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Abstract A multi-rate capable IEEE 802.11a/b/g node
can utilize different link-layer transmission rates. Inter-
estingly, multi-rate capability is defined by IEEE 802.11
standards only for unicast transmissions. In this paper, we
consider a novel type of multi-radio multi-channel wireless
mesh network (WMN) where a radio can mulicast at dif-
ferent link-layer transmission rates to its neighbors. Such
link-layer multi-rate multicast capability will enable low-
latency network-layer broadcast/multicast for multimedia.

In our previous work, we assumed a fully multi-rate
multicast’ (FMM) framework in which nodes can adjust
link-layer multicast transmission rate for each link-layer
frame. We propose a new framework called $ingle best-
rate multicast (SBM) that exploits the link-layer rate
diversity by enabling each WMN to decide, depending
on its topological properties, a single transmission rate
for all its link-layer data multicasts. Although, FMM
improves performance significantly, employing SBM s
attractive since it can eliminate some undesirable fea-
tures of practical multi-rate Media Access Control (MAC)
protocols. We propose methods to determine the “best”
link-layer transmission rate for the SBM framework. We
also propose two heuristic broadcast solutions, using SBM
framework, that can realize low-latency broadcast by
exploiting inherent rate and interface diversity in multi-
radio multi-channel WMN. Simulation results indicate that
SBM broadcast heuristics give comparable performance to
FMM broadcast heuristics, especially in dense networks.

I. INTRODUCTION

is to equip each mesh node with multiple commodity wireless
cards, with each card’s radio tuned to a distinct channel. The
usage of multiple radios significantly improves the capacity
of the network by employing concurrent transmissions in
the network [5] [6] [7]. Most commodity cards today also
implement some rate-adaptation mechanism (e.g., RBAR [8])
to support different link transmission rates. WMN nodes can
utilize the degree-of-freedom afforded by its multi-rate ability
to make appropriate range and throughput tradeoffs across
a wide range of channel conditions. While the degree-of-
freedom afforded by multi-rate has traditionally been used for
unicast only, we have recently proposed its use in broadcasting
scenarios as well [9] [10] [11]. In the near future, multi-radio
multi-channel multi-rate NIR>-MC) WMNs are expected to
gain a niche in the wireless market due to adoption and support
from leading industry vendors and active research from the
research community.

An important open question in MRMC WMNSs, that we
address in this paper, is the minimum latency broadcdsting
(MLB) problem. We determine the efficiency of broadcast
in terms of broadcast latencywhich is defined as the
maximum delay between the transmission of a packet by
a source and its eventual reception by all receivers. The
MLB problem, apart from its theoretical significance, is an
important practical problem in WMN. The presence of several
multi-party applications—e.g., software updates to all devices,
local content distribution (e.g., video feeds) in community
networks, and multimedia gaming—often impose stringent
latency requirements on the underlying network and motivate
a solution to our considered problem. The MLB problem has
been studied earlier for single-radio single-channel (SR-SC)

Wireless mesh networks (WMN) are multi-hop networksfy MN—Dboth for the single-rate [12] and the multi-rate case
composed of wireless links [1], that are typically composgd3]—and for MR-MC WMN ([11]).
of static wireless mesh routers and potentially mobile meshin our previous work [9] [10] [11] regarding multi-rate
clients. Such networks are envisioned as community netwomksilticast, we assumed dully multi-rate multicast (FMM)
or as broadband access networks for the Internet. WMN framework in which nodes could adjust link-layer multicast
considered a cost-effective alternative to wireless local argansmission rate for each link-layer frame. We showed that
networks (WLAN) as it does not require any wired infrastruomulti-rate link-layer multicast can significantly reduce broad-
ture. With the plummeting cost of 802.11-based hardware platast latency. While using multi-rate multicast is desirable in
forms, mesh networking is gaining ground as several industay ideal case, it has been observed in practical MACs (such as
players develop 802.11-based mesh networking platforms &@R.11) that the choice of a low transmission rate, even by an
services [2]. Current deployments of large-scale metropolitaindividual node, may substantially lower the total throughput
wide mesh networks suggest a promising future for WMN [3hchieved in that regiond(e to the well-known paradigm of
Nonetheless, wide-spread adoption of WMN as a viable accésigness in access attempts rather than bandwiditi4] [15].
technology is still impeded by the relatively low spatial reus¢jence, it is worth studying the impact of broadcasting, in
due to wireless interference, of a single radio channel in suah ideal setting, using a singlbest’ rate, as opposed to the
multi-hop wireless environments. It has been shown that theore powerful paradigm of broadcast transmission by different
capacity of single-channel wireless networks drops off as thedes at different rates. In particular, if it turns out that a

number of nodes are increased [4].

single-rate broadcast strategy can provide latencies fairly close

With recent advancements in wireless technology rendering
the usage of multiple radios affordable, a popular current trendwe assume that multicast can be realised by pruning the broadcast tree.



