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Abstract—In this work, we consider the multicast problem in
a single cell in a cognitive mesh network. Due to the potentia

over both time and frequency and by also using the tech-
nique of network coding [7]. For this purpose, we propose a

heterogeneity in channel availability among the members of
multicast group(s), the total multicast time could be longe due
to transmitting the multicast data over multiple channels. We
propose, in this work, an assisted multicast strategy with hie
objective of minimizing the total multicast time. This assstance
is composed of two main activities, first, allowing the receiers
in a multicast group to forward the data they have received to
other members of the multicast group(s), and second, allowg the
transmission of coded (bitwise XORed) packets so that recesrs
belonging to different multicast groups can decode and exact
their data concurrently. We show, in this paper, that the proposed
assistance paradigm achieves a considerable reduction ind total

multicast mechanism that relies on three operations. Tke fir
operation is calledssistancein which some of the receiving
members of a mutlicast group assist in the multicast process
by forwarding the data to other members of their group (or
other groups). The second operation is calbe@rhearing in
which some receiving members of a multicast group overhear
the data destined to another group. This operation has two
advantages; it first enables the inter-group assistancedfd-

ing) between different multicast groups, and also enalfies t
delivery of multiple packets to different groups at the same

multicast time, which in turn increases the system throughpt. time by using the third operation; theodeword exchange

operation In thecodeword exchange operatiotoded packets
(bitwise X O Red packets) ,which we refer to as codewords, are
used in the assistance operation so that members of differen
Empowered by the technology of software-defined radiesulticast groups can decode and extract their own data using
[1], cognitive radio networks have emerged as a solutigrackets they overheard from previous transmissions. Horma
for spectrum underutilization [2]. The new technology @0 definitions of these operations will be given in SectionAll-
cognitive radio users, usually referred to as secondarysuse A very limited number of studies have addressed the
(SUs), to opportunistically utilize unused licensed spgat multicast problem in cognitive radio networks. In [8], a
provided that they vacate a channel once a licensed usaylticast-tree construction protocol was proposed for ieob
usually referred to as a primary user (PU), starts using $. Aad hoc networks. Video multicast in infrastructure cogysiti
the channel availability is both time and location depemdemnadio networks was studied in [9]. The cognitive base statio
SUs may observe heterogeneous sets of idle channels. Tdtisoses the multicast channels opportunistically suchttiea
heterogeneity raises a number of challenges to the operatio collision probability with the primary system is minimized
cognitive radio networks. Besides the channel sensinglgnob and the unused spectrum is exploited as much as possible.
(or equivalently PU detection), transmission coordimati® In both works, there was no notion of assistance whether by
one of the essential and most challenging functionalittes multicast receivers or by the use of network coding.
cognitive radio networks. The channel sensing problem hasThe rest of this paper is organized as follows. The system
been the focus of mainstream research in the area of cognitivodel is presented in Section Il. In Section Ill, we formally
radio networks. Cooperative sensing [3] and sensor netwodefine theassisted multicast schedulimgoblem and present
aided-sensing [4], [5], where an infrastructure sensowot  some motivational examples. Then, in Section IV, we elateora
takes over the task of channel sensing, are two promisiog the problem complexity and propose ILP formulations
solutions for the PU detection problem. On the other hanfdr unassisted multicast scheduling and assisted muiticas
the most adopted solution for the transmission coordinatigcheduling problems. A heuristic approach to solve thestesbi
problem is the use of a common control channel between alulticast scheduling problem is proposed in Section V. We
SUs on which the coordination takes place. evaluate the performance of the proposed scheme in Section
In this paper, we are interested in the multicast problem, and conclude in Section VII.
in wireless cognitive mesh networks [6]. The property of
heterogenous channel availability in cognitive radio raks
may cause the multicast process to take place over multiple
channels, causing longer multicast periods and conselguent We consider a wireless cognitive mesh network that consists
lower throughput. We study, in this work, the problem obf a number of mesh routers (MRs) connected over multiple
minimizing the total multicast time in a single cell of ahops to a gateway node(s) that provides access to the bazkbon
cognitive mesh network by scheduling the multicast agtivimetwork. Each MR manages a number of mesh client (MCs)

