(MIQP) formulation for the minimum-interference network
design problem. The objective of the MIQP, presented in
Figure 4’_ is to minimize the n_etwor!( interference degreIﬁgure 5. Existence of local minima: the six big circles denote ifgrnce-
dmax SUbject to network connectivity, interference and nodegions of six nodes located at their centers (and not showthe figure).
location constraints. Recall thatu), y(u) denote theX and The middle node in the box wants to minimize its interferemegree by

. . choosing a location within the dotted rectangular box; theneal position is
Y Coord.mates of _nOdeL' In the MlQF.)"Sj is the iset of the left-extreme (denoted by solid circle around a node)endiigreedy local-
transmitting nodes in the network. The indicator variahle  gradient approach would choose the right-most positiorchis sub-optimal
denotes if transmitterss and v lie within the carrier-sense (denoted by dotted circle).

range of each other: i, , = 1, then it contributes to the

interference degrees of bothandv (Eq. 6); if 2., = 0, then oy the perspective of protocol design, the above discus-
the two transmitters are required to be more than a distanggn motivates the need fa local-control heuristic which

of rc; apart (Eq. 5). Constraints (4) state that for all links ingmits a simple distributed implementation and which works
£, the two end-points must be within a distancerof. EQ. el in practicerather than computationally expensive optimal

(10) capture the location constraints associated with sade. ¢, utions. We focus on the design of such a heuristic in the
Among all network configurations that respect the locatigfeyt section.

and connectivity constraints, the optimal configurationtfe
MIQP is the one which has the least interference degree.

VI. DISTRIBUTED MOBILITY CONTROL

We now present the distributed implementation of our

min Gmax 3) mobility control algorithm for ad hoc networks. Briefly,

Y(u,v) € E : (z(u) — z(v)? + (y(u) — y(v))? < rZ, (4) our algorithm consists of two subroutines, namégation
V((u,v) € S x S and (u # v)) : managementnd token managemeniThe algorithm works
(2(w) — 2(0))? + (y(u) — y(©))2 > (1 — z0)r2s  (5) in an iterative fashion: within a single iteration, the toke

management subroutine ensures that a special control tpacke

V(u v)\zvsexsg éiijv()u_ 75}:)“)?5;“’”6 0.1 g (the token) is passed around exactly once to all nodes within
’ T ’ the network. The node which currently holds the token is
V(W V) :0(v) < dmax ®) | the one which executes the location management subroutine:
V(v e V) :z(v) € [iow(u), Thigh ()] © this subroutine is responsible for relocating the node to a
& y(v) € [Yrow(w), Ynign (u)] (10) | new location where it experiences lesser interferenceowtth

violating its connectivity and boundary constraints. Tibge,
Figure 4. The network design problemimax is the interference degree _bOth these .SUbrou“neS ensure that nodes Change the_lolm:at
of the network which is to be minimized subject to network mectivity 1N @ coordinated manner such that the network migrates to
constraints (4) and node location constraints (10). Thizatdr variablez.,.  progressively better configurations with each iteration.
denotes ifu and v interfere with each other: if they do not interfere, i.e., At the very outset, we emphasize that the description below
zu,» = 0, then the interference constraints (5) require Wat, v) > res. . . T e . .
is aimed at providing a specific implementation of the ideas
which underlie the mobility control algorithm in @istributed
In general, solving a constrained quadratic program is hasdtting. Several elements in the following description can
even when the constraints and the objective function ape simplified (or even omitted) in the case of centralized

continuous: efficientonvex-optimizatiotechniques exist for setting: for e.g., in the case of a mesh network designer who




has complete knowledge about the conditions in her netwa¥gorithm 1 Location Management sub-routine for node

(we assume such a centralized setting in our simulations).Require: Nodeu possesses the token currently
particular, the token management subroutine whose obgecti 1: final(u) < current position ofu

is to prevent simultaneous uncoordinated relocation oespd 2: dfinai(u) < current number of interfering nodes far
can be totally omitted in the centralized version. We nows: for (i =1; i <m? i=i+1) do

present the details of the two subroutines below. 4:

5:
6:

