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Abstract—As a flexible, cost-efficient solution for a scalable =~ One solution to this problem is the mesh allocation of mul-
Internet-access network, we have studied the architecture and tiple APs using wireless communications between adjacent
design optimization issues of theWireless Internet-access Mesh apg i the service area, in addition to conventional wireless
NETwork (WIMNET) that is composed of wirelessly connected . .
multiple access-points (APs). WIMNET utilizes two types of commun|cat.|ons between APs_and hosts. Dlstgnt APs can
APs as wireless mesh routers to achieve the scalability with b€ communicated through multihop communications, where
sufficient bandwidth while reducing costs. One is an expensive, intermediate APs act as repeaters to reply packets. This

programmable smart AP (SAP)that can use plural channels multihop WLAN is called thewireless mesh networkl]-
for wireless communications and has various functions for the 3].

Internet access. Another is an inexpensive, non-programmable A | iati d tudies for th irel
conventional AP (CAP)that can use only one channel. To mong several varations under studies for the wireless

enhance the performance of WIMNET with a small number Mesh network, we have focused on the one that uses only
of costly SAPs, the allocation of SAPs in the network field APs as wireless mesh routers and realizes communications
ISI ve_r;;] |mpforte}nt. In thl? pgper, Vt\;e pr?goASF? ?SAP selection petween APs mainly on the MAC layer with theireless
agorlt m or se ectlng a fnxed numper o S rom a given set istri ion m (WD At | ne AP _
of allocated APs. Then, we extend this algorithm to finding the O'! bgtv?/ tsytite | t( ?)' ht east o ﬁ X acts amee .
minimal SAP setthat provides the maximal throughput for the way ( )to the In ern_e, where any hos can_connec 0
efficient WIMNET. We verify the effectiveness of our proposals the Internet through this GW. We have calledWiMNET
through extensive simulations using the WIMNET simulator.  (Wireless Internet-access Mesh NETwof&) convenience
Index Terms—Wireless mesh network, smart access-point, [3]-[13]. . . .
selection, algorithm, maximal throughput, minimal cost When the size of WIMNET is expanded for the increas-
ing number of APs and hosts, it may meet two serious
problems. One is thancrease of communication delajue
I. INTRODUCTION to the bandwidth shortage at the wireless links around the
HE wireless local area network (WLARS been exten- GW, because increasing traffics between the .Internet.and
YYIMNET must pass through them, whereas their bandwidth

sively deployed around the world as an inexpensive afd’’ """ - A -
flexible access network to the Internet. Because the WLAR limited [14]. Another is thedegradation of dependability

does not need a wired cable to connect a host with an acc@8d communication qualitgtue to the increasing interference
point (AP), it has advantages over a wired LAN such as lofftween wireless links. As a result, the number of APs in
installation and management costs, easy host relocations, 8ngin9!e WDS must be limited to avoid the unacceptable
flexible service areas. An AP acts as a connection hub tdrierference.

wired network in the WLAN. As a result, the WLAN has N order to solve these problems, we have proposed a

been installed at many places and organizations includifiifrarchical structure for WIMNET that is composed of two

governments, companies, homes, and schools. Nowadays, ¥RgS ©f APs andVDS clustersAs shown in Figure. 1, one

WLAN service has become available even in moving publi\é/DS cluster consists of one expensive, programmatplart
spaces such as trains and airplanes. AP (SAP)as the cluster head, and plural inexpensive, non-

The WLAN, however, has a drawback such that On%rogrammableconventional APs (CAPs)A SAP can use

AP can cover only the limited area within approximately?'ural channels for wireless communications by equipped

100m distance due to the weak transmission signal. For t4th additional network interface cards (NICs) [15][16], and

WLAN service to the wide area, multiple APs should bgas various functions for the Internet access [6]. On the

installed. These APs are usually connected through wir@1€" hand, a CAP can use only one channel. The number

cables, whereas the cabling cost may impair the cost 2 CAPS in one WDS cluster is limited because they need

flexibility advantages of the WLAN. Besides, the cable ma%l’ periodically exchange the routing information for WDS.