to those provided by the multi-rate case, then an approgatesented in [10] [13] as heuristic solutions for the MLB
based on adopting a single system-wide link-layer broadcgsbblem in SR-SC multi-rate mesh networks using the FMM
rate may become worthy of consideration. framework. Both these algorithms consider the WBA and the
In this paper, we propose a new framework callsthgle multi-rate capability of the network, and also incorporate the
best-rate multicast (SBM) that exploits the link-layer rate possibility of multiple distinct-rate transmissions by a single
diversity by deciding for a WMN, depending on its topologicahode. We recently addressed the MLB problem for MR
properties, a single transmission rate for all its link-layeviC [11] where we presented LMT and PAMT algorithms as
data multicast. Using the SBM framework can simplify thedaptivebroadcast heuristics. These algorithms improve the
broadcasting algorithms—e.g., thaulticast grouping’stage performance of the WCDS algorithm, designed for SR-SC
in broadcasting heuristics of [10] [11], that cater to th®/MN, by parallelizing it's transmissions bgdapting itself
possibility of a transmitting node covering its neighbors ito the interface ¢r channel) and rate diversity available in
multiple transmissions (at different rates), is eliminated wheMR?-MC WMNs. These aforementioned works, employing
SBM framework is used. multi-rate multicast, all assume a FMM framework with the
implicit requirement that a node be able to broadcast/multicast
- using any of the link-layer transmission rate. In our work for
A. Our Cc?ntnbutls)ns. i ) SR-SC WMNSs [10], we showed that the multi-rate capability
The main contributions of this paper are detailed below: js not often usetl This indicates that a broadcast algorithm
1) Our work answers the following questionihat is the with a single “well-chosen” multicast rate may offer fairly
‘best’ link-layer transmission rate to use, given a multicompetitive performance.
rate system wit different rates, when using the SBM  Thijs work is similar to [12] in using a single-rate for all
framework'? o ) link-layer multicast. However, we use the SBM framework
2) We present two heuristic broadcast solutions, that uggere the ‘best’ transmission rate is determined according to
the SBM framework, to the MLB problem in MRMC  the topological properties of the WMN unlike [12] which uses
WMNS. o _ ~a fixed rate regardless of the given WMN’s topology. Also,
3) We present a jointinterface grouping and transmis- the work done in [12] was specific for SR-SC WMNs while
sion schedulingalgorithm that schedules the broadcasyyr work addresseBIR2-MC WMNs. We note that the other
transmissions at different nodes and also decides, whggrk addressing MLB problem faviR2-MC WMNSs [11] has

multiple interfaces are available, the interface to use tha§sumed a framework (FMM) different to ours (SBM).
maximally exploits the channel diversity in the network.

|| BACKGROUND AND RELATED WORK ”I N ETWORK AND |NTERFERENCEMODEL

Broadcasting in wireless networks is a fundamentally dif- We use a network model similar to that described by [6].
ferent problem to broadcasting in wired networks due e will use the notation introduced by [21] to represent our
the ‘wireless broadcast advantag@VBA) [16]. The WBA channel-assignment. Each node in the network can transmit at
originates from the broadcast nature of the wireless chanmnalitiple-rates. There are totally non-overlapping orthogonal
where a node’s transmission can be received, assuming oniréguency channels in the system and each node is equipped
directional antennas are being used, by all neighboring nodgish  radio interfaces wher€ < C. The Q radio interfaces
that lie within its communication range. A lot of research hasave omni-directional antennas. We assume a unit disk graph
focussed on achievingefficient broadcast in multi-hop wire- (UDG) model. In order to efficiently utilize the network
less networks and mobile ad-hoc networks. Typical metrigssources, two radio interfaces, at the same node, are not tuned
of broadcast performance are energy consumption [16] [17, the same channel. Using the Qualnet simulator [22] as a
number of transmissions [18] [19], and route discovery andference (assuming a two-ray propagation model), we obtain
management overhead [20]. The limited research on usithg transmission rate versus transmission ramgee-fange
broadcast latency metric has focussed primarily on SR-S$€lationship (for 802.11b) shown in the first two columns of
meshes, with single-rate networks addressed in [12] and multable I. We also employ an alterative rate-range relationship,
rate networks in [9] [10] [13]. shown in the first two columns of Table Il, of a commercial

In our previous work [9], we proposedulti-rate multicast IEEE 802.11a/b/g product [23] to perform sensitivity analysis
in which a WMN node can adapt its link-layer transmissioof the broadcast performance with different rate-range rela-
rate for multicast/broadcast traffic. We used the multi-ratnships.
multicast concept to present low-latency broadcast algorithmsye use an undirected graghy = (V, Er, L) to model
for solving the MLB problem for SR-SC multi-rate WMN inthe given mesh network topolodyefore channel assignment
[10] [13]. The work in [10] [11] [13] exploits two features thatwhere V is the set of verticesE is the set of edges and
are present in multi-rate WMNSs but not in a single-rate WMNL . is the set of weights of edges ifr. The vertexv in
Firstly, if a node has to perform a link-layer multicast to reactr corresponds to a wireless node in the network with a
a number of neighbors, then its transmission rate is limited Ryjown location. An undirected edde, v), corresponding to
the smallest rate on each individual linkg.,if a noden is  a wireless link between andv, is in the setEr if and only if
to multicast to two neighboring nodes; andms, and if the 4(u,v) < » whered(u,v) is the Euclidean distance between
maximum unicast rates fromto m, andm, are, respectively,  andv andr is the range of thdowest-ratetransmission.
r1 andry, then the maximum rate can use is the minimum The latency of a linki(u,v) is the latency of theduickest
of 71 andry. Secondly, for a multi-rate WMN, the broadcastransmission rate that can be supported between nodesl
latency can be minimized by having some nodes transmit theThe setL contains the latencies of all links iA.
same packet more than once, but at a different rate to different
subsets of neighbors (called adistinct-rate transmissiors 2only a few (v 20%) simulation topologies used multiple distinct-rate
Based on these insight&yyCDS and ‘BIB’ algorithms were transmissions at an individual node



