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Abstract

The capacity problem is an important issue in legg mesh networks (WMNSs). It
can be enhanced by using.multi-radio devices amdaverlapping channels. Therefore,
how to efficiently arrange the non-overlapping amels is widely investigated. In the
hybrid WMNSs, each device has at least two radios, the radios are divided into two
disjoint sets, switchable radio and fixed radicari®missions are mainly through the
link between the switchable radio and fixed radio[15], the authors considered an
assignment problem for WMNs that the number ofaader node is more than two.
This problem is called role assignment problem.yTalso propose a link-layer metric:
average conflicted links (ACL) for the assignmemblpem. In this thesis, we will
validate the correlation between ACL and the thigug of network. We also propose
two approximation algorithms to minimize ACL as Wwabk to enhance the network

throughput. Finally, we will compare our algorithmih other existing methods.
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Chapter 1

Introduction

The IEEE 802.11-based Wireless Mesh Network (WM fully wireless network.
It uses multi-hop ad hoc techniques to extend titermet access to last mile. The
architecture of WMNSs consists of mesh routers amghmclients which are equipped
with one or multiple IEEE 802.11 interfaces: Ineetyears, the importance of wireless
mesh networks has increased. The reasons the WisNésliecome more popular lie in
not only the self-organized.and self-configuredpamies of the WMNs, but also the
low-cost of its deployment. In the sparse poputatoea, the wireless mesh network is
the best way to provide the network access te litthabitant and saving the cost of line
deployment.

In wireless mesh networks, the capacity of netwasks key issue. The number of
channels has crucial effect. The more availablencbls often lead to better
performance. Witlk available channels, the throughput of network lsanmproved at
mostk times than single channel. IEEE 802.11b/g provitiese orthogonal channels in
the 2.4 GHz spectrum and IEEE 802.11a provides rit2ogonal channels in the 5
gigahertz (GHz) spectrum. The radios on differdrdrmels can avoid the interference
due to the co-channel. So the multiple channelemsehbrings the chance to enhance
the capacity of networks. However, if every meskdenonly has single radio, it cannot

transmit and receive simultaneously and each notle aan exploit one channel. The
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devices with multiple radios can use different ciela on separate radios to improve
channel reusability and the throughput of netw@ie to the finite number of available
channels, how to assign the channels to radioshm®ee better channel reusability and
avoid interference becomes a problem. Only withpproarrangement the node just
might receive and transmit on different channelsmuianeously. The problem of
arranging the radios as possible as on differeahwéls is calledhannel assignment
problem. On the other hand, the communication betvike radios builds on two radios
on a common channel. The nodes must communicateighr some mechanism to
rendezvous to common channel to make transmissicnessful. Among the better
channel reusability, avoiding interference, and wumication requirement, how to
exploit the finite channels and keep the abilitycoimmunicating between nodes is
widely discussed. Enormous works have been delivereder the multiple channels
multi radios architecture. Accerding to the fregognf the radios changing the channel,
the works about channel assignment can-be categon#o three approaches: static
approach, dynamic approach, and-hybrid approach.

In the static approach-[1-4],.each-radio stays chamnel for a long time, the mesh
nodes can use the channel where the radio stagauBe the radios are fixed on the
channel, the nodes only need to broadcast itssstatthe neighbors once per period of
long time. No extra communication cost is requitddwever, the mesh nodes only can
use the assigned channels, even the assigned thsnméad situation and the other
channels are idle. The channel utilization of stapproach is not good.

On the contrary, in dynamic approach, each radenghs its channel frequently.
The radios could use different channels in shores; According to various constraints
such as load [5], the nodes may switch to the nesbigned channels instead of the
previously assigned channels. Radio may use aniabiea channel, so the channel
utilization is much better than static approachwideer, when mesh nodes changed its
occupied channels, they must inform its neighbdrise more frequently channel
switching happened, the more communication overiseadeded.

In order to improve the drawbacks of two above apphes, Kysanur and Vaidya
5



recently proposed a hybrid approach [7-8] which bires the benefits of static
approach and dynamic approach. In hybrid approaablh node has least two radios.
One radio is fixed on a channel for a long timeaakos in static approach; therefore we
called it fixed radio. And the other radio switchies channel frequently as radios in
dynamic approach; it is called switchable radioefgvmesh node needs at least one
fixed radio and at least one switchable radio. phmary mission of fixed radio is to
wait for transmission request RTS and data fromctiennel. On the other hand, if a
node wants to start a transmission, it will tursesivitchable radio to the channel which
receiver’s fixed radio is on to send RTS. In oth@rds, node can communicate with
each neighbor on different channels through théctable ability of switchable radios,
the channel utilization is much better than theist@pproach. And the mesh nodes in
hybrid WMNs need less coordination due to low frermey of changing the channel of
fixed radio. So the communication costis much teas the dynamic approach. Overall,
the hybrid approach* alleviates the shortcomings enwns the part of the advantage of
the two previous approaches. Due 1o the above oreedi advantages, in my thesis, the
discussion is under the multi-channel-multi-radidid approach WMNs. Related to
hybrid approach WMNs, there‘are two major challsnge
® Channel assignment problem:

The channel of switchable radios is changeable @dewgkendent on the

receivers’ fixed radios. But the fixed radios sty a channel for a long

period of time. Therefore, the interference betwienfixed radios must be

considered.