not be able to be laid down in places such as outdoors ahg® WDS clusters are connected through SAPs using plural
channels because their traffics are usually larger than traffics

inside the WDS cluster. Then, the proper SAP selection
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« the AP network topologyG = (V, E)
— the set of APsV
— the number of APSN = |V|
— the set of links between AP%
— the interference among linkd) = [d;;,,], where
dijpqg = 1 if two links, AP; — AP; and AP, —
AP,, are interfered with each other, adg,, = 0
otherwise
— the bandwidth ofink;;: s;; (Mbps)
— the expected maximum number of associated hosts
— the Internet gateway: g=(V)
« the number of SAPsM
o the WDS cluster size (the maximum number of CAPs
in one WDS cluster)sS
SAPs among APs whether it minimizes the maximum delay » the number of channels?
at one channel. This delay is estimated through the summas the channel interference matrig: = [c(i, j)]
tion of the traffics among the interfered links using the same e the maximum number of NICs per SAR)
channel. The effectiveness of the SAP selection algorithmB. Output: the SAP set with the routing tree and
is verified through simulations in four instances using thidIC/channel assignments
WIMNET simulator. C. Constraints: The following three conditions must be
Then, since the simulation results for the SAP selectignatisfied in the feasible solution:
algorithm observed the existence of minimal SAP set (1)  The gateway must be a SAP.
providing the maximal throughput, we propose the extension(z) Any CAP must not exist a|0ng the routing path

WDS cluster

Fig. 1. Outline of WIMNET

of the SAP selection algorithm to finding this minimal SAP between the GW and any SAP.
set with the maximal throughput [11]. In this extension, (3)  Any CAP must have at least one connectable SAP
we adopt the cost function in the SAP selection algorithm as the cluster head.

to check the maximality in terms of the throughput. Thgpe connectable SAPepresents a SAP that exists along the
effectiveness of this algorithm extension is verified througy o test path between the CAP and the GW, or exists within
simulations in the same four instances, where any resglf, hops from the CAP. The latter condition is necessary to

indicates that the SAP set by our algorithm provides thgerease the number of cluster head candidates for CAPs to
maximal throughput similar to the one where every ABpiqin feasible solutions.

becomes a SAP. We conclude that using our proposal, a largep Objective: The cost function® representing the max-
size, high-performance WIMNET can be configured with g,,m delay should be minimized:
small number of costly SAPs.

The rest of this paper is organized as follows: Section Il

N N
presents the SAP selection algorithm for WIMNET. Secg — yax |, + t.; + toaC Wijrupg) | (1)
tion Ill presents the extension to the minimal SAP selection  (¢.j) T pz:; qz:; pam R

for the maximal throughput. Section IV shows evaluation dijpq=1Vdjipg=1
results by simulations. Section V concludes this paper wiithere t;; represents the traffic along the link from
some future works. AP,—AP;, andy;; represents its assigned channel.

[I. PROPOSAL OFSAP SLECTION ALGORITHM B. SAP Selection Algorithm Procedure

In this section, we define the SAP selection problem for he SAP selection algorithm finds the SAP set minimizing
WIMNET, and pr.esent its algo_nthm to see!< the minimization; by applying the routing tree and NIC/channel assignment
of the cost function representing the maximum delay of 0ngqorithms in [7]-[9] to each feasible SAP set in the given AP
link by combining our two existing algorithms for WIMNET. et ork. Here, to reduce the computation time, this algorithm

discards the undesirable SAP sets by adoptingriagimum
A. Definition of SAP Selection Problem estimated SAP loatiefore applying routing/assignment al-

As the inputs to the SAP selection prob|em, we assurﬂ@l’ithms. The following procedure describes the details of
that the AP network topology, the GW, the expected mafhe SAP selection algorithm:
imum number of associated hosts with each AP as traffic(1)  Calculate the lower bound/74" on the number

loads, the interference among the links, the transmission of SAPs, which is equal to the number of WDS

speed of each link, the WDS cluster size limit, and the clusters. If the input number of SARY is smaller

channel interference matrix are given. As the output, the than it, setM=N7A" = [£].

SAP set with the routing tree and NIC/channel assignments(2)  Generatea new SAP set by selectinyy/ APs for

is requested such that they can minimize the maximum delay SAPs amongV APs.

as the cost function. Then, the SAP selection problem can(3) Check the feasibility of the SAP set in (2) by

be formulated as follows: satisfying the three constraints. If it is not feasible,
A. Input: go to (8).