Consider a fixed node whose current position is given by 7:
the coordinates:(u), y(u). Let B, denote the square whose s:
length is 2r;,, and which is centered at. Let A denote o
the uniform partitioning ofB,, into m x m grids such that 10:
each grid is a square of lengthtz (see Figure 6). Let 11:
Ali] denote the midpoint of theé!* grid in a fixed linear 12:
ordering of them? grids (the ordering will be specified later). 13:
Algorithm 1 presents the pseudocode for the location manage:-
ment subroutine for node. As a precondition, the algorithm 15:
requiresu to possess the token before the execution of the
subroutine. Lines 1 and 2 initialize the variabl¢gal(u) 16
anddyina (u) to u's current position and current interferencet7:
degree respectively. Line 3 allows nodeto explore each 18:

A. Location Management

if (A[i] & [2(w)iow, 2(u)nign] ¥ [Y(w)iow, y(u)nign])
then
break
end if
visit A[i]
for all v € N(u) do
if d(u,v) > 7y, then
status[i] = unsafe
break
end if
end for
deurrent (1) < current number of interfering nodes
if (status[i] # unsafe) and dyrrent(v) < dfinar(uw))
then
final(u) = Ai]
6j'inal (U) = 5cur7‘ent(u)
end if

grid location sequentially: if grid lies outside the boundaries 19: end for
specified by the node’s location constraints (line 4), themn t 20: Move to final(u)
node does not visit this location (or equivalently, does not
consider this location further after visiting it). Othesgi u
visits A[i] (line 7) and checks if it is still connected to all its
neighbors in the network. If this is not the case, then grisl
marked asunsafe(line 10); otherwise, ifi is safe and has the Concurrent and uncoordinated execution of the location
least interference degree amongst all the safe grids @isite management algorithm in a distributed setting could lead to
far (line 15), thenAli] is updated as the final target locatioriwo undesirable consequences. First, two end-points ofka li
for u (line 16) and the final interference degree is the ormuld simultaneously choose to move in opposite directions
which u experiences at[i] (line 17). After exploring all the leading to a disconnected network. Second, a large set @snod
m? grids in this manner, node finally moves to the safe grid which do not mutually interfere with each other to start with
which has the least interference degree (line 20). could simultaneously choose to move to the same region: this
A node can use simple local-control techniques for corwould lead to an increased interference degree for all these
puting its interference degree at a specific location in tw@des in their new location. Both these issues are illuestrat
network. For instance, a node can observe the numberimfFigures 7 and 8 respectively.
unique signal-strength values measured by itself at iteeatir ~ The token management subroutine avoids these undesirable
location which are greater than the carrier-sense thrdshiwé  scenarios by a simple distributed locking mechanism. The
node can then estimate this value as its interference degiaéroutinesequentiallypasses a special control packet called
This is not an exact value but only an approximation due to titlee tokenaround the network. As noted earlier, only the node
assumption that two nodes which interfere with a fixed nede which is currently in possession of the token can execute
are never at the same distance frarfand hence, their signalsthe location management scheme. At the termination of the
have different signal-strength values:gt In Section VII, we location management subroutine, the node which currently
discuss how other distributed approximation techniquesdco holds the token passes it to a designated neighbor, which the
be used in the absence of accurate mechanisms to estiniitéates its location management algorithm. A singéation
received signal-strength at a node. of the subroutine involves all nodes possessing the token
We now specify the linear ordering of the grids as explorg@nd executing the location management subroutine) gxactl
by nodeu. The natural greedy strategy for nodeis to once. Repeated iterations of this algorithm drives the astw
start from the center of the bok, (the initial location of towards progressively better configurations and the alywri
nodewu) and spiral outwards towards the perimetengf(see can be terminated after a pre-specified number of iterations
Figure 6). This ensures that the node travels the minimumThe sequential token passing can be achieved within a single
possible distance when moving from one grid to the next. Iteration of the algorithm through the following mechanism
particular, we note that the nodes only need to know thdilsing a standard distributed spanning tree algorithm (see
current locatiorrelative to their initial coordinates and can beLynch [21] for a specific implementation), we compute a
easily implementedvithout resorting to a full-fledged location spanning tree for the entire network. Token passing can now
determination system. be easily accomplished through a distributed traversah(ss

B. Token Management
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Figure 6. Grid exploration in location management: the solid sqaétength ~ Figure 8. Uncoordinated location management could lead to highferte