Channel assignmenA channel assignmend assigns each  The MLB problem in MR-MC WMN is composed of many
vertexv in V, @ different channels denoted by the séfv) = inter-related hard subproblems. The MLB problem is at least
{a1(v),a2(v),...,aq(v) : a;(v) # a;(v),Vi # j; a;(v) € NP-hard since its specific instances (SR-SC single-rate WMN
C,Vi} wherea;(v) represents the channel assignedtaadio [12] and SR-SC multi-rate WMN [11]) are NP-hard. With the
interface at node. complexity of the problem in mind, we have decomposed our

The topology defined byA is represented byG = solution intothreelogically independent stages:

(V,E,L,A) in the following natural way: There is an edge 1) The ‘best’ link-layer multicast rate selectianSince we

e = (u,v,k) on channel\(e) = k between nodes andv have taken the design decision to use the SBM framework
in G if and only if d(u,v) < r (i.e. edge(,v) € Er) and to simplify the broadcast heuristics and their implementation,
Ae) € A(u) (N A(v). The latency of the edgeis the latency we need to determine the single ‘bestllink-layer multicast rate.
of the fastest transmission rate supported coriThe setZ  This rate, to be used for all link-layer multicast, is determined
contains the latency of each edge i similarly the setA by each WMN, during the first stage of our solution, according
contains the channel used on each edge& inNote thatG to its topological properties.

may be amulti-graph with multiple edges between the same 2) Topology ConstructionThe aim of this stage is to com-
pair of nodes, when the node pair shares two or more channglgte a broadcast tree (or a spanning tree of the given topology)
We use the same notation to refervertices and nodego 7 that exploits the WBA, the multi-rate transmission capability
edges and linksand toweight of edges and latency of linksand the plurality of radio interfaces and channels available.
without confusion, the usage being clear from the context. The transmitting nodes and the children/parent relationships

It is assumed that thehannel assignmeris done indepen- between different nodes are all decided during this stage.
dently from our broadcasting framework. This design deci- 3) Interface Grouping and Transmission Scheduling
sion reflects the practical reality that the channel assignméibile the non-leaf nodes (transmitting nodes) of the tree
strategy will likely be dictated by other factors, includingire determined during the ‘topology construction’ state,
the presence ofinicasttraffic on the WMN. We have used Interface used for transmission at these non-leaf nodes is only
the ‘common channel approackCCA) channel assignment decided during the interface grouping substage of the joint
scheme [5] [7] for this work. CCA is a simple channelinterface grouping and transmission scheduling’ stagée
assignment scheme in which all nodes are assigned a comrtig@irface grouping (or simply, grouping) substage must ensure
set of channels. The benefit of this approach is its simplicitpat the interface chosen, at any transmitting node, shares its
and that the connectivity of the network, using CCA, is @hannel with the children node(s) of the transmitting node.
multiple of the connectivity of a single channel mesh. W&he transmission schedulirfgr simply, schedulingyubstage,
have also employedvarying channel approa¢h(VCA) [7] on the other hand, determines the exact timing of the various
and fnterference survivable topology contrdNSTC) [21] transmissions The scheduling of the transmissions is done
channel assignment schemes to perform sensitivity analysisaggording to the following constraints: firstly, a node must
the results presented in this paper. We have earlier preserfté@smit only after receiving its parent’s transmission and
the effect of different channel assignment schemes on broggcondly, the interfering transmissions must not be scheduled
cast performance for MRMC WMNS in our previous work Simultaneously. By having a joingfouping and schedulirig
[11]. stage, the channel diversity of the network can be utilized more

Interference Model:We use a generalized conflict graptefficiently.
based on transmissionto model the effects of wireless
interference between different multicast transmissions ifMR V. DETERMINING THE SINGLE‘BEST LINK-LAYER
MC meshes. The conflict graph indicates which transmissions =~ MULTICAST RATE AND “RAP” FORMULATION
mutually interfere and hence cannot be active simultaneouslywe point out a key finding of our previous study, for SR-
A transmissiond; interferes with a transmissioby, if both  SC multi-rate WMN [10], that a transmission rate’s broadcast
transmissions; andb; are taking place on theamechannel, efficiency (in reducing broadcast latency) can be predicted
and the receivers of the transmission are within the inter- reasonably by the product of the transmission rate and its
ference range of the transmitting nodebgfor vice-versaThe  transmission coverage areate-area productor RAP [10].
transmissions; andb; do not interfere otherwise. We propose using a similar approach for predicting a particular
transmission rate’s broadcast efficiency in MRC WMN.