® Role assignment problem:

How to determine the radios besides the basic faretiswitchable radio on

the mesh nodes should be fixed or switchable. daisly mentioned. This

is calledrole assignment problem in [15]. The effects of the role assignment

and channel assignment are concerned in the thesis.

6
*In [6], another similar protocol Dynamic Channel Assignment (DCA) is proposed. The nodes negotiate
the channel to transmit data through a specific radio and a control channel. Then the other radios start
the transmission on the reserved channel.



According to above challenges, our design princigi®uld adapt the variance of
environments and the assignment is only needed émceder to investigate the special
challenges in hybrid approach, a recent work [¥6ppses a set of problems to feature
the challenges, named MAL, MIN TCL, and MINACL. We introduce briefly here:
® MAX S
In hybrid approach, the transmission is mostly begig from the
switchable radio of the sender sending RTS to ikedfradio of the
receiver, the links of switchable radio and fixedip are called switchable
links (8L). MAX S problem tries to find a role assignment to make th
number of switchable links in the network maximized
® MIN TCL:
The collisions are mainly caused by co-channel @nhterface problems
between the radios. The switchable links which kcted with the specific
switch link due to [coichannel problem are callgériered links (L)
and due to co-interface problem:are called blodkdd (BL). The sum of
the number of interfered-links and the number afckéd links is called
total conflicted links TCL). MIN TCL tries to find a channel assignment to
minimize the total number of conflicted links.
® MIN ACL:
Due to solving the role assignment and channelgasgnt in sequence
does not guaranteed the global optimum with resjpectinimumTCL [15].
So authors jointly consider the two problems toaobtan integrated
solution. The authors try to maximi&k and minimizeTCL. So they define
the average number of conflicted linksQdL), i.e.
ACL=TCL/SL
However, [15] does not design any explicit alganitifior the problems, and the
metric ACL about the optimized problems is not yetified. In this thesis, we will
show the correlation between the meiicL and the throughput of network is highly

related. The result showed that we can make thdonpesince better through
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minimizing the ACL. Due to the properties of hybrid WMNSs, the low rbimg

frequency of fixed radios and switchable radiosdésign a centralized algorithm to
optimize the performance is possible but the omaton problem might be more
complex than WMNSs in other approaches. So we wilhppse the centralized
algorithms focus on the role assignment and tharelaassignment in hybrid WMN to

minimize theACL and get better throughput.



Chapter 2

Related Works

Link-layer protocols have great effects to the tiglmput of WMNs. With the
different purposes the designs styles of link-lagestocols are varied. A link-layer
protocol, Hybrid Multi-Channel Protocol (HMCP), psesented in [11]. This is the basic
architecture of hybrid approach WMNs mentionedhia previous chapter. And through
the exchange of Hello packet, the link-layer protamanages the fixed radio on each
node by maintaining a NeighborTable and a Chanragelsist containing the channel
status within two-hop neighborhood. The node withisge the channel of its fixed radio
when the number of two-hop neighbor nodes usingsme channel is too large. The
new routing metric, Multi-Channel Routing (MCR) whi selects path with better
channel diversity, is proposed according the ppilecof WCETT [12] and the property
of hybrid WMNs. MCR is a weighted sum of two compats. The first component is
the sum of expected transmission time and switchiogt along the path. This
component presents the total resource consumed #ierpath. The second component
is maximum ETT cost of all channels. This comporisnised to make sure the path
will have good channel diversity. The metric measuthe tradeoff between the path
length by first component and the channel diversitysecond component. Overall, the
architecture of hybrid WMNs is completed throughi][&nd [8]. But some problems

caused by multi-channel scheme are not solved, sscthe multi-channel hidden

9



terminal problem, etc on.

Li et al. [13] proposed an improved MAC protocol [@MP for MCMR WMNs
based on hybrid MAC protocol [8]. To solve the mahiannel hidden terminal problem,
the authors used a waiting time scheme for updat@tgyork allocation vectors (NAVS).
Waiting for a proper period of time after the swable interface switches to another
channel for checking the channel current stateréognt the hidden terminal problem
without sacrificing the efficiency under MCMR ensimment.