(Advance online publication: 24 August 2011)
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(4) Calculate the.m'aximum estimated SAP load ¥’ Connectable SAPs for CAP®:
Sect. II-C. If it is larger than the threshold there, OO - L L e L UL L AR MR L
@ @@ @ o)
(5)  Apply the routing tree and NIC/channel assignment&: :3hops ==+ 57 =¢
algorithms in [7]-[9]. If no feasible solution is { " 1 1
obtained, go to (8). @ Q O @ 2hops ="+ > 7
(6) Calculate the cost functioh. Teveeeesd 1

1
(7)  Update the best-found solution#fin (6) is smaller Q Q @ @ :3hops =" ?zg

than the best one.
8 Terminate the procedure if every SAP set is geners target CAP
® g Y 9eNer @ sap O cap Y ®

ated in (2). Otherwise, go to (2). h_A=10
C. Maximum Estimated SAP Load estimatedload of 1/8 10225
As the number of APs increases, the number of feasible SAP@ by CAP® = 1/8+1/4+1/8 -
SAP sets increases exponentially. Then, the computation . 1/4
time becomes unacceptably long, where the routing tree and estimatedload of ~ _ 7% =
NIC/channel assignment algorithms requires the inhibitory SAPQ by CAP® 1/8+1/4+1/8
long time. To avoid this situation, themaximum estimated estimated load of __ 1/8 10225

SAP loadss calculated for each SAP set before their applica-  gAp@ by cAP® m
tions. If the value is larger than the threshold, it is discarded
because traffics are concentrated into a specific SAP that may
become the bottleneck of WIMNET. Fig. 2. Example of estimated SAP load calculation.
1) SAP Selection Weight by Hop CourAs the cluster
head to a CAP, a SAP with the smaller hop count (number
of hops) has the larger possibility than a SAP with the larger N
hop count due to the delay. Thus, tBAP selection weight Th — (Zizl hz) % 2. @)
is calculated for any pair of a SAP and a CAP to represent M
the possibility of belonging to the same cluster. This weight

for the hop count: is actually given byiv,, = 1/2*. [11. EXTENSION TOMINIMAL SAP SELECTION FOR
2) Procedure for Maximum Estimated SAP LoaBor MAXIMAL THROUGHPUT
each SAP in a SAP selection, tieaximum estimated SAP | this section, we present an extension of the SAP selec-
load is calculated by the following procedure: tion algorithm to finding a minimal SAP set that provides
(1)  Find the connectable SAPs in the SAP set for eaghe maximal throughput for WIMNET.
CAP.

(2)  Calculate the weighted average of 8&P selection A wotivation
Welg_htsamong the connectgble SAPs for each CAP. The simulation results for the SAP selection algorithm
(3)  Multiply the expected maximum number of asso- L
. . . in Sect. IV observed that the SAP set minimizing the
ciated hostsh; to this weighted average for each . ) .
CAP. cost .functlonE provides the maximum throug_hpgt among
(4)  For each SAP, sum up the values in (3) for all th ossible SAP sets when the number of SAPs is fixed. Thus,

CAPs that can select this SAP as the cluster hedd,"- find the SAP set giving the minimal value of this

which becomes thestimated SAP load cdst function by applying the SAP selection algorithm while

(5)  Select the maximum value of (4) among all th‘iancreasing the number of SAPs starting from its lower bound,
SAPs in the SAP set for thexaximum esfci]mated it can be a minimal SAP set for the maximal throughput. In

our algorithm extension, the minimality of the cost function
SAP load. is determined by the sufficient decrease of the change of the
3) Example of Estimated SAP Loa#figure 2 illustrates y g

cost functions between two consecutive numbers of SAPs.
an example of calculating thestimated SAP loatbr CAP- A L X .
ctually, the minimalit determined when the ratio be-
A. The three SAPs{1,2,3} are connectable for CAP-A. Haty. nimaty 15 ! W ral

. tween two consecutive changes of the cost functions becomes
Because the hop count from CAP-A is three, two, and thr 9

to each SAP, the correspondirBAP selection weightare Shhaller than a given parameter(a = 0.5 in this paper).
given by:1/23, 1/22, 1/23. Becauseh; for CAP-A is 10, . .
the estimated load for each of the three SAPs by CAP-A R Algorithm .Extensmn Procedure. _ )
2.5, 5, and2.5 as shown in Figure. 2. Then, after calculating The following procedure describes the details of this
them for every CAP, thestimated SAP loais calculated by €xtension:

summing up them for each SAP. (1) Initialize the number of SAPSV by its lower
4) Threshold for Traffic ConcentrationThe maximum bound: M = NPAP = [£].

estimated SAP loais compared with the given threshold (2) Find the best SAP set that minimizes the cost

Th to judge whether the SAP selection may cause the traffic function £ for M, by applying the SAP selection

concentration into a specific SAP or not. If it exceeds the algorithm in the previous section, and ¢e{; = E.

threshold, the SAP selection is discarded. For this threshold(3)  Calculate the change @ by the increase ol if

the twice of the average SAP load is used: M > N2AP +1: AEy = Ey—1 — Eu.