The RAP values for different transmission rates of the range-
rate relationship of 802.11b in Qualnet [22] are provided in

In this section, we present heuristic algorithms that solvble I. Similarly, the RAP values for transmission rates of our
MLB problem, using the SBM framework, in MRMC alternative rate-range relationship [23] are provided in Table
WMNSs. Broadly speaking, such heuristic algorithms must As a general rule-of-thumb, a transmission rate that has a
take four important decisions at each node. Firstly, it has toeigher RAP is more broadcast-efficient for SR-SC multi-rate
determine the ‘best’ transmission rate to usedhdink-layer WMNs[10]. We investigate if this conjecture still holds for
broadcaststhis stems from our design choice to have onlyIR?2-MC WMNSs.
one broadcast rafe Secondly, it has to decide whether a node We propose two methods of determining the ‘best’ link-
should transmit (i.e., be a non-leaf node in the broadcast trémjer multicast rate. For any given WMN, |& denote the set
or not. Thirdly, the ‘interface grouping’ decision must be madef transmission rates, which if used as the link-layer rate for all
to decide the interface( alternatively the channel, since eachmulticast, returns a connected netwadrkthe first method, we
interface is tuned to a distinct chanfe transmitting node use the highest link-layer multicast rate i as the chosen
will use for its transmission. Lastly, each node’s transmissiofizest’ rate. We call the transmission rate calculated by this
must be scheduled, while ensuring simultaneous transmissiomsthod as the duickest rate. In the second method, we use
(at different nodes) do not interfere, to minimize the broadcaste transmission rate iR that that has the highest RAP value
delay. of all rates in R. We call the transmission rate calculated by

IV. HEURISTIC SOLUTIONS TOMLB PROBLEM



this method as theHRC’ (highest-RAP-valued connecjed The algorithm completes its execution when all the nodes

rate. have been covered, i.e. wheii\R = {). The algorithm
We will present results and analysis of these methods rieturns the setcps, Leps and Acps, where Popg(v;)
Section IX. is the parent node of;, Lops(v;) is the latency of the link
connectingv; and Pops(v;), and Acps(v;) is the channel
VI. TOPOLOGYCONSTRUCTION INMR2-MC WMN used on the link connecting and Pcps(v;), Yu; € V. The
USING A SINGLE LINK-LAYER BROADCAST RATE: CDS tree can be constructed from these.

In this section, we present two heuristic algorithms for
the topology construction. The first algorithm (Section VI-.1)

exploits the WBA but fails to account for the interface diversit% 2) Parallelized Connected Dominating Set(PCDSh our

revious work [11], we have shown that thest performing
ees in MR-MC WMNSs, generally, adapt to the radio re-
sourceg(i.e., radio interface§() and channel$C')) available

is desirable to construct similar adaptive trees when we use
e SBM framework. The PCDS algorithm (depicted in Algo-
rithm 2) is adapted from the PAMT algorithm that assumed
a FMM framework [11].PCDS—like the PAMT algorithm
which improves WCDS tree’s performance by parallelizing its
transmissions-improves CDS algorithm by exploiting the rate

struction in MR-MC WMN for the SBM framework is greatly ?nkd intedrff?ce-dtiversity axa;ilaglgsir; MRYICIVt\./M'\f{E' PC.DS.t
simplified as compared to FMM framwork [10] [11]. To illus- -2<€S & différent approach to or calculating the priofity

trate this, we note that the Weighted Connected Dominatif§€ach transmission. In an attempt to modify CDS to contain
re parallel transmissions (when multiple radio interfaces

Set (WCDS) problem [13]—which essentially is finding ; ; ;
connected dominating set that covers all nodes with minimu®ie 2vailable), PCDS does not include downstream neighbors
a transmission that can be reacheddny othereligible

latency) weighted sum—reduces to a problem of findin ; :

ghe Mi)r?imumg Connecting Dominating SZt (MCDS) whe ode_,on an alternative channglWith a better path. The PCDS

SBM framework is assumed. Unfortunately, MCDS in generg{90rithm uses an extra parameter calledel for each node,

graphs is also an NP-hard problem [24]. However, by assumi nd using Dijkstra’s algorithm, to represent the distance of

SBM framework, the algorithms are greatly simplified as w s node to the source node (alternatively, instead of using
' abel, the depth of the node can be used, since all nodes use

shall see later. the same rate),

at individual nodes. The second algorithm (Section VI-.
improves the first algorithm’s performance by exploiting bot
the WBA and the interface-diversity.

The common input to both our algorithms is the chann%ll
assignment defined input topolody = (V, E, L, A), broad- t
cast sources in V, the ‘best’ broadcast transmission rdte
(chosen as described in the previous seqgtiamd the channel
assignments to all interfaces at each notle

1) Connected Dominating Set (CDS)The topology con-

Algorithm 1 CDS construction

P PCDS begins by adding nodeto the setR which contains

; ;gpit:{g‘? A,CG= (V. B L A)l] nodes that are eligible to transmit during the next-round. The

3: while (V\R # 0) do setY,, ;. = N(n,l,¢)\R contains all hitherto ‘uncovered

4: (0,1, ¢) = argmaxper, cean) f(n, 1, c) nodes’ that can be covered by a transmissjenl, ). The

5: I(Whﬁfe f(n,l,c) = (IN(n,l,c)\R])) label of this transmissionigbel,qn;) is label(n) + I. During

3: jt t ?Vtrgnisrplszgn of. be represented by the calculation of priority of each transmissiom, [, ¢), all the
A= N@LOR, . A . yet not-reached neighboring nodes ;  of transmitting node

8: if n can connect t4, using latencyl, on any of multiple ined i h h’C) iahborhood h
9: channels (contained in set Bjen c(t) = B n are contained inY. We search the neighborhood of eac

10: Pops(A) = fi; Lops(A) = i Acps(A) = & node inX to find if there are other eligible (to transmit) nodes