However, the above mentioned papers less discusma the channel assignment
problem in hybrid WMNs. Only one general methodpreposed. But the channel
assignment problem is widely discussed in WMNs. hW\iroper arrangement, the
limited available resource, channel frequency, Wwél used efficiently. Under different
assumptions, some papers focused on the distribchednel algorithms based on
different goals such as the .maintenance of the gr&twonnectivity [2], with limited
local information [2, 5], -Or trying to minimize iatference cost [16]. They use the
distributed algorithms to:assign channel to avaithg centralized entity. But they often
do not consider the global eptimum-ef-network.

Some channel assignment methods mainly concernauat #fte static WMNs. The
property of the radios fixed on a channel for agloperiod of time makes the
optimization of the network is possible. The aushof [9] mathematically formulated
the joint channel assignment and routing problem dmnsidering interference
constraints, the number of available radios andhices. And [9] also proposed an
approximation algorithm to maximize the networkotinghput. But [9] only consider
infrastructure WMNSs. For hybrid approach WMNs doethie low changing frequency
of fixed radio, the centralized algorithm may beitable to obtain the optimal
performance. Through the switchable radios on tkshmode in hybrid WMNs, mesh
nodes can transmit to the every neighbor within tthasmission range. It means the
hybrid architecture can adapt the dynamic trafattgrns without changing the channel
of the fixed radios occupied. Because of the patth@ switchable radios in the network

is changing its channel very often, the optimizatio hybrid WMNs is more different
10



and may be complicated than the optimization iicsW&MNSs.

Jeng and Jan noticed an undiscovered problem in RGVMMNs using hybrid
approach [15]. Based on the hybrid WMNs approaah,rble assignment problem is
proposed. When the number of radios on a node re than two, the effects of extra
radios is rarely mentioned. So the authors invast) the optimization problems in
hybrid WMNs. Due to the architecture, the tradiibchannel assignment problem
happened on the fixed radios in hybrid WMNs. Anthé role assignment problem on
the radios of nodes combines with channel assighpreilem, the problem becomes
more complex. A series of problem transformati@malyses and results is showed. The
new metric,average conflicted links (ACL) is proposed to be the benchmark of the
link-layer throughput in of networks. However, thas no verification aboutACL and
no algorithm is proposed in [15]. After the aboviscdssions, we will target the
distinctions of hybrid WMNs.on the basis of [15]gmpose the algorithms to achieving
the goals: the centralized algorithm providing heamptimal solution to assignment
problems and it is trafficindependent.

We will discuss the detail network-model and prablefinitions in the next chapter.
And we try to propose algorithms for the above grssient problems on the basis of

theorem in [15].
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Chapter 3
Network Model and Assignment

Problems

3.1 Network Model

In this section, we introduce the-network model] [®hich is used through this
thesis. There arél available orthogonal channels in the network. AafeV = {V;,
Vo, ..., V\} presentsN static wireless mesh nodes. Each mesh nodé&khaslios, see
Fig. 3.1. The transmission range of each radio beaglifferent. We present the network
topology asGr= (V,, Er), Vi={ui|i=1, 2,...,N, r=1, 2,...,R}, Er={uiU; | uiis in the
transmission range of}. V, is corresponding to all radios on every node erthtwork
and Er is corresponding to the directed links i.e. thel eadios are covered by the
starting radio. And>r is called as &ransmission graph.

However in the grapksr, there are the edges between the radios in the sauaie
and the unidirectional links due to unequal trassmon ranges of two end radios. In
practical WMNs, the radios within a node commurectitrough hardware circuit and
unidirectional links cannot handle RTS-CTS-DATA-AClksequence. Therefore,
communication graph (Gc), subgraph ofsr, is presented aS¢c= (Vi, Ec). Ec = {uirUjt |

Uil € Er, Ui € Er andi #j}. To see Fig. 3.2, we show the transmission grapdh
12



the communication graph.
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Figure 3.2: (a) transmission graph and (b) commatiao graph.

In hybrid approach WMNs [7-8], each radio shoulddither fixed or switchable.
The property of the radio is callatie role of radio. The role of each radio in the
network is calledthe role assignment of network. Therefore we try to model this
phenomenon as a graph. Given a\4aif interfaces, a role assignment (Vg, Vs) is a
disjoint partition ofV,. Vr is the set of fixed radios which stay on a charoehl long
period of time.Vs is the set of switchable radios which can trandimé data to its
neighbors by tuning to different channels whichghbeiors’ fixed radio is on. Each radio
should belong to eithérr or Vs, and each mesh node must have at least one fxkal r
and at least one switchable radio. For any twoosadi; and uj, U, can switch to
channels whichu;; is on, if ui is switchable radio and;; is fixed radio. Because the

transmission is based on the interaction betwees\hitchable radio and the fixed radio,
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the links between the switchable radios and fixadias is a main factor to the

transmission routes in hybrid WMNs. We named timidiasswitchable links (SL).

Then theswitchability graph (Gs) is presented &Ss = (V), Es). Es = {uirUit | url; € Ec,

andu; € Vs, Ui € Vg}, see Fig. 3.3.