2r:z is the boxb,, explored by center node. The dotted square represents §ece: figure illustrates ;evgral interfering nodes (s_mtﬂﬂﬁcircles) and their
boundary constraints for. Box by, is partitioned intoll x 11 grids. Grid interference ranges (big circles). The central region dusisbelong to any

numbers denote the spiral order used by nade visit the grids (numbers N0de’s interference range. Uncoordinated movement caad to all nodes
shown only up to 14). moving towards the center; this increases all their interfee degree.

by observing the received signal-strengths. In the absehce

a reliable signal-strength detection mechanism, a node may
use the Kalman filter based channel estimation techniques of
Bianchi and Tinnirello [8] or the Bayesian estimation tech-
nigues of Vercauteren, Toledo and Wang [28] for computing
its interference degree: both these techniques rely on loca
variables observable at a node, such as the conditionaioall
probabilityp for a packet being transmitted, and the probability

t of the channel being busy to estimate the number of nodes
that compete for the channel in an 802.11 network. We note
_ , , that both these techniques also yield only approximatidns o
Figure 7. Uncoordinated location management could lead to loss % li f d . hev d ke fhetef
connectivity: the figure illustrates the initial and finalgitton of two nodes e ?‘Ctua inter er.ence— egree since they do not take taete
(small filled circles and small unfilled circles respectijelThe big circles 0f hidden nodes into account.

represent the initial and final transmission ranges: thesade initially within The location management scheme can be optimized further
each other’s transmission range but lose connectivityg ribat the nodes . . . .
would still be connected if one of them remained at its initiation. when n_odes pOssess a reliable I_ocatlon detectlc_)n mechanism
In particular, if nodes know their current location and that
of their one-hop communication neighbors, a node can easily

in/pre/post-order traversal) of the spanning tree. Theterce pre—com_p_ute the set of grids Wh'c.h are feas_lt_)le under the
nnectivity and boundary constraints and visit only those

of a spanning tree is guaranteed since we assume that RE

. . . locations (potentially saving the time and cost of visitialy
underlying grapit7 is connected (this is the only reason Whi e grid locations). Further, if nodes know the coordinatkes

the assumption is warranted). In particular, in the conte other nodes within their carrier-sense range. then sode
of mesh/sensor networks where centralized network desi r|1 withi €l er range,
pre-compute the optimal location which will be chosen

is possible, we can eliminate token management since th . .
is no longer a need for nodes to coordinate their locati the location ma_magement s_chemg. This enab!es the nodes
management in a distributed fashion. 0 _relocate to_the|r new location without expl_orlng any_of
their surrounding grids. The latter can be easily deterthine
in dense ad hoc networks with location information, sinae th
VII. DiscussioN carrier-sense range is typically a small constant factoesi
This section deals with the various optimizations that atbe transmission range, and nodes which interfere with each
possible and the modifications that are needed to the mpobilitther will be two or three communication hops away from
control scheme depending upon the amount of informati@ach other.
available at the nodes. The location management relies orAnother optimization which could potentially speed-up our
the ability of the nodes to estimate the interference degrekgorithm is distributing multiple tokens concurrentlywell-




separated nodes so that they may execute their location maithin the transmission neighborhood ofand create a one-
agement subroutines concurrently. However, two key issuesp connection between them; if the communication degree
need to be resolved before multiple tokens can be conclyrer{specified as part of the input for each run) is one, then all
active in the network: the first is the need for a reliablaodes in the network are picked as sources. If it is greater
mechanism which ensures that tokens are not held by ttf@an one, then additional sources are picked uniformly at
nodes which are within close proximity to each other (thimndom throughout the network until the average number of
would again lead to the uncoordinated location managemeohnnections per node equals the communication degree. For
problems discussed in Section VI which the token manag®ulti-hop connections we experimented with three specific
ment algorithm had set out to solve in the first place); secoedample scenarios (which will be discussed later). Theahoi

is the need for a strategy to terminate the algorithm afterof the network topology and traffic conditions are motivated
fixed number of iterations. Currently, since there is only hy the need to evaluate our algorithm under a wide range of
single token which is sequentially circulated across a#l thscenarios and also to keep the simulations reasonably. short
nodes, a designated node can be chosen to destroy the tokérhe mobility control algorithm is executed under the follow
after the fixed number of rounds. This needs to be generalizad network connectivity and boundary constraints: we nexju
for the case when multiple tokens are active concurrently. nly the end-points of communicating links to be within
note that while allowing nodes to concurrently change theine transmission ranges of each other in the final topology;
locations in a completely distributed manner could opteniaAMe impose two types of boundary constraints: for all the
the convergence of the algorithm, a complete exploration sihgle-hop connection scenarios and for two of the mulp-ho
techniques which can achieve it is beyond the scope of tlsisenarios, nodes are only required to be within the network

paper and is deferred to future work. boundary (i.e., inside the 4000m line-segment for the linea
network and within the 1000nx 1000m square for the two
VIIl. PERFORMANCEEVALUATION dimensional network); for one of the multi-hop scenario, we

