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A Bandwidth-Aware Router Placement Scheme for Wireless Mesh Networks
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Abstract  Wireless mesh networking is one of the most important access technologies for Mobile
Internet, and the problem concerning how to deploy mesh routers (MRs) reasonablely and effi-
ciently has been attracting increasingly more attention from research community, in order to
achieve better network performance with relatively low deployment costs. In this paper, firstly,
we present a hierarchical deployment scenario model and related assumptions. On this basis, the
problem of MR placement is formulated as a mixed integer linear programming (MILP) issue.
Then, we propose a novel network-flow-based greedy algorithm for MR placement, called NF
Greedy,which iteratively selects the node with maximum weight from MR candidates and deploys
the corresponding MRs. The node weight is defined as the average increment of available band-
width requirements in current iteration, which can be obtained by network flow method. Finally,
we conduct simulation experiments through which the proposed algorithm is compared with exist-
ing algorithms, and the results show that the deployed MRs of our algorithm are only a little
more than that of the MILP based algorithm, and are significantly fewer than that of the heuristic
IL.Search algorithm. Moreover, the simulation results also demonstrate that our algorithm can be
well applied in large-scale WMNs where the solutions of the MILP based algorithm cannot be

obatained.

Keywords  wireless mesh networks; mesh router placement; bandwidth requirements; mixed

integer linear programming; maximum flow
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EX 16, [ FE MRC. 2483k 18 17 163 %
FRBE, W] 8 & MRC J& 48 4§ il 2 8 & & 1 1
MRC’/B\: %iaﬂﬂ VsangV._'ﬁ,’ﬁ u’iﬁ‘jﬂ%ﬁ%
MRC. i i & 4 488 2 1F -

(OZWEARTEHE MR LGB w & Vs

(2) 5797 5w, B MR S5 B9 45 73 2 1) fe K
%F%%ﬁ*%fﬁﬁii’ EI] f(V(nVM U {w;},
UcUCset(w;)sCov,AsCap) > f(Vs;,Vy,Uc,Cov,
A.Cap).
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EX 17, A[#E MRC P Bk 2. 728 T2
AN GVUVG.E)H 35 5w, € VYT EFRAZ 248
R B A Vi U Ve I 5 B A2 BT 2 B0
KR EA# A H. " ARy Sk R
Fﬁ— Vi UV(EPE/‘J%‘){—:T\)vIEj‘j P(uv,),,ﬁ\:%%%ﬂﬂ%
BT AEPTHATAENEEENIFE. LN
CP(w;) B CP(w;)= U Cset(v).

v€ P(w))
EX 18, Al E MRC FAUE. Xt F 35w, €
Vo HAUHE S iy 2 24 795 8 P Coo) WP 5 S8
MR &, P9 2% AT 3 2 1) de R P 9w SR o1 1 4
. R, A w AL TN T weight (w;) =
{(f( Ve, VyuyUP(w) , U UCP(w;),Cov,A,Cap)—
f(Vso Vi UesCoviAsCap)) /| Plw;) .
NF Greedy P05 1 WL L 1.
BiE 1 ETREEM MR E ORI
(NF Greedy).
BN MRHES Ve MRC 4 V; UDN £ 4 Us B +
JE MR TS R AR Res B T )2 09 s W) 1Y 58
fFEH 42 Ry s UDN 47 5855 5K i A5 T )2
WRMEARE Cap
it : MR&ESG Vy
1. Cov<{c,; i€ (1,2, |V|+|V;]},je{1,2,,
[Ul}hs /=35 Ve V.U Fl Re W@ 35 5C R+ /
2. Initialize G(VUVe.E)s  /*M4E Vo .V R Ry, Hy g
Jo ) B LSRR & T )27 s ) e 0 &« /
3. Vu<@ VsV, Uc<Cset (Vo) s /> FIRILEFBE
MR # 4 AT 8% MRC 4 FITC B 7% UDN LG «/
4. for each v € Vg, initialize P(v); /*i+BE GHAT&E
g B Vs h &1 S iR BB AE R IR ALY R B AR >/
U
5. ae‘z‘:k; /% I P 2% 9l T B SR+ /
6. flow= (Vo Va-Ue -CoveA-Capys /% W15
T D59 28 T 36 2 11 e Kty B e 3R+ /
7. while flow<a
8. if Vo= then break;
9. max_w=<0,mr<-null, max_f<0;
10. for each v&EVy
11. cur_f<f(Vs ,VyUP(v),U- UCP(v),Cov.,A,