11 R—RUA in its vicinity that can cover this node on a channel different

12: end while to that used by:. Such nodes are referred to rasdes in the

13: Output: [Pcps, Leps, Acps] algorithm. If the depth of any node imodes is less than the

depth of noden, then the considered node K should be

We use a simple greedy heuristic called CDS, that is shojgRvered by this node instead of We, therefore, do not count
in in Algorithm 1, for constructing the broadcast topology!!IS Node as a covered-node for This node is deleted from
The algorithm starts by making the source nodeligible the nodes that shall cover:Y, ; ,. After all nodes inX
to transmit. This is done by moving to the setR which aré checked in a similar mannéf,; ., contains the priority
keeps track of the eligible nodes (nodes that have receivefdthe transmissior{n, [, c). In case the transmitting node
the transmission already and are eligible to transmit). éan choose multiple interfaces to reach all downstream nodes
transmission(n, [, ¢) represents the transmission of node .A, then the channels of these possible interfaces are stored in
on channelc (using the ‘best’ link-layer multicast rat). 5. We represent the eligible channels for a transmissiby
All eligible transmissiongVn € R,Vc € A(n)) are given a c(t).
‘priority’” according to the number of new nodes (that have not
yet received the transmissioflV(n, [, ¢)\R| or A) it covers. After completion of each round, covered-nodésire added
The algorithm works iteratively, and in each round finds thi® R. The algorithm completes its execution when all the nodes
transmitting node: that can cover maximum number of nodesave been covered, i.e. wh&\R = 0. The algorithm returns
that have yet not received. If the transmissiomdb reach its the setsPpcps, Lpops and Apcps, where Ppeps(v;) is
downstream noded is denoted by, thenc(t) represents all the parent node of;, Lpcps(v;) is the latency of the link
the channels that can use for this transmission. We delay theonnectingy; and Ppcps(v;), andApcps(v;) is the channel
decision of the exact interface to use to a later (joint interfacsed on the link connecting and Ppcps(v;), Yv; € V. The
grouping and transmission scheduling) stage. PCDS tree can be constructed from these.



Algorithm 2 PCDS construction

node n to its furthest leaf. For all eligible transmissiors E,
the functionc(t) represents the possible channels (channels

1: Input: [s, A, C,G = (V,E,L,A),I]

2: {label} = Dijkstra’s algorithm(G) on eligible interfaces) for this transmission. These values are

3 R=1s available from the topology construction stage. The Get

4: while (VAR # () do . contains eligible channels for the current eligible-transmission

5. (M,1,¢) = argmaxner ccawm) f(n,1,¢) being checkedt}. The choice of channebf interfac to be

6: where f(n,,c) is calculated as ysed for a particular transmissior) is dictated .by our desire to

7 X=Y, . =Nnlc\R include as manyarallel transmissions as possible. A channel

8 label ("2 label(n) + i c is found amongst the eligible channel§)(that is either

9 if X?éaﬁsthen ' not currently b(_amg ysed (i.e., it is not in the. set of used

10: for 2 =1to |X| do channelsU) or is being used t_)y some transm|35|on(s), but

11 nodesimp = Uvepnpe At {eh N (X (@), 1, ctmp) these transmission(s) do not interfere with The channel

12 nodes, = nodesimp N decided for a transmissiarnis denoted by\(t). If it is decided

13: for y =1 to |nodes,| do R that transmissiort is to use channet, ¢ is added to the set

14:  labelrouna(y) = label(nodes,(y)) + 1 T. that contains ongoing transmissions @nThe channek

15:if labelround(y) < labelirans then is then added td/ containing channels currently being used.

1? gﬁ&’l}’f” = Y0 \{X(@)}; break As soon as the channel (and interface) of the transmission has

18 end for been decided, we can schedule the transmission at the current

19- end for time time The start-time of, denoted byr(¢), is set totime

20: end if while the end-time oft, denoted byd(t), is set totime + .

21: f(n,lc) =Y, T_selround contains the transmissions selected in the current
) , round; whileT_decidedcontains all transmissions whose start-

;2; I’zt;étfrlg%n%;g?ggtsg 'rrg;)reseme d by time and end-time have already been determined.

24j if 4 can connect tod, using latency, on any of After each round, the transmissions selected dur_lng that

o5 multiple channels (cbntained in set’B) round . (T_selLround) are added to decided transmissions

26: then c(t) = B (T_decided and deleted from eligible transmissiong)(

27 R—RUA .

28: Ppcps(A) =1n; Lpcps(A) =1, Apcps(A) = ¢
29: end while

30: Output: [Ppcps, Lpcps, Apcps]