This section deals with the impact of our mobility controf@NSider an example where connection end-points are assume
fo be fixed and only the relay nodes are allowed to relocate.

algorithm on the throughput performance of the network: ~*~ ) 4 , :
Specifically, our simulations are aimed at evaluating the ofve view our simulation scenarios as examples of a centrhlize

fect of mobility control on total throughput, guaranteed network designer who optimizes network performance for

throughputy, fairness), and maximum and average networi@rPitrary (but known) network topology and traffic conditio
degrees under a variety of saturated network conditions. W&ing our mobility control algorithm.

now discuss the basic setup of our simulations followed by " €ach run, we execute the mobility control algorithm
our experiments, observations, and conclusions. subject to the connectivity and boundary constraints fdd 10

rounds and obtain the final topology. We measure the metrics
_ i of interest to us in both the initial and final topologies by
A. Simulation Setup running the simulator for a (simulation) time period of 100
We use thens-2 simulator [1] enhanced with the CMU- seconds. We now discuss our results.
wireless extensions for our simulations. The underlying®1A
layer mechanism is the IEEE 802.11b protocol with the four
way handshake (RTS/CTS/DATA/ACK) scheme. Each node Results
uses a fixed data rate of 11 Mbps and has a transmissiofrigures 9 and 10 present the variation of the total network
range of 250m and a carrier sense range of 550m. We evaluat®ughput vs. the number of network nodes for linear and
network performance under three distinct settings: a fine& two-dimensional networks respectively; the ‘degree’ paater
work of nodes placed on a line-segment of length 4000m witbr each curve refers to the per-node communication degree.
one-hop data connections (i.e., each flow’s source-deistina We discuss two observations which hold for both one and two
pair forms the end-points of some link), a two dimensionaimensionsl) The total network throughput for the original
network of nodes placed on a square 100Qmi000m area network topology doesiot seem to vary much with the per-
with one-hop connections, and two dimensional network ofbde communication degree. This can be attributed to the fac
nodes placed on a square grid (of varying dimensions) withat, under saturation conditions, the total availableulghput
multi-hop connections (i.e., connections have interntediavithin a given region of the network is fixed (and independent
relay nodes). Each connection is a saturated flow of UD#® the number of connections which contend for the channel
packets of 1000 bytes in size. within this region). Note that this is also consistent whhttof
The independent variables which are varied across ther analysis in Section I\2) The total throughput for the final
different runs of the experiment are the total number of sodaetwork topology output by our mobility control algorithm
in the network and the communication degree of each nodepends on the per-node communication degree. In particula
(the number of neighbors for which each node acts as a tramgtile the mobility control algorithm always seems to yield
mitter). The original network topology, which is part of thea final configuration with a better total throughput than the
input to the mobility control algorithm, is created by plagi original configuration, the extent of improvement is greate
the nodes uniformly at random within the network area. Fevhen the per-node communication degree is smaller. This ob-
one-hop connections, we choose the source-destinatios paervation can be explained by the fact that each commungati
as follows: for each source, we pick a random neighbar link imposes a connectivity constraint on the mobility-troh
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algorithm: hence large communication degrees impose heavy 8 original opology’ ll degrees
constraints on the choice of network topologies which imtur Tt Sontroled {ggg:gg& ggg;gg;; o
restricts the total throughput of the final topology. T ol Contioed omoioey: Searee =y o
Observe that the percentage of throughput increase for two- & Controled topology, degree=5 e
dimensional networks is higher than that of linear networks % 5 .
for any fixed communication degree. We believe this can be 5 e N B o
explained by the fact that the mobility control algorithmsha £ 3 Lt TP B {
two degrees of freedom while moving a node to a new location £
(nodes can move along both X and Y axes) as opposed to a g 2 B—
linear network where nodes can move only within the line- 14
segment: the algorithm thus has a greater chance of discover o
ing a topology which reduces node degree in two dimensions 5 o1 Nf)oof nod;: S