Cap);
12.  weight(v) <(cur_f— flow) /| P(v) | ;
13. if weight(v) >max_w then max_w-<—weight(v) ,

mr<—wuv,max_f<—cur_f;

14. if weight(v) =0 then Vs<-Vs\P(v);

15. end for

16. if mr=~null then

17. Vu<VyuUPGnr),Vs<V\PGnr)., flow <—max_f;

18. for each w € P(mr) sUc< U¢ U Cset(w) ;

19. for each v €V, update P(v); /> BHFiHEY &
BEAR I HB T R =/

20. end if

21. end while

22. if flow=a then return Vy; /B EHATIY i
MR 4 =/

23. else return null;

24, end if

4.3 HiESW

(D) BT UL 2 A7

EIE L 558 B2 P 98 ST K o« A MR
B M5 e KgAK E HONF Greedy 832 1932 8L 1
3 H «InCe). 0 156, W1 MR F 35 0] 3509 5 A
fift s SR E M A MR NF Greedy 8 i 2705
M «H «In(a) P MR,

WAL A R R Y B R R E M A
MR, HAEGidl OPT. X4 NF Greedy 811217 7E
% i1 YGEAET L ERT  REAC TP Bk R MR 4R
HILH S, BRI IET KN B W AESE OPT
A% T 2 ) 2% 1) 7 o 3% RN T BE oK L [ S U
OPT v R84 /2 9 2% 19 7 55 | 3% 38 F47 98 75 oK 3k
S VLRI AR AT S8 oK a— B — EREBE S/ OPT\S
JIEi 2. BIr AAEAET 5 ) € OPT\S f#if3 SU{j} &
DRET AL at Ca—B) /M B Y T 98 T 3K 5 Al 2
SUPG) BRI & at (a—B) /M FA )7 & 5
K. MR AT FE i Z N (a—P) « (1—1/M) , 1] LI 45
H— T A58 - UK AR F A% TE 0 B A L ) 2 D
HA—=1/M). BIHER, Hk&d M - In(a) K&
RGBSR L TN o« (1—1/M)M™, H ol ik
BNT 1 RS BT -

HZE BT AL In(1—1/M)<<—1/M; M if1
[F3EL) M «In(a) AJ 48, M +Ilna «In(1—1/M)<—Ina;
gk A AR F] L In (1 —1/MDM " <"Inl/a; B 31 [] B}
FAR T EC BIATAR B 2518 e« (1—1/MDM M1,

HIL, Bk 2 AT Mo+ In() WAL, X T
FEAR I H B R, 35495 i 9 R AR A 3 A
Mk H PR g ak AR 3 AR A B i H.
25 iR  ,NF Greedy B 25 & M « H +In(a)
4~ MR, JEEE.

(2) BB ] 52 2% BE o3 BT

A SO 1A AR 1) Ford-Fulkerson $3% 3 5K fig
BRI g TR S8 I m+g(m>g)
UDN % o no MR 48 38 09 30 B 285 5 S, %00 M
WA ABEInt+e)+nt+g)en+n, J
mn-+m-+n-+ng+g; LA, e KU EE A &8 T
Cap « (m+g) MR HEL Cap FREE 454 B,
A DA e 2 0 b9 2 A 0 22 A R R PR R



8 T

Bl

Eie 2013 4

L
&

UL 1) SR A 1Y S ) A A B S O (Gmn+m + o+
ng+g)eCap +(m+g)), B OGm*n).