Figure 3:3 Switchability graph

Due to the linksGs in-are-directional,’ we must consider the conndgtiof the

network. Therefore, the role assignmer (Vr, Vs) is calledfeasible if and only if the

whole network is strongly connected, for the coneerce, the following graphic terms

is used through the thesis:

E"(G) (E+(G)) : the out-going edge (in-coming edge) adjaten
Ni:"(G) (N (G) ) : the adjacent vertices of linked byE;;"(G) (Ei (G) )
Eir(G) : Eir"(G) + Eir (G)

Nir(G): Nir (G) + Ni (G)

After the basic definitions of network model of thgbrid WMNSs, there are some issues

and problems we will discuss below.
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3.2 Assignment Problems

B Problem 1 —role assignment:

In hybrid WMNSs, the transmissions are mostlyrtsth by the switchable radio of
nodes tuning to the channel which receivers’ fixadios on. Therefore, it is intuitive
that the number of switchable links, i.eg||Eseriously affects the performance of
network. The larger number of switchable linkstod hetwork brings better adaptability
to different traffic patterns and transmission iégiend makes transmission routes more
diverse. With the above consideration, the rolégassent problem is defined below:
MAX SL: given a communication grafb: = (V,, Ec), find a feasible role assignment

= (Vk, Vo) of V, such that |g] is maximized.

B Problem 2 — channel assignment:
A switchable link is active when the end radibdéink are transmitting data. Assume
a switchable linke = u;Ujris active; there are two conditions which will cauthe
collisions between the links.
® Co-interface collision
Whene is active, radias; and radiou;; are occupied by e. Therefore the other radio
aroundu;; anduj; cannot uses, andu;; to do any transmission. In other words, the
switchable links which contain either, or u; in the link cannot be active. It is
named co-interface collision. And we called thetshable links which conflicted
with e due to co-interface collision dbocked links of e. All blocked links of e are
defined by
BL(e) = E; (Gs) UE(Gs) ~{¢& @
® Co-channel collision
When e is active, all radios within the transmission rangf u; and u; cannot
involve any transmission on the channel which fixadio u; is on. The set of

radios within the transmission range wf and u;; is called potential interfered

15



interface and defined by
PIN(€) = N, (G;)UN(G;) ~{u, ,u;} )
The switchable links adjacent to the interfac®liN(e) may be interfered bg. The
switchable links may conflicted wiadue to co-channel collision are defined by
PIL(e) ={e'|eE(G;),u, OPIN(e)} - BL(e) ®
In (3), BL(e) is subtracted to avoid doubly counting. We €ill(e) aspotentially
interfered links of e. But in PIL(e), the links actually interfered witk are the
switchable links whose fixed radios are on the sah@nel as fixed radig;. The
set ofinterfered links of e is defined by
IL(e) ={e]€DPIL(e). x(€) = x(e)} @
We saye' is theconflicted links of e whene' is eitherblocked or interfered by e. The set
of conflicted links ofeis
CL(e) = BL(e)*1L(e) )
Sothe number of total conflicted links of the network is the sum of conflicted links of

every switchable link, i.e:
TCL=>|CL(e)| (6)

eEg

The number of total conflicted links; abbreviatesd &L, can present the collision status
of network. For the network topology, the highB€EL means the more conflicts

happened in the network. Consequently, if we tryniaimize conflicts, our goal is to

minimize the total number of conflicted links ofetmetwork. In this problem, we

assume the roles of radios are given. Based on ji&lknow that blocked links are

determined by the roles of radios, so the numbeslatked links is a constant when
role assignment is given. The goal is transfornméd minimizingthe total number of

interfered links, abbreviated a$IL, i.e.

TIL= ) |IL(e)| (7

With above mentioned conditions, the channel asségt problem can be defined as

follows:

MIN TIL: Given a transmission grapBr = (Vi, Er), a feasible role assignment

p = (Vi Vs), andH channels, find a feasible channel assignmeM-—[H] such that
16



TIL is minimized, where an assignmenftaasible if and only if any fixed interface is
assigned exactly one channel.
B Problem 3 —joint role and channel assignment:

The role assignment problem is concerned with $wahdity, and the channel
assignment problem tackles the interference problEmerefore, given a transmission
graphGr andH channels, we can solve the above two problemsesgigily to get an
integrated solution. But there is no guaranteed tiv way can find global optimum
with respect to minimuriCL. We have already discussed the role assignmesttadffe
number of blocked links in the previous paragrafhd [15] presents the optimum of
MIN TIL is constrained under the given role assignment.

So we should jointly consider the problems of ralgssignment and channel
assignment to obtain the global optimumT&L. The joint assignment problem is
defined below:

MIL TCL-SL(q): Given adtransmission gra@ = (V,,Er), H channels, and a positive
integerq, find a joint assignmenp( ), where is an feasible role assignmenfVe, Vs)
of V| andy: Ve—[H] is a feasible .channel assignmenwpf such thaf CL is minimized
and subject to th&l > q.