(Advance online publication: 24 August 2011)
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(4) Outputthe best SAP set withl/ SAPs, and ter-
minate the procedure, i/ > NPAP 4+ 1 and
AEM_H/AE]M < Q.

(5) Otherwise, incremenmt/ by 1 and go to (3).

IV. EVALUATION BY SIMULATIONS

In this section, we evaluate the effectiveness of the pro-
posed algorithms for the SAP selection through solving four
instances.

A. WIMNET Simulator

To confirm the validity of our proposal, we evaluate theijg. 3. Topology forinstance 1
throughput of a solution found by our algorithm through
packet transmission simulations using the WIMNET simu-
lator [3]. In each simulation, every host poss@$ packets
to the GW (Internet) and the GW dods000 packets to
every host before starting. Then, after every packet reached
the destination, the throughput is calculated by dividing the
total packet size with the simulation time. The bandwidth
is set30Mbps for any link between two APs an20M bps
for that between an AP and a host. When multiple links
within interference ranges try to be activated simultaneously,
randomly selected one link among them is successfully
activated, and the others are inserted into waiting queues.

B. Simulated Instances

As simulated instances, we adopt a grid topology2bf Fig. 4. Topology forinstance 2
APs with two traffic loads in Figures 3 and 4 fmrstance 1
andinstance 2. The center AP is selected as the GW. Each
AP including the GW generally has wireless links with its
four neighbors. Thus, the maximum of four NICs/channels
can be assigned to the GW, which indicates that the larges
possible throughput between the GW and its neighbors is
120Mbps. The AP depicted by a gray circle is associated
with 8 hosts forinstance land 10 hosts forinstance 2,
whereas the AP by a white circle is associated withost,
so that nearlyl00 hosts exist in any instance as the traffic
load.

Then, forinstance 3andinstance 4, we adopt a hexagonal
topology of 25 APs in Figures 5 and 6 that has been often
used for cellular networks. The center AP is the GW. Each
AP including the GW generally has wireless links with its sixig. 5. Topology forinstance 3
neighbors. Thus, the maximum of six NICs/channels can be
assigned to the GW, which indicates that the largest possible
throughput between the GW and its neighbord88.M bps.

The traffic patterns are the same as the above instances.

In any instance, the WDS cluster siZe is set 8, the
number of channeld® is 8, and the maximum number of
NICs per SAPQ is 8, so that any link incident to the
GW can be assigned a different channel to maximize the
throughput. In the following two subsections, we evaluate
the effectiveness of the SAP selection algorithm for a given
number of SAPs. Here, we allocate five SAPs for any
instance from the lower bound on the number of clusters
N7#P from [2] = 4. In each topology figure, an AP
marked by a bold gray line represents a selected SAP, and a
bold line between two APs represents a link in the routin,gg_ 6.
tree by our algorithm.

Topology forinstance 4

(Advance online publication: 24 August 2011)



IAENG International Journal of Computer Science, 38:3, IJCS 38 3 10

C. Evaluationof Cost Function 100 .

First, we evaluate the validity of the cost functiéh,.; in
terms of the throughput obtained by the WIMNET simulator
For each simulation, we use the output (the SAP selectio
the routing tree and NIC/channel assignments) of our algt
rithm as the WIMNET configuration.

Figures 7-10 show the relationship between the cost fun
tion and the throughput for each instance respectively. |
any result, the throughput becomes maximum when the cc 0
function is minimum, which supports the validity of our cost 0 100 200 300 400
function.

80

60

40

throughput (Mbps)

20 s 7 TIPN -

cost function

100

Fig. 9. Relationship between cost function and throughputiristance 3.
80

60 ‘ 100
40 *I S0
[0 N

20 M 60 \
10 3

e
20 .“"’M

throughput (Mbps)

throughput

0 100 200 300 400

cost function *%o oo

0 100 200 300 400

Fig. 7. Relationship between cost function and throughputiristance 1 .
cost function

100 Fig. 10. Relationship between cost function and throughputifistance
4.

80

60 ~‘ 2) Effectiveness for Computation Time Reductidimen,
s to evaluate the effectiveness of theaximum estimated SAP
¢ Soan, loadin terms of the computation time reduction, we count the
20 . number of SAP sets where the routing tree and NIC/channel
assignment algorithms are applied, when each of the three
0 constrains ((1), (2), (3)) and the maximum estimated SAP
0 100 200 300 400 load ((4)) is sequentially applied. Table Il shows that our
cost function proposal reduces it into abott0% of the result by the
constraints folinstances 1 & 2and aboub5% for instances
3&4.