1E NF Greedy 5512 094) 16 10 B B i 240 2
G R A I ) 52 2% BE Ry O Gmn) 5 5 840 1 5 Ik
B T2 ) R OC & R T ) [, ] AR R
OGm®) 5 36 75 E ) b /b MRC 1y " Jig i 72 ) 1
Dijkstra B L se g, B E 2 22 8 OGn®). | T
VWA Vi, A 36 b 2= D SR 25— 1 A
JIr LB B A0 35 e 2 04T m IR R GE A
IR R ) REUSK it d5e 2 0AT m U, I ) 52 % BEE Oy
OGm®n) s MRC " & % 42 14 588 o [a) 52 2% & o
OGm®). L P53 W I ) 52 2% BE O OCmn+=m® +
m*+m » (m*n+m*)) B OGn'n).

5 RIS

AR 30 Ao L ST N B AT R AL S AT
Bk, B AL M B AR5 4 1 5 NF Greedy
SRR HEAT T BE Y B A s B T 22 2H S X EE
5 EEAEAF S HOE T B PERE.

501 XWEE

H Al AR Z W5 B EE S T o2k Mesh W 45 (1)
IR IR, HH EL A 44 19 A R A B LA e (MIT) #%
@1 Roofnet 2246 W 2% F- 4. Roofnet B 30 ~50 4~
e £ 802. 11 4xfi] R 5 sl B 25 4 oy T 4243k
Internet (35 ARG . © & — 2 TAE™ % Roofnet
A VEREHEAT 10 5 A0 434 B A0 TR AR T I A
AT 3k 100 22K ; 22 Bk JC 2k 1% i 1 #4642 A Be B i 4
Bk o A5 D) A kA 2R R AR AR L R AR S
DA S R 4 2R 158 A DR I BRTE S8 IS i T
(4 29 5 CMIR B0 5 38 TC 4% PR A S 43 4 11
(i ARUBA AP-105) ., 43 3| 3 F IEEE 802. 11a
AR HF & T2 S0 838 5) F IEEE 802. 11b/g
FAR TP HEAD WAL 5 K 2k 8 (4 ) K&
BUE ] R L) Bl A0 55 5 ok 4 il A 5 i T2
SR 7 25 Y B R AR YO L T LR b AR ST i
JEH T2 AL #J0 [ 2R 4R Re2l 150 m; 2y 1 4
SRR T Y AU S M AR SO TR T R A
YRR Re>Re , WOE Ry =250 m; [6] I, A SCIE 3%
E MR R ER ie RKE H g 4 Bk & T2
AL Cap 2 54 Mbps. TIHEZ G H K
/N MRC ¥ & F 5 505 UDN %t & Fl UDN 4 98
it 2RO I 5 8 AN [R] 14 S 56 v A B Xt 1 4T UL

TER 2 W25 S B Z )5 AT AR R 3 i . AR SCAR

i 75 K/ OMRC $i m W K g F1 UDN £k
o RABGEE Y = G ML m+g DET
JET R TR UE L R B AR E I R
[ B 85 KT 0. 2 X Ry s SR 5 AL k- 3408 550 1 % i 2
TRHATRE AR ¢ MR PO
AR W 56 R A 0 e A9 80 MRC s B Ji5 720 & X
BN BEAL A B n A UDN A . A SO F 46 [ 9 )
KSHIE N 20 ASHRE R W ks T i oF
P25 A Ry S 0 Fe A 45 R

WA X T AR S 0 B2 5, LA {4 A B 2 Intel
Core2 Quad 2. 33GHz,4GB DDR,4 MB L.2-Cache.
¥ VE R4 Windows XP Professional, 7 & 515 B
B/ Matlab 7. 8. 0. 347 (R2009a).

5.2 HiRMEREXTEE

AL NF Greedy 8 3: 5 99 Fh B4 & % &
PR PERE2E S L X P AR B L A AR B T MILP (5%
B F1 ILSearch &1 .