The problem jointly takes the role assignment gofichannel assignment problem,
and switchability above the number of switchablekdi q into consideration.

Furthermore, we define ttreeerage number of conflicted links, abbreviated a&CL, by

ACL = TCL )]
L

The problem of minimizingACL is calledMIN ACL. Obviously there must be an

optimalq such that ACL is minimized.
3.3 Complexity of the problems

The proofs are given in [15]. We only presémt tonclusions here.

® MAX SL is NP-hard and can be reduced from theaximum cut problem,

17



abbreviated as MAX CUT, defined below:
MAX CUT : Given a graptG = (V, E), find a set of verticeS that maximize the
cardinality of the cut$ S), i.e. the number of edges with one end poir® end

one end point inS.
® MIN TIL is alsoNP-hard and reduced to MINK-PARTITION problemwhich is
defined below:

MIN K-PARTITION : Given aG = (V, E) with weight functionw:E—N, find a
k-color assignments : V—[4] such that total weight of monochromatic edges, i.e.
ZViVjEE:G(V1)=0(V]-) o(vj, vj), is minimized.
In other words, it is to find an edge set of minimweight whose removal makes
the graph k-colorable.

® MIL TCL-9.(q) is transformed to theNP-hard problem: minimum weighted
independent dominating set problem, abbreviated as MIN WIDS, defined below:
MIN WIDS : Given a graphG=_(V, E).with weight functiom: V—N , find an
independent dominating sef € V. such that Yyen w(v) is minimized.
For a graplG= (V, E); iIndependent dominating set is a sul&et V such that each
vertex is either irS or adjacent to seme vertex $and the elements i@ have no

edges among them.
3.4 Example

Here we present an example of the role and chassanment on the topology of Fig
3.1 with 2 available channels and shows the intenige among the links. In Fig. 3.4,
the role of each interface is assigned and theeréifit colors stand for the different
channel of fixed interfaces. For a limk ujoUy;, the blocked links o& BL(€)= ui2U33,

Usolpi, Ugolipg, the interfered links o0& IL(€)= UpaUs1, UsaUsi, UgoUsr @and the number of

conflicted links ofe: |CL(e)| = 3+3 =6.
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Fig. 3.5 ShowsBL andIL of every link, after calculatingTCL=141, S.=18.So,

ACL=7.83, which means on average a switchable linKlicted to at most 7.83 links.

Figure. 3.5: The numbers of blocked links and feted links
of each switchable link ([BL,CL])
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Chapter 4

The Proposed algorithms

In this section, we will present algorithms fdAX CUT and MIN K-PARTITION
problem. The role assignment problem can be redicc®tAX CUT problem. And the
algorithmMinimum Revoking First (MRF) foer role assignment problem is based on an
algorithm proposed by [14]..The algorithm in [14]a 1k-approximation algorithm for
the MAX K-CUT problem. In my‘thesis; there are two disj@ets, switchable radio set
and fixed radio set. So MRF is 1/2-approximatiorehe

In previous chapter, we obtain reduction from MIN. to MIN K-PARTITION.
Because MINK-PARTITION problem has no polynomial time approxtioa with a
const bound [10], we will design an efficient hatid algorithmMaximal Weighted
Vertex First (MWVF) for MIN K-PARTITION problem. Based on MWVF, the channel
assignment algorithm for MINIIL named theMaximal Interfering Interface First
(MIIF) is presented below.

However, an integration solution of sequentialljved two above problem is no
guaranteed for global optimum of minimuRCL. Therefore, we also propose another
algorithm for the joint problem. The joint probleran be transformed into minimum
weighted independent dominating set problem (MIND&) [15], and we briefly
introduce the transformation and design an algardbint for MIN WIDS problem.

The joint problem takes into account every possiptgential interfered link and
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blocked links according to transmission graph By assigning the role and channel to
a radio simultaneously, we try to minimize the nemobf total conflicted links. We will

describe the algorithms below.
4.1 Algorithm for role assignment problem

Briefly speaking, the algorithm counts the weigbtvizeen the radio and the set
(Step 2). Then we assign the radio to the set whashthe minimum weight with
the radio (Step 3). Repeat the above steps urtiraaios belong to either
switchable radio set or fixed radio set. In otherds, the node always joins the set
which the node has the minimum weight with.