T_notfinished contains all yet unfinished transmissions. The
earliest finishing time for transmissions not finishedis
called NextStop all transmissions completing &textStopare
called NextTrans Let ¢ be the channel used by a transmis-
sion in NextTrans This transmission (ifNextTran$ must be
removed fromT: as the transmission is going to finish. If
VII. I NTERFACE GROUPING AND TRANSMISSION T: becomes empty after removing this transmission, then
SCHEDULING can be removed frond/. We represent the transmissions of
The broadcast performance of NHRIC WMN can be hnodes reached by the finishing transmissionas;;. These
improved by combining interface grouping and transmissidfpnSmissions are eligible now, and thus they are added to
scheduling sub-stages into a joint stage. By delaying the choi@«'—T‘jThe time is then set equal tdlextStop The algorithm
of the interface to use till the scheduling stage, the WMN cayghedules all transmissions similarly, and completes execution
maximally exploit the channel diversity in the system. This i¥henE = 0 (i.e., there is no eligible transmission ) afid—
done by either choosing an interface (for a transmission) tHh: there is no ongoing transmission).
is tuned to a currently unused chanrogl alternatively to a
channel on which the transmission can take place alongside  VIII. M AXIMUM END -TO-END THROUGHPUT

existing transmissions due to lack of interference. Clearly, the yesults of broadcast latency are directly applicable to
having disjoint stages of grouping and scheduling can easjlyy throughput data flows (e.g., control traffic) as the metric
lead to a non-optimal choice of the interface to use causifgnlies to asingle packet. However, for higher throughput
broadcast performance deterioration. data flows, an important metric is the maximum achievable
_ For joint grouping and schedulinghe topology construc- gnq.to-end throughput. We essentially employ a generalization
tion stage instead of deciding the single interface it will USg the method used in [9], for throughput calculation in SR-
(alternatively, the channel it will use) picks all candidate intelgc multi-rate networks. to determine the throughput of?MR
faces and postpones the actual decision about the interfacgi@ \yireless mesh. An important distinction between SR-
use until scheduling. During scheduling, an appropriate choigg: myti-rate WMN and MR-MC WMN is that interfering

of the interface to use, depending on the other fransmissiqpg,smissions can take place simultaneously (on orthogonal
at that time, is made to fully exploit the channel diversityhannels) in MR-MC WMN. The algorithm for throughput
available. This substantially improves performance especiafy|cylation [9] is modified to adapt to our interference model
for large number of radio interfaceg (and channel). (presented in Section Ill). The throughput results for our

The joint grouping and scheduling algorithm is shown i euristic algorithms are provided in Section IX
Algorithm 3. The algorithm’s aim is to find the start-time) ( g P ’

and end-time ) of each transmitting node. The algorithm
works iteratively in rounds. The algorithm begins by initial- IX. SIMULATION RESULTS

izing time, depicting current time, to zero ankl, depicting In this section, we present simulation results to evaluate the
eligible transmissions, to contain source node’s transmissigerformance of our algorithms. We consider static wireless
In each round, the eligible transmissioris)(are descending- mesh networks of nodes randomly located in an area of
order sorted according to theightof respective transmitting 1000 x 1000 m? region. The broadcast latency of our heuristics

nodes. The height of a node n is the length of the path from thee all shown by normalizing it against the broadcast latency




Algorithm 3 Interface grouping and Transmission Scheduling

1: time = 0;

2: E= all transmissions of;

3: while E =0 or U =0 do -
4: E= descendlng sorthight(FE)) 2

5. T. Selround 2 2.
6: for z=1to |E| do £

7. t= E(z); a

8: ¢(t) = The channel$ can use to transmit to its neighbors 2

9: C=c(t) iy
10: for j =1to |C| do 5
11: ¢ = j'* element ofC; 3
12: if c¢ U or (c € U and if (¢t andT;) do not interfere}hen N
1320 ANt =¢T.=T.Ut; U=UUg; =
14:  7(t) = time; 6(t) = time + I; £ 1
15:  T_sel_round = T_sel_round U t, CZ)
16: end if
17: end for
18: end for
19: T_decided = T _decided U T _sel _round,

N=70, Area=1000*1000 m2

3 ‘ ‘ ‘ :
—A— WCDS (using all rates)

; PAMT (using all rates)

) —x— CDS (using best rate only)
5| —B>— PCDS (using best rate only)
2 L
5 L
1 I I I I I I

1 2 3 4 5 6 7

20: E = E\{T _sel_round}; Number of Radio Q (and channels C)
21: T _not_finished = {t} : 6(t) > time ;
22: NextStop = min(d(1_not_finished)); Fig. 1. The normalized broadcast latency against Q (and C) for N=70 and
23: NextTrans = {t} : 6(t) = NextStop, Vt; Area= 1000x 1000 n? (rate-range relationship as in Table I)
24: for v =110 |NextTrans| do
25: ¢ = A(NextTrans(v)) N=70, Area=1000*1000 m2
26: =T:\{NextTrans(v)} 35 i ,
27: |f T = then '
28 U=U\{¢}
29: end if
30: end for 3r
31: Enert = transmissions enabled WyextTrans; a
322 E=FEU Encat, s
33: B = E\{T decided}; S o5l
34: time = NextStop; =
35: end while a

?;D ol —A— WCDS (using all rates)

<] PAMT (using all rates)
performance of the Dijkstra’s tréeWe employ the rate-range Ee ECDSS("ESHTg bfft :atetonlyl))
relationships derived from Qualnet (Table I) and from the 15 el EALLL
specifications of a commercial product (Table II) in our study. §
A. Sensitivity of broadcasting framework to rate-range rela- 1 5 3 4 5 6 7
tionship Number of Radio Q (and channels C)

2. The throughput (in Mbps) against the number of radio interfaces

We present the sensitivity analysis of our broadcastin
framework to the rate-range relationship of the WMN using?:
the rate-range relationships shown in Table | and Il. We ha
observed that, for both considered rate-range relationships, the
performance of SBM broadcast heuristics (CDS and PCDS)
is comparable to performance of FMM broadcast heuristics
(WCDS [10] and PAMT [11]) especially for dense WMNBor

the rate-range relationship as shown in Table |, the broadcast,
latency, for varying@ (and C), is depicted in Figure 1 and §
the throughput results in Figure 2. Similarly, for the rate-range 5
relatlonsh|p as shown in Table I, the broadcast Iatency resuItz;,
is shown in Figure 3, whereas the throughput result is showno
in Figure 4. Both the latency and throughput results, for both & g
rate-range relationships, show a similar trend where the SBMQ
broadcast heuristics perform comparably to FMM broadcast‘3
heuristics, especially at high node densities.