(1) 5 F MILP By 53k, A AR A S5 3
W MILP %2 58/, ) 852 A1 A6 511
CPLEX 17 3K .

(2) ILSearch B3 iZ A5 & A & X MR &
ARV L o ) i TR A 5 R 3% 38 T A - ]
T 55 7] RS i /N B AR ), D B Y
MR PA5E BxF UDN [ 48 55 5 76 26 5 (0] 8 O fige o 119
FEAh I, i 3 ) R0 2 8 SR B 1 MR il A5 i
A MR 16 3 W 56 1 2 ki 1%

T AR SCH 43 BIAE S [F] 37 SO A 8] MRC
Hoat AR W SC $i A [ UDN 4 #1 A i) UDN
G0 T SR B0 b A Bk R AT M AR X LG, L
RUF.

(1) 37 5 HRAEE 1) 52 i

AL L NF Greedy #7552 F MILP
51 TLSearch B AE A [R5 5t RLRE T g vefig . BD
JT R I MR HCit. 3 s RS DI A3 45 3 55 K/ (m?) |
MRC #2801 UND %ol 4 R K. 25
W UDN B4 9875 2K 10 Mbps, >R ] 8 Filidg 5t
BT, B (200m < 200 m,10,1,15) . (300 m X 300 m,
20,1,25),(400m> 400 m,40,2,45) , (600 m X 600 m,
80,3,80) . (800 m X 800 m,150,4,110), (1000 m X
1000 m, 200, 8, 140), (1500 m X 1500 m, 300, 12,
240) F1(2000 m X 2000 m,450,16,360) , 52 55 4% 5 4
1R NER T LLE B MG S s MK,
JUT it 8 ) MR B st S W7 3G 0. [ B RS DA
FF MILP (5335 i & 1) MR i b AR
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REXT /N HUARRE 19 350 3 1 55t A7 SR AR X TR LB 1Y
TR ) S T RE N J1 s NF Greedy 55 i Br #8251
MR $fit 5 3F MILP {503 E 5 23 CA AT g A4

W B BE T LA B L R T B R B A /L
P 3 NF Greedy 5% 5 ILSearch 35 AH LA & W 8

(DB s KRk A> T e 7 38 28 119 MR K

F1 HEHNENTEREENYIE

Y5 B (3 56/ WMRCL G UDN)D

BT MILP #9553 (MR %)

NF Greedy 57 : (MR %) TLSearch £ 3: (MR %)

(200mx200m, 10,1, 15) 2.00
(300mXx300m, 20, 1,25) 4. 00
(400m>x400m, 40, 2, 45) 7.00
(600m X 600m, 80, 3, 80) 13.05
(800 m X 800m, 150, 4, 110)

(1000m>x1000m, 200, 8, 140) —
(1500mX1500m, 300, 12, 240) -
(2000m X 2000m, 450, 16, 360) —

2.00 2.35
4. 05 5.35
7.05 8. 40
13.15 16. 05
18. 70 23.15
21. 85 27.55
41. 35 53.35
73.85 91.65

(2) MRC £ 5% i

AL S E < 5 K/ A 1000m X 1000 m ; ¥
KB R 83 UDN itk 140 UDN 717 58 5 3K {H
4 10 Mbps; MRC %k & 43 % 25 80,100, 120, 140,
160,180,200, 220 Fil 240. i% S 5 [t 8 NF Greedy
k5 ILSearch HIELEA R MRC HOi 5§ 40 T B i
FE ) MR $og, Ha5 R 4 proR. NE el UE
X AR E Y R A — B B E MRC %K
IR MR B0t 75 2 /b (E k2D i 32 i A
Z¢. X U I in MRC it 5 55 1 7R 6 4% MR 1)
A 2R NI A A T8k MR %4t . {H MRC
Bl E— A 1S MR B /0 AN B 5, E R A Y
8% BE KR IE I, IR e 78 MRC it FloR it & 2% B
Z A A TR — DR N E IR w ] LUE TR A (A
MRC % & 1% &L &« NF Greedy %35 # 0 & {0 F
1LSearch & ¥,