Here are some terms below:
S.: the value of the vertex partitioning obtained.
w{i,j}: =1, if node is-adjacent tg.
=0, if node-is not-adjacenttp
SET(i):  the set which nodiebelongs to.
WT(i): the weight bétween the nodes inisatd some node i.e. zm]s w{m, j}

ALGORITHM: MRF

Input: A communication grapBc= (Vy, Ec), a weight functionw{x,y} - N
Output:  Arole assignmept and the number of switchable lin&s
Step 1: Pick 2 radios out df radios on each node to each set.
Step 2:  Process edge list frdtg of vertexj. For each edgg {m} on the edge list of
], calculatingWT(SET(m))= WT(SET(m))+w{j, m}
Step 3:  Find the set for WhinZW{ ;M is minimal
ms
Step 4: Assign vertex to se§
Step 5: UpdateS. and reseWT, =3 +w{j, m} mUS
Step 6: Next vertex:=]j +1, back to step 2.
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4.2  Algorithm for channel assignment problem

According to [15], MINTIL can be solved by MINK-PARTITION. So we
firstly transform MIN TIL problem in our model into MINK-PARTITION in
weighted graph. Then we present a heuristic alyoriior the MINK-PARTITION
problem here.

A. Transformation
We construct a weighted graph G'\£, E) as following:
(i) For any radioi; € Vg, construct a verteY; € V'
(i)For any two radiosj; andV;; € V', there is an edge € E' between them
(ii)Count weight W between the vertex paiv"

For each vertex pairuj, the total number of switchable links wf which
might be interfered by all edges= uyu;; € Es are presented as(ui,
uip)and the -total number  of switchable links of which might be
interfered by all edges= u.Uj: € Esare presented aguj;, ui). And the
weight of edge between thetwo vertidgsandV;in V' is the sum of all
possible interfered links ‘between the fixed ragi@ndu, i.e.

wW(V;, , V) = w(uy , U ) + WU, ug, ) ©)
Fig. 4.1.(a) shows the weighted graph transformmenhfFig. 3.4. And Fig. 4.1.(b)

shows the 2-partition of the weighted graph.

() (b)
Figure. 4.1: (a) transformed weighted graph (bjp&ipon of the weighted graph
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B. Heuristic algorithm for MIN K-PARTITION

At the beginning, the total weigh¥ which records generated weight and theSset
which records colors assignment for vertices igalized as 0 andd (Step 1). The
algorithm counts the weigh/(v;) for all vertices (Step 2). The total weight oéth

edges adjacent g, denoted a8\(v)), is calculated for each € V,i.e.

W(v,) = ZW(Vi V) 10
v,v;0E
Choose the vertex with maximum weigMVvi) and assign it to one of the

color which will cause the minimal number of monawohic edges (Step 3 and 4),

ie. kmszif'.m{ z wW(V;,V, )} i)

Vi{N; nSho(v)=0(v;)=k

The number of newly generated monochromic edgekshgilaccumulated ag/
(Step 5). Then recoum/(Vv;) of the remaining unassigned vertices (Step 2jpeBe
the above procedures until all'vertices have chdsesolor. The final value dVis

the weight of K-partition of -the weighted graph G. The algoriths dalled
Maximal Weighted Vertex First (MWVEF). And based the MWVF, the channel
assignment algorithm for MINiE s named MIIF. The algorithms are presented

below:

ALGORITHM: MWVF

Input: A graphG= (V, E), a weight function we—N, andK colors
Output:  AK-color assignment, and the total weightv

Step 1: W:=0, Ssempty set

Step 2: For each&V, calculateM(v))

Step 3: Choose a verteyeV-S with the largest\(v;)

Step 4: Assigno(v;)=k*

Step 5: W-=WAW ( v); S=SHv}

Step 6: IfS#V, go back to Step 2; Otherwise, stop and resuandW,
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ALGORITHM: MIIF

Input:  Atransmission grapér= (V, Ey), a partitionp = {VF, Vg}, and H channels.

Output: A channel assignmenand the correspondinigL

Step 1: Transform the input instance into G'¥,E’), w' andK' according the above
description

Step 2:  Apply the transformed instance to the MV obtain a color assignment
and total weighwv

Step 3:  For any; € Vg x(Uyy) =6'(Vir); TIL=W,

Step 4: Stop, returny andTIL

4.3 Algorithm for joint assignment problem

A. Transformation
The proof of MINTCL can be formulated as any mathematic model of MIN

WIDS is given in [15]. We,briefly_introduce the gabmial transformation here.
Fig. 4.2 shows the examplerof the transformatione® anyGr= (V,, Er) andH
channels, we construct a weighted graph= (V;, Ef). Let H = H + {0}. The
construction consists of the follewing parts.