rather than one dimension. Finally, we note that the thrpugh

improvements in the mobility controlled topologies can beigure 11  The total sum of the inverse of node degrees for original and
directly attributed to the reduced node degreessle} denote controlied topologies

the interference degree of node Figure 11 plots the sum

Y wev ﬁj for the same settings which were studied for the

two-dimensional network in Figure 10. Recall our argumengpected, the maximum interference degree increases veith t
in Theorem 1 that the saturation throughput achievable byngmper of nodes in the network, as all of them occupy a fixed
node is inversely proportional to its interference degié® network area. More significantly, the mobility control algo
plots in Figure 11 along with 10 empirically validates thesgthm is more effective in reducing the maximum interferenc
analytical arguments. degree, when the communication degree is lower (and hence,
network connectivity constraints are fewer in number).sThi

6e+007 . . . .
e effect is also reflected in the measurement of the minimukn lin
504007 throughput for these scenarios as seen in Figure 13. We kemar
% that high communication degree implies that more connestio
Q . .
€ 4e+007 share the throughput available at any given node; togetiey,
g account for the low values of guaranteed per-link throughpu
g 3ev007 : in scenarios with high communication degree, even after our
= L . . .
£ mobility control algorithm is executed.
= 2e+007
g p Original topology, different degrees
. Controled topology, degree=1
1e+007 | Controled topology, degree=2 - _| 35
Controled topology, degree=3 &
Controled topology, degree=4 Original topology, all degrees
o ) ) Contrpled topqlogy, degree:S e 30 - Controled topology, degreefl
5 10 15 20 25 30 35 40 g ool L‘iﬁﬁlﬁ%& 3285223 ol
No. of nodes & 25 Controled topology, degree=4
° Controled topology, degree=5 ---@--
o
Figure 9. Total throughput for networks with different degree versumber § 20 gl
of nodes for original generated topologies and controltggblogies k5 o
£ 15 g
£ 5|
g ; »
£ 10 s
= =
4.5e+007 5 i - P o
4e+007 I
0 L i i
& 35e+007 [E i * 5 10 15 20 25 30 35 40
%‘ 364007 '"D No. of nodes
2 E e o & 0
S 25e+007 it Figure 12 Maximum interference degree for networks with differeagbe
2 264007 N versus number of nodes for original generated topologie® @mtrolled
< topologies
g 15e+007 - e
2 =Original topology, different degrees
1e+007 Controled topology, degree=1 5 . . .
sero0s T Sontroled topology. degree=2 - Figure 14 plots the fairness experienced by the packets for
e I " = 9 . . ™ . .
Controled topology. degres=4 = the original and mobility controlled two-dimensional tdpo
T 10 15 2 2 30 a5 0 gies. Recall that the fairness indéxwas defined as the ratio
2, 2 . -
No. of nodes |Ei : E‘gf’"*”(e)) , whereE,,:, is the set of active links, and

e€E 47 (e)2

Figure 10.  Total throughput for networks with different degree versu7(e) denotes the saturation throughput of link A fairness
number of nodes for original generated topologies and obbetr topologies  jndex closer to 1.0 implies that links have similar throughp
values and share the wireless channel equitably. For the cas
Figures 12 plots the effect of our algorithm on the maxiwhere the communication degree is one, observe how the
mum interference degree of the two dimensional network. Asobility controlled topology has a fairness value of 0.9 or
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7e+006 — : ; ; 0.018 [~ : : ‘
Original topology, degree=1 Original topology, degree=1
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Figure 13.  Minimum flow throughput for networks with different degreeFigure 15. Packet delay for networks with different degree versus lrem
versus number of nodes for original generated topologie$ @ntrolled of nodes for original generated topologies and controltgzblogies
topologies

Igorithm in three multi-hop scenarios. Figures 16 and 17

o . - al
above which improves the fairness of the original topology b epict 3 multi-hop flows each of which consists of 5 nodes.

above50%. However, as with the throughput metrics studie -
before. the effectiveness of mobility control for imorogin he source and destination nodes of each flow are located
’ Y Provin ot the end-points of the flow. In Figure 16, the distance

fairness, drops with increasing communication degreesédd between two successive nodes in a flow is 200m (which is

as th.e final point on.the curve for degree two indicates, tl%?ose to the maximum transmission range of 250m). In Figure
mobility controlled fairness could be actually lesser thhea