Normallz

B. The performance of different topology construction algo-
rithms

The performance of PCDS and PAMT is identical to the
performance of CDS and WCDS, respectively, for SR-SC

3Since determining the actual optimal is NP-hard, we use Dijkstra tre
performance as a theoretical lower bound on the optlmal achievable lat elfr%
in a corresponding wired network a=

(and the number of channels C) for N=70 and Area= 1602000 n?,
te-range relationship as in Table I)

N=70, Area=1000*1000 m2

5
3

—B&— PCDS (using HRC rate only)

—#— PCDS (using quickest rate only)
WCDS (using all rates)

—b— PAMT (using all rates)

T

q

2.5

15

—
=) =
i

1 i i i i

2 3 4 5 6 7
Number of Radio Q (and channels C)

The normalized broadcast latency against Q (and C) for N=70 and

1000x 1000 n?, (rate-range relationship as in Table II)



Transmission| Transmission 20 30 40 50 60 70 80 RAP
rate (Mbps) range (m) nodes | nodes | nodes | nodes | nodes | nodes | nodes | (Mbps-kn?)
1 483 3.7527 | 4.9654 | 6.0404 | 6.0581 | 6.8685 | 7.2944 | 7.6121 0.73
2 370 3.1943| 3.8988| 4.2859 | 4.4506 | 4.9467 | 5.0476 | 5.0275 0.86
5.5 351 1.7585 | 2.146 | 2.2224 | 2.4239| 2.6947 | 2.8111| 2.8019 2.13
1T 283 13572 1.4739 | 1.5991| 1.6652 | 1.8205 | 1.8615 | 2.0036 2.77
TABLE |

BROADCAST LATENCY OFPCDS, €ORQ=2, C=2, AREA= 1000 x 1000M?), USING SBM FRAMEWORK, CCA CHANNEL-ASSIGNMENT AND THE
RATE-RANGE RELATIONSHIP FROMQUALNET [22], ALSO SEE PROBABILITY OF A CONNECTED NETWORK FOR THIS TABLE INFIGURE 7

Transmission| Transmission 20 30 40 50 60 70 80 RAP
rate (Mbps) range (m) nodes | nodes | nodes | nodes | nodes | nodes | nodes | (Mbps-kn?)
1 610 4559 | 6.591 | 7.5292| 7.3821 | 7.8563 | 8.0737 | 8.2701 1.17
6 396 1.77141 2.0259 | 2.1964 | 2.2626 | 2.3385 | 2.3496 | 2.4012 2.96
11 304 1.4436 | 1.6392 | 1.7638 | 1.9037| 1.9563 | 2.0248 | 2.0773 3.19
18 183 N7A N7A N7A 25746 | 2.6788 | 2.7648 | 2.7033 1.89
54 76 N7A N7A N7A N7A N/A N/A N/A 0.98
TABLE I

BROADCAST LATENCY OFPCDS, (Q=2, C=2, REA= 1000x lOOOMz), USING SBM FRAMEWORK, CCA CHANNEL-ASSIGNMENT, AND THE
RATE-RANGE RELATIONSHIP OF A COMMERCIAL PRODUCT 23], ALSO SEE PROBABILITY OF HAVING A CONNECTED NETWORK INFIGURE 8

N=70, Area=1000*1000 m2 Q=4, C=4, Area=1000*1000 m2
4 165 : :
/ \
35 s——F— 5 15/ ]
c
]
2, 5
5 r - o 147 S 1
g g —H——q
g. 2.5¢ 1 -cg S 1
5 s
3 3
= 2t - 1 N 12t v
= —H— PCDS (using HRC rate only) E —¢— PCDS (using HRC rate only)
—#¢— PCDS (using quickest rate only) s PCDS (using quickest rate only)
1.51 WCDS (using all rates) 1 Z 1.1g —8— WCDS (using all rates) 1
p —— PAMT (using all rates) —p— PAMT (using all rates)
l L L L L L L 1 i i i i i
1 2 3 4 5 6 7 8 10 20 30 40 50 60 70
Number of Radio Q (and channels C) Number of nodes (N)

Fig. 4. The throughput (in Mbps) against the number of radio interfacgsy. 6. The normalized broadcast latency against the number of nodes N for
Q (and the number of channels C) for N=70 and Area= 1800000 n¥, =4, C=4; Area= 1000« 1000 n?, (rate-range relationship as in Table II)
(rate-range relationship as in Table II)

Q=4, C=4, Area=1000*1000 m2 Varying Nodes, Area=1000*1000 m2
2 : ; ; 100 X £ 2 2 1Y
—%%— CDS (using best rate only) —6— 11 Mbps
—¢— PCDS (using best rate only) > —4A— 5.5 Mbps