(i) For any;, € V|, avertexir n€ Vi,Vh € H'

(i) Forany€ Ec, €€ PBL (g Gg), averteXe e 0€ Vi

(i) Foranye€ Ec, € € PIL (e, Go), averteeen€ Vi, h€ H
Part (i) defines all possible states of the radioPart (ii) defines the all blocked
links of e, whereee Ec. Part (iii) defines the all interfered links efon the same

channel. For explanation, we define the followingset ofV; :
V, ={v,, OV |hOH"}, Ou, OV,

Va = U Vir
uirl:Ml
V.o ={Veen OV, |NOH}, DeOE,0e0PIL(e,G.)
V, ={V,., |€0PBLEG )+ ] V.o OeDE.
elPIL(e,Gc)
V,= UV
AL

(iv) For anyu; € V), each vertex pair ir¥j; has an edge irk;
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(v) ForanyV;e Vy, the edge VoV, 0 € Er
(vi) Foranye€ Ec, € € PIL (e Gc), each vertex pair iV ¢has an edge in
E¢
For part (iv), the vertices i, will have edges among each other, because
there is exactly only one state for each radiot Rgrkeeps the constraint that at
least one switchable radio and at least one fireltbrare within a node to be sure.
Part (vi) explains that at most one the possilieriered state of two edges which
compose the vertex M ¢ exists.
In addition, the vertices which generated froma@y (iii) will have edges
V, nVeen O E;if @and only if one of the following condition is tisfied. The edges

VirnVeer show that the state of the conflictenkd and the state of radio

of
should be coherent. The edges which generatedebfpliowing condition ensure
the regularity of the role*and channel assignmérnhe radio. Andr(e) and s(e)
below present ending radio and starting radio.

(vii) h=0,n' € HZ, andu; =r(e) orr(e);

(viilh e H,h' e HY, anduy=s(€) ors(e);

(ixX) h#h" e H, anduy=r(e) orr(e);

L

(vii) (ix)

Figure. 4.2: Part of transformation from Fig. 3.2
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B. Algorithm for WIDS

First, the algorithm transforms the transmissioapiGr into weighted graph
G:. All vertices inV, andVg have weight 0’s and 1's for counting the weight of
each vertex. The algorithm counts the weight oheaartex inG; according to the
total weight of the adjacent verticek each vertexSo for each vertex only the
adjacent vertices iV will increase the weightThe reason is the vertices f
stand for the conflicts that might happen in aaiartole and channel assignment.
So the algorithm choose the vertex with largestghvieiwhich means this
assignment of the vertex will reduces the largedtier of the number of possible
conflicted links. Then algorithm marks the neigtgof the chosen vertex, because
the algorithm targets on independent dominating Bepeat the counting and

choosing procedure until all vertices is chosedamninated.

ALGORITHM: JOINT

Input:  Atransmission grapBGr = (V|,Er), andH channels

Output: Arole assignmeptand a channel assignment

Step 1: Transform input instanGg into weighted grapks: = (V;,E;) for WIDS

Step 2:  Counting the weight of each unmarked vertexV

Step 3: Pick the maximum weight vertéx.x from Vi and mark the adjacent vertices
of Vmax @s dominated vertices

Step 4: Repeat step 2 ~ step 4 until all verticd4 is chosen or dominated.
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Chapter 5

Simulation

In the first-half part of this chapter, we will gent the correlation between ACL and
throughput under the environment with different fi@mof channels and radios. The
results show that ACL is suitable_ to be an-.objecfivnction of an assignment of hybrid
WMNs due to the fact that,ACL and the throughpuhefwork are strongly negatively
correlated. And in the second-half part of the ¢hiapve will compare the throughput
between different assignment algorithms includingCWF proposed in [8], hash
algorithm, and the algorithms we proposed.

We use HMCMP [13] as our MAC lay to avoid thelthchannel hidden terminal
problem in hybrid WMNs. The simulations are opedab@ the ns-2 network simulator
[17]. There are 100 mesh nodes randomly distribate@000x2000 deployment region.
The transmission range of each radio is 250 me@us.simulation time duration is 50
seconds. The detailed system parameters and siomulatriables are listed in the Table
5.1. Because ACL is the metric for the link-layémetwork, there are 400 single-hop
Poisson flows in the network. The data rate of dbmk is 1IMbps. Packet size is fixed
at 1024 bytes. To avoid the specific topology, we simulations on 30 randomly

distributed topologies.
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Table 5.1(a) NS-2 environment setting and simutatiariables

Environment Parameters

Waiting Time(WT) 200us
Fixed Staying Time (FST) 4ams
Switching Cycle 10ms
Transmission range 250m

MAC type

HMCMP with 802.11a interfaces(12 channel

U7

Queue size

50 packet/channel

Switching delay

100 SIFS

Simulation Variables

Number of nodes

100 mesh nodes

Deployment region

2000m X 2000m

Traffic pattern

Single hop Poisson flow

Number of traffic flows 400 flows
Traffic rate 1Mbps
Simulation time 50 seconds
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5.1 Correlation between throughput and ACL

According to Fig 5.1 and TABLE 5.2, the correlasashow a strong relationship
between ACL and the throughput of network. Evenrtliaber of radio per node and
the number of available channels are varied, thelt®show that all correlation
coefficients are below -0.894. This means that AC&trongly negatively correlated
with the throughput and ACL is an excellent costrindor measuring the performance

of an assignment.