- . L . 17, the successive nodes in a flow are separated by distance
original fairness when the communication degree increas

even f e minmu Ik toughput and the Total netuolfy |27 11 IS fows o 1o share e fommon o
throughput increaseThis is explained by the fact that our

. L ; ._'same location in the original topology (denoted by darker
algorithm has a significantly higher effect on some of thidin . : X . .
than others, which makes the throughput values of the “nggdes and links). The two topologies mainly differ in the

di t hich in turn leads to a | fai | ucture of their interference graph: in Figure 17, eactieno
more disparate, which in turn ieads 10 a IoWer falmess valyg o o ag with every other node in the network, while this
Figure 15 plots the effect of our algorithm on the mean

service delay over all packets transmitted: unlike the mimh not true in the case of Figure 16. Figure 18 depicts o
Y OV¢ P . ; . multi-hop flows: in the original topology, one of the two flows
throughput metric, and the fairness metric, our algorittan c

.. ~consist of three nodes with the distance between successive
be seen to reduce the packet delays under all scenarioss this . . .
. . . nodes being 200m, while the second flow consist of 7 nodes

the direct consequence of the lesser interference degried wh : .
- separated by 165 meters. In this scenario, the source and

further decreases chances of packet collisions, and théeum, "~ . '
of retransmissions. In particular. we note that the mgbi"tdestmatlon nodes for both the flows are constrained to bd fixe
' par ' . 2~ in their given locations (and are not allowed to be relocated

controlled topology experiences #% or higher reductlonGE

) our algorithm). In all the three figures, the network can
in the mean delay, even when the number of network no 24 29 ) . 9 . . .

o : € easily seen to have achieved the optimal configuration
and the communication degree increase.

possible subject to the given set of connectivity and lacati
constraints. Table VIII-B presents the interference degned

e the throughput data for these scenarios for the originafthed
i xR controlled network configurations.
3 2Ongiral §388I88§: 328?221 o Original topology Controlled topology
£ c g\rti%@ {gpg:ggy, g:gggfg B Interference Network Interference Network
E Original togolog: degree;5 o Topology degree Throughput degree Throughput
5 Ggniioleg 1opology, degree=S mm 1 12 1813280 2 4962240
7 - s L i
g A 2 13 3624640 2 5131040
R TV S N 3 8 2045040 4 3551680
g T Y e Table |
° THE MAXIMUM INTERFERENCE DEGREE AND THE NETWORK TOTAL
0 THROUGHPUT FOR ORIGINAL AND CONTROLLED TOPOLOGIES
5 10 15 20 25 30 35 40
No. of nodes
Figure 14.  Network fairness for networks with different degree versu To summarize this section, we note that the mobility control

number of nodes for original generated topologies and othett topologies algorithm is seen to be highly effective in traffic regimes

with low communication degree: nodes experience significan
Figures 16, 17, and 18 visually capture the effect of oweduction in their interference degree which leads to alywast
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Figure 16. Network topology #1: original topology is tightly clusegt while
our mobility control mechanism makes it sparse
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Figure 17. Network topology #2: original topology is tightly clusezt while
our mobility control mechanism makes it sparse

improved performance for all three throughput metricsaltot
throughput, minimum throughput, and fairness) as well as

12

1000

T T
Original topology —%—
Controled topology

800

600

400

200 400 600 800 1000

X

Figure 18. Network topology #3: original topology is tightly cluseet while
our mobility control mechanism makes it sparse

of network topology on network throughput. We then formu-
late the problem of optimizing the network design to maxiniz
network capacity, using a mixed integer quadratic progrsm.
though the structure of this program makes it computatlgnal
infeasible to obtain an optimal solution, we derive keygmss
from this program to design a simple distributed mobilityeo
trol algorithm which progressively takes the network toHdg
capacity configurations. We demonstrate through extensive
packet-level simulations that the final configurations géel

by our algorithm enjoy significantly superior throughputian
delay characteristics compared to the initial configuretidn
the future, we intend to build upon this study by developing
provably-good approximation algorithms for wireless rnativ
design, as well as exploring controlled mobility strategy f
maximizing end-to-end throughput related objectives.
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