> . [ —8— 2Mbps
[5) —A— WCDS (using all rates) o |
S 18 80 | Mbps
9 A —>— PAMT (using all rates) 9 i
< S /
17 2
S 16 £ 60 1
] o
© c
o ‘@
o =}
- > 40 1
3 1.4 £
E (&)
E £ ) ]
g 1.2 8

/

:u‘/ i i i i i O i i i i i

10 20 30 40 50 60 70 20 30 40 50 60 70 80

Number of Nodes (N)) Number of Nodes N

Fig. 5. The normalized broadcast latency against the number of nodes Nfég. 7. The probability of having a connected network usingrdte-range
Q=4, C=4; Area= 1000< 1000 n?, (rate-range relationship as in Table 1) relationship of Table |



Varying Nodes, Area=1000*1000 m2
=

is seen from that the highest RAP-value transmission rate (11

$%54Mbps Mbps for both Table I and Il) has the best average broadcast
—4— 18 Mbps latency.

—B— 11 Mbps

—>%— 6 Mbps

—%x— 1Mbps D. Methods for calculating the “best” multicast rate

We now evaluate the viability of the methods, proposed
in Section V, for determining the ‘best’ link-layer multicast
rate . Considering the range-rate relationship shown in Table
I, since the RAP values are monotonically increasing with
increasing rate, both the ‘quickest’ and ‘HRC’ (highest RAP-
valued connected) rate methods give the same rate. We refer to
this rate as the ‘best’ rate in Figures 1, 2 and 5. The normalized

Connected Network (percentage)

2 L
0 broadcast latency and throughput for varying numberQof
(and C) with N = 70 are shown in Figures 1 and 2,
ob : & : : : ) respectively. Similarly, for varying number of nodes (usigg
20 30 40 50 60 70 80 andC = 4), results are displayed in Figure 5. For the range-

Number of Nodes N rate relationship shown in Table II, Figure 6—displaying the

normalized broadcast latency for varying number of nodes
(using @ and C = 4) in 1000 x 1000 m? area—shows

that the ‘quickest’ rate and the ‘HRC’ rate methods perform
comparably for low node densities. For low node density,

WMNs# This can be observed (faf = 1) in Figure 1. ‘HRC' rate is likely to b(_a _the same as the ‘quickest’ rate
For the MR-MC WMN scenario (i.e., forQ > 1 in Figure accordlr!g to the connectivity data in Table | (faF < 40).

1), PCDS and PAMT improve the performance of CDS and FOr higher node densities, howe\‘/er,_ ‘HRC’ rate method
WCDS, respectively, byarallelizing their transmissions. ~ Performs much better than than the ‘quickest’ rate method as
Referring to Figure 5 and Figure 6, the performance oshown in Figure 6 (forV more than 40). Figure 3 and Figure
SBM heuristics (i.e., CDS and PCDS) becomes comparable’t@tS0 show that latency and throughput performance of our

the performance of FMM heuristics (i.e., WCDS and PAMTUristics—forN = 70 in 1000 x 1000 m* area—using ‘HRC

with increasing node densitwe note that in sparse WMN, therate method is much bgtte_r than _qwckest rate method across
SBM heuristics might be hindered by its design choice of onf{}€ range of andC'. This is also illustrated in Table I fof
employing a single link-layer multicast rate as the networ@dC = 2 for varying number of nodesience on the basis
might have to decide a lower rate as the ‘best’ multicast ragé these experimental results, we can conclude that using the
to maintain connectivity. This can lead to lower performancé RC’ rate method is an efficient way of selecting the ‘best
for SBM heuristics compared to FMM heuristics in spars&te o be used in SBM framework broadcast heuristics.
networks. This is, however, not a problem for dense networks.

Fig. 8. The probability of having a connected network usingrite-range
relationship of Table Il

X. CONCLUSIONS

In this paper, we proposed a new broadcast/multicast frame-

To study the viability of using RAP as a rule-of-thumb fotVOrk called SBM that uses a single “best” link-layer rate for all
measuring the broadcast efficiency of different rates for tfgulticast. We also proposed low latency broadcast heuristics
SBM framework, we have performed simulations to calculafg@t utilize SBM framework, and suggested methods that can

the broadcast latency—for varying number of nodes in an arggl€Ct the “best” rate to be used with our framework. Our anal-
of 1000 x 1000 m? using the rate-range relationship showdS'S of SBM showed that, in dense settings, its performance
in Table | and Table ll—for PCDS algorithm. The data inS comparable to the more powerful FMM framework that can

Table | and Il is to be observed together with Figure 7 arfifl@Pt the link-layer multicast rate of each frame. Although the
8, respectively, which displays the probability of having single layer-rate multicast approach appears attractive, there

connected network (calculated using 1500 sample topologie)e SOme important practical issues to be resolved. For one,
for shown rates. The lowest rate (1 Mbps in Table | and 1) hd8¢ SBM approach requires centralized knowledge of the entire
the maximum connectivity probability of 1—since we onlyfoP0l0gy, also SBM requires improvements to make it less

consider networks that are connected using the lowest rafeinerable to dynamic topologies.

Figures 7 and 8 indicate that connectivity probability, using a

particular rate, decreases with increasing rates. We note that
the quicker rates (e.g., 18 Mbps and 54 Mbps in Figure

C. Using RAP for ‘best’ rate prediction in MRMC WMNSs
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