35

= NF ‘Greedy‘ﬁ vk
—A— 11 Search & ¥

4
30F 1
i) \\é\\éﬂ_‘
a4
=
[M
1]

2%0 100 120 140 160 180 200 220 240

MRCH{
K 4 MRC %t )52

(3) [ R K 1 52 i

A S B 3 5 K/ R 1000 m X 1000 mj;
MRC %%} 200; UDN %4 140; UDN ({75 557
SRAEA 10 Mbps; W SCERE 43 51 R 4.5.6.7.8.9.10,

11 M 12, Z B L NF Greedy B 5 1LSearch
SEAEAS [F) 19 SC B0 it 47 00 °F P &8 2 1) MR i,
A 5 Frs. INEIHRT DU B sk 9 PRk Y
LIy — B B A ) OB 3G B 1k i 28
B9 MR B 76 A W7o 2. 5L R 3= A Y 7 IfT s —
T3 THT 2 W G B A 4 AT RE L BB A8 R H — L8 [T Pl
B 2R 3 75— J7 T » PO 2% rp 0 S0 A 36 L AR —
26 MR A] DS 3% 4 3 ) 56, A] DL 2 — 26 58 fR IR
3 TR B MR. M IR F T LLE S 78 5] R 56
BT NF Greedy 535 T i & % 19 MR %t
R 4 /0 F 1L.Search %4 .

35

—El*‘ NF (}reed‘y/ﬁﬁi
—&— [L.Search .75

20

7§ 9 10 11 12
EPSeH
I PSS §=qip

(4) UDN %t & 2

AL S5 K E - ¥ 5 K/ 1000 m X 1000 my;
MRC $ il 2005 /56 #5052 8 UDN 7 56 5 75 3K
& 1500 Mbps, £ UDN [a]35 5] 43 il s UDN 9 %5 it 43
2k 100,.110,120,130,140,150,160,170 F1 180.
ZSLK L # NF Greedy 8355 ILSearch B k76 A
[i] UDN 01 &L T fr &6 2 19 MR $, Hogh 1w
B 6 . DI aT LU HY 33 1 b 50 12 1) i 4% 34
o —3, bt % UDN $it i 38 hin Gy 96 75 >R 2 5ok
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L
¥

MR BE AR A1) MIR %50 ik 78 72 i 48 in (B8 g e e 52
Prig k) fH 4 UDN #5384 £ 140 J5, MR £it )L
FARFEAAS . R BT X% SRR UDN £ b
IRF) 140, 75 0 23 By T4 98 75 oK 25 5 f6 i kL 2 2o R
S ST I W N i W e NN ES S SR 7 T D
A TEA R UDN ZiE 1 00 K NF Greedy 55 1E
MR % )5 110 5 5 [LSearch BIEM LA & U 21
.

‘ —Elf NF‘ Grccdéfﬁ?l’
—&— [LSearch %/

i W
& 30 ]

20
100

140 150 160 170

UDNH i
6 UDN % 1) 5 Wi

(5) UDN i 98 3 3K 1 52 Wi
AR 4152 5 B - 3 5 K/ o 1000 m X 1000 m;
MRC it 2 2005 W % 0 85 UDN Y £k 73 531
1405 UDN 47 58 75 5K {E 73 3] 24 6 Mbps ., 7 Mbps.,
8 Mbps. 9 Mbps, 10 Mbps, 11 Mbps, 12 Mbps. 13 Mbps
114 Mbps. iZ L5 3 NF Greedy 3 3 5 1LSearch
FEAEATR] UDN 4 5875 5K i &0 T i 2 19 MR %X
i SR 7 TR, NE AT LU X P RN O
LR 2k H 8O — B0 B UDN 4 58 5 5K 19 4%
i, MR B0 A2 28 1 0. 2 o MR A48 Al 9 2
HA 7 Cap WFRT 75 2E8F 219 MR LA 2 5
Iy 58 7 oK. B Hhig rf LUE . 75 A [7]) UDN 77

45

110 120 130 180

= NF (,}r‘eedy%—]ﬁi
—&— [L.Search®{. 7

MR &

11 12 13 14

6 7 8 9 10
UDN7H % if 3k
Bl 7 e R R

Fi w7 RKAGFOL T W NF Greedy 575 MR £ J5 10 5
ILSearch A LA & B 19 p 3.