() (b)

Wk,

(c)
Figure. 5.1: Throughput vs. ACL under 12 chann@}2 radios; (b)3 radios; (c)4 radios
Table 5.2 Correlation (R) between throughput and.AC

M 3 channels 5 channels 12 channels
2radio -0.895 -0.894 -0.901
3radio -0.954 -0.953
4radio -0.936 -0.969
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5.2 Algorithms comparison

In this section, we compare the throughput of déffe algorithms in hybrid

WMNSs. There are four algorithms. The descriptioresas following:

1. Hash: randomly assign role and channel for theosadiith two constraints
due to the properties of hybrid WMNSs :

()At least one fixed radio and at least one svatik radio per node.
(iThe fixed radios on a mesh node are on diffecdrannels.

2. MRF+MCUF: role assignment is obtained from MRF, actiannel
assignment MCUF is based on [11]. Fixed radios wlilhnge its channel
when the number of user of the channel in two-heighiborhood is too large.
For convenience, in our implemented MCUF algorittha mesh nodes have
the same number-0f chances to, change the chaniitsl fofed radios as the
times the nodes-using MIIEF to choose its best chkinrcentralized way.

3. MRF+MIIF: the two algorithms are designed for MASL and MIN TIL
problem. We will-get “an integrated assignment tgloalgorithm MRF and
algorithm MIIF sequentially.

4. Joint: the Joint algorithm is designed for joinsigeament problem. Through
considering the role assignment and channel asggnhsimultaneously. We
try to obtain the global optimum a1CL of network.

The first two algorithms are existing method fobhg WMNSs. But they are just

designed for the convenience of implementation. The algorithms do not

consider the whole network situation and use lichitdormation to determine the
assignment. But our algorithms are based on theymesd analysis of hybrid
approach WMNs and target to different problems1B][ In the comparison of
algorithms, the number of flows is varied from 100400 in order to present the

change of traffic loading.
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Fig. 5.2 shows the performance of the network un2leadio mesh node
environment. It is clear that both of our algorithrare much better than the
remaining algorithms and the performance betweetl-Mhd Joint algorithm are
almost the same. MCUF is 22% better than Hash. pé&dormances of our
algorithms MIIF and Joint are 25% better than MCaitel 54% better than Hash.
But in 2-radio environment due to the basic comstria hybrid WMNSs, at least one
fixed radio and at least one switchable radio omode, there is no necessary to
choose the role of radio on the mesh nodes. Salgwithm MRF does not work

here.

F—

Throughput (Mbps)

40r <#Joint 40 <#Joint
H=MIIF HMIF
2 ~+MCUF ar ~+MCUF
) ) [k Hash ) ) ) | “kHash
100 150 200 250 300 350 400 100 150 200 250 300 350 400
The number of flows The number of flows
() (b)

3
T

Throughput (Mbps)
g

80

60—

4or <7Joint
HMIIF

o ~+MCUF

*Hash

1 I
300 350 400

1 |
100 150 200 250
The number of flows

(c)
Fig. 5.2: Throughput comparison under 2 radios remment:
()3 channels; (b)5 channels; (c)12 channels
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Fig. 5.3 represents the throughput with 12 avadablannels for 3-radio and 4-radio
environment. Compare to the 2-radio environmeniltes Fig 5.2, the performances of
Joint algorithm and MIIF algorithm in 3-radio andadio environment the throughput
have an obvious gap between Joint algorithm andFMilgorithm. In 3-radio and
4-radio environment the performances of Joint &% 2nd 24% better than MIIF. The
performance of MIIF is 3% better than MCUF in 3iaénvironment and almost the
same as MCUF in 4-radio environment. This is beedhe role assignment generated
from the MRF algorithm increases the number of switchable liak&l brings the
constraint to MIIF algorithm for channel assignmertte above phenomenon presents
that the integrated solution obtained from segadéigtsolving MAX SL and MIN TIL
cannot achieve global optimum of MINICL. The joint algorithm simultaneously
considers the role and channel assignment for MAL. So the throughput of Joint

algorithm is much better thansother three scenarios

<#Joint 5 =7 Joint
HMRF+MIIF = MRF+MIIF
—+MRF+MCUF —+MRF+MCUF
—fHash . . . . #Hash

350 4 2 350

(a) (b)
Figure. 5.3: Throughput comparison under 12 chanife)3 radios; (b)4 radios.
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Chapter 6

Conclusion

In this thesis, we propose two assignment algosthased on the theorem of [15]. We
target different problems, such as MAX, MIN TIL, and MIN TCL, to design the

algorithms. We have compared the perfermance optbposed algorithms and other
algorithms used in hybrid WMNSs. The results showat thur algorithm performs better
without question. For the furtherresearch, we whayelop the distributed algorithm for

wide use.
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