40

throughput (Mbps)

Fig. 8. Relationship between cost function and throughputiristance 2

TABLE |
RELATIONSHIP BETWEEN HOP COUNT ANDSAP/CAPPAIR SELECTED
RATE.

D. Evaluation of Maximum Estimated SAP Load Thop | 2hops | 3 hops | 4 hops
. . instancel | 80.0% | 38.5% 7.1% 0.0%
Then, we evaluate the effectiveness of thaximum es- instance? | 72.7% | 33.3% | 22.2% | 8.3%

timated SAP loadn reducing the computation time of our instance3 | 62.5% | 34.6% | 5.3% | 0.0%

algorithm. instance4 | 62.5% | 26.1% | 19.0% | 0.0%
1) Validity of SAP Selection WeighEirst, we verify the TABLE I

validity of the SAP selection weight. Table | shows the NUMBER OF EXAMINED SAP SELECTIONS BY ALGORITHM.

relationship between the hop count and the selected rate in

the solutions such that a certain SAP/CAP pair is actually OEENCIROECREAEE)
included in the routing tree by our algorithm. This table instancel | 10626 | 243 243 184
indi instance2 | 10626 | 243 243 176
mdlcates that the sel_ected rate roughly begom every e ToEoE 50 50 1
time the hop count increases by one, which supports the instanced | 10626 | 490 790 758

validity of our SAP selection weight.

(Advance online publication: 24 August 2011)
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TABLE I
ALGORITHM COMPUTATION TIME (SECONDS. 140 100
120 — . S0
instance 1| instance 2| instance 3| instance 4 100 =
16.9 14.6 53.3 457 5 = 2
Z 80 s 60 3
on " P =]
= bl CEEEY CEEEE Ty | =
g 60 03
= e
Tablelll shows the total computation time of our algorithm 40 20 °
on a PC withCore 2 Duo 2.4 GHZor CPU, 8 GB for main 20 B
memory, and-reeBSD 8.2-RELEASH®r OS. With the help 0 0
of the maximum estimated SAP lgaour algorithm can run 4 5 6 7

within the acceptable time for WIMNET df5 APs.

E. Evaluation of Algorithm Extension

number of SAPs

Now, we evaluate the effectiveness of the algorithm exte_ﬁi.g. 13. Cost function and throughput by different number of SAPs for

Pstance 3.

sion to finding the minimal SAP selection for the maxima
throughput. Figures 11-14 show the changes of the through-

put (solid line) and the cost function (dotted line) in each o 100 100
_the four instances respecnvel_y, when the number of SAPs sol ® e mee——m——a | 0
increased one by one. In any instance, as the number of SA  _ . - - . =
. . = =]
increases, the cost function decreases and the through| = 6o 60 £
increases, where they are saturated at a certain number %‘ E
SAPs. = 40 0z
=
20 20
100 120
l 0 0
80 N 100 4 5 6 7 8 9
N
- S = | .
; 60 ‘____.~~\ 80 '% number of SAPs
'Eﬁ ht TR TR | 60 5
E 40 g
= W03 Fig. 14. Cost function and throughput by different number of SAPs for
20 20 instance 4.
0 0 . . .
4 5 6 7 3 9 maximum throughput for each instance. Note that the maxi-
number of SAPs mum _throughput is given by §e|ect|ng every AP as a SAP in
each instance, and the error is calculatedibya),/bx 100%
where a is the throughput of the solution and is the
o 11 Cost funct 4 throuahout by dif ber of SAPS f maximum one. In any instance, our algorithm extension can
ir:gfancé 1 ost function and throughput by different number o ® find a SAP set using only five SAPs for the near-maximum
throughput. However, innstance 1 the throughput error is
relatively larger than other instances. The investigation of this
reason and its countermeasure will be in our future studies.
100 120
80 | mo_ 100 V. CONCLUSION
5 ’/‘i—-w;.---.s.---;---_ﬁ s0 5 In this paper, we first presented the smart access-point
g o £ (SAP) selection algorithm to find an optimal hierarchi-
g 0 60 2 cal structure for the wireless Internet-access mesh network
= 2 . . ..
= 40 ¢ WIMNET Then, we extended this algorithm to finding the
20 20 minimal SAP set for the maximal throughput. We verified the
effectiveness of our proposals through simulations in four in-
0 0

6 7 8 9

number of SAPs

stances using the WIMNET simulator. Our future works may
include the improvement of the algorithm extension to the
minimal SAP selection, the SAP selection algorithm under
dynamic changes of traffic loads and/or network topology by
failures of links/APs, and their evaluations in real networks

Fig. 12. Cost function and throughput by different number of SAPs foRtfter implementing the SAP.

instance 2.
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