L5 E TR B XA RS g 5 BE T MILP 15
25 i E A 1 MR % fie b o (B RIS A T R A/
i) WMN, 1 NF Greedy A1 1LSearch X W f g %& =0
B B AT A TR AL WMN H ) MR & 2. [F]
i NF Greedy 55 3% fif #f & 19 MR & 5 & T
MILP 5L B T B AL T TLSearch k.

6 REERE

ASCWFFE T WMN 4 b ALK P g MR #R 2 )
RO T 2 T 2% 8 o T SR T P A R SR A I
FET . MR AR BART 5 H B
MR DAY 29383 iAS. B 50 32— PP or JZ 1 3R 28
SR s SRS B X I AL A SE R R ) MR 2 )
HEAL LT MILP 98 B s e o 482 ) — i 1
KA MR 5% 500 53k NF Greedy. 5050 45 1 3£
Wl 4536 F MILP B5REAH L . B4R NE Greedy 534
ik E MR A i s 2 . (5 RE A e U RE IS T T 82
ANHEE WMN 14 J5 B 5 11045 ) 42 3CHY TLSearch 53
FHE - RRIEAD T Bl MR %0
Mesh &+ R #i $h HL R BF 52 2 25 57 WMN 4 5%
1 B IS 5 ) 22—, A B MR AR G Y 7 B
Je— MERFRAWTFE B9 R A SO AR M ok B
HREE B R4 W 540 A E MR, R S S
MR 37 ' S HL SR 8 U0 ST 1Y o DR G oRE 1  BB
A oK B B AT S B T S B L2 N R L 2
AT — 2 TAE. 55 4h. MR &8 8 2 % 1 7
Mesh [ i o] FE5 Aol % MR {45 51> MR
A 22 25 O AR S B AR B 78 M 56 R — A 15
FEHY ] L.
s %
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Recently, wireless mesh networks ( WMNs) have
emerged as an appealing and viable technology for cost-effi-
cient and ubiquitous Internet access, and is one of the most
important access technologies for Mobile Internet. In a
WMN, the mesh backbone, formed by mesh routers (MRs)
and gateways, is the core of the network, and its topology
significantly affects the performance of the whole network.

Careful topology planning not only can improve network per-

formance effectively, but also can avoid placing needless
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nodes. Hence, toplogy planning is an important part of
designing a WMN, and MR placement is one of the most
important and challenging topics in the research area. The
MR placement problem concerning how to deploy MRs
reasonablely and efficiently, aims to achieve better network
performance with relatively low deployment costs. Although
several approaches have been proposed to address this prob-
lem, few of them consider network coverage and connectivity
jointly, and take MR access capacity constraint into account.
In this paper, we investigate the bandwidth-aware MR place-
ment problem with MR access capacity constraint, consider-
ing network coverage and connectivity jointly, We formulate
the problem of MR placement as a mixed integer linear pro-
gramming (MILP) issue, and propose a novel network-flow-
based greedy algorithm for MR placement, called NF Greedy.
The algorithm iteratively selects the node with maximum
weight from MR candidates and deploys the corresponding
MRs. The node weight is defined as the average increment of
available bandwidth requirements in current iteration, which
can be obtained by network flow method. Compared with
other existing algorithms, the deployed MRs of our algo-
rithm are only a little more than that of the MILP based algo-
rithm, and are significantly fewer than that of the heuristic
ILSearch algorithm. Moreover, our algorithm can be well
applied in large-scale WMNs where the solutions of the
MILP based algorithm cannot be obatained.