|. INTRODUCTION
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forming a cell. The only way for a MC to access the backboregld network coding to the picture by allowing nodes (MRs
network is through its parent MR. This cognitive mesh netr MCs) to exchange coded packets. This step reduced the
work coexists with a primary (licensed) network(s) thatieéis total multicast time to3 slots only. Note that MCs:; and
a set of orthogonal channels Secondary nodes (both MRsng (interested in packet) have received in slot 77, and
and MCs) can use any of these channels if the channelM€ njy (interested in packet) have received: in slot T5.
vacant, either spatially or temporally. In this work, wewsg Therefore, all the three MCs will be able to decode the b
that the channel availability at a node in the cognitive megfacket and extract their own data. The multicast schedule
network is quasi-static, i.e., does not change in a shoibger using the three assistance mechanisms, intra-group arsssst
of time. Furthermore, MRs and MCs obtain information aboumter-group assistance, and network coding, is presented i
channel availability by channel sensing [10], [11], [5], iefn  Figure 1. It is worth pointing out that a part of this schedgli
is beyond the scope of this paper. Lastly, we assume thaea fpgoblem that can highly affect the outcome is scheduling the
common control channel (CCC) exists for all the members ofaverhearing opportunities especially if a MC has multiple
cell in the cognitive mesh network to use for coordinatingjth transmissions to overhear from in a single time slot.
communication.Data and control packets can be transnutied
separate radios, if nodes are equipped with multiple radios A. Definitions
timely multiplexed over a single radio. In this work, we @8I \yg present in this subsection some necessary definitions.
that one radio is used for data trans_ml_ssmn per node (MC orpefinition 3.1: Codewordis a group of packets (could be
MR), and that the data packet size is fixed. a single packet) coded (bitwise XORed) into one packet.
For a particular cell managed by MR let £; be the set  pefinjtion 3.2: Multicast period is the number of time
of channels that can use such thaf; € £, andZ; # 0. gjots needed to deliver to all the members of each multicast
Also, _Iet A, be the set of MCs managed by MRThen for group the data packet destined to that group.
eachj € A, £; C L, is the set of channels that MCcan — pefinition 3.3: Assistance operatiois the process of hav-
use. We assume that all the members of a cell are in the Saf¢ an MCi forward to an MC;j in slot¢ a codeword that the
interference range, i.e., no two members of the cell canhise {atter can use, possibly with the codewords overheard ie tim
same channel concurrently. Once again, we are only comterrr@’ t—1] by j, to extract the data destined to itilénd; belong
with the last stage of the multicast process, and that is ffem g the same group, then the operation is calletia-group
MR to MCs that are members of a multicast group. ThereforggsistanceOtherwise, it is callednter-group assistance
we do not study the multicast across multiple cells. We aim at pefinition 3.4: Codeword exchangés the process of al-
minimizing the total multicast time (increasing throughpu  |owing the exchange of codewords in thssistance operation
Definition 3.5: Multicast scheduteis a schedule of the
[1l. M OTIVATION AND PROBLEM DEEINITION multicast activity over time and frequency. The schedule
] ] ] should determine for each member of a multicast group
Before we formally define the assisted multicast prOblerﬂncluding the MR) what to transmit/receive (packet), onatvh

we would like to present an example that illustrates thesquency (channel), and at what time (slot). The following
motivation behind this work, and then give some definitions, s the feasibility conditions for a multicast schedule:

E.xample: Consider the .network (a cell) in F!gure 1. 1) At a slott, there can be at most one transmission per
The figure shows two multicast groups: the white nodes channel, and at most one transmission per node

form the group of MCs{n1, n2, 13, m4,n} that should re- 2) For an MC to transmit codeword at ¢, it must receive
ceive packets, and the gray nodes form the group of MCs a set of codewords if0, t—1] sufficient to construct.

{ns,n7,ng} that should receive packe_bt The set besides Then, the assisted mutlicast scheduling (AMS) problem in
each MC represents the channels available to that MC. Node .. . , ]
no represents the MR of the cell, and it has all the ﬁvgogmt_lv_e_ mesh networks is deﬂ_ned as_f_ollows.

0 ' Peflnltlon 3.6: AMSproblem in cognitive mesh networks:

channels available. Table |, summarizes the basic idea : ,
assisted multicast for the network in Figure 1. The first twocglven M multicast groups{Gi, - -+ , G} managed by MR

rows show an optimal multicast schedule without any forr%UCh thatg UJ:.l g; € Ai, find a feasible multicast S.ChEd
: . ..~ Uule, with bothassistanceand codeword exchangeperations
of assistance, the first of the two shows the transmissions as . - : :

. enabled, that results in the minimumulticast period
(transmitter, packet, channel) tuples, and the second shows
the receptions a-eceivers, packet, channel) tuples. Similar
pairs of rows are presented for three levels of assistaraah e ] ] i
of which corresponds to exploiting an additional assistanc ' thiS section, we study the complexity of the AMS prob-
operation. Columns in Table | correspond to time slots. AEM and propose two integer linear program (ILP) formutasio
the table explains, under no form of assistance, the best {RE the case of unassisted multicast, and the case of single
MR can do is 6 time slots. By adding intra-group assistanc@lticast group with intra-group assistance.

i.e., allowing members of the same group to forward packets )

to each other, the total multicast time was reduced tots. A- Single Multicast Group

By extending the assistance to inter-group (allowing nesrsi We first consider the case where only one multicast group,
to assist members of other groups than theirs) the total tirdenoted agj, exists in a cell managed by MR,. There-

was further reduced tal time slots. The final step is tofore, the only possible form of assistance is the intra-grou

IV. PROBLEM COMPLEXITY AND FORMULATION
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Fig. 1. An example that shows the benefit of using assistedicast in reducing the total multicast period.

TABLE |
ENHANCING THROUGHPUT BY INTRODUCING DIFFERENT ASSISTANCE EICHANISMS.

Scenario TXRx Ty Ty T3 Ty Ts Ts
Unassisted multicast Tx (no,a,0) (no, a,2) (no, a, 3) (no,b,0) (no,b,4)  (no,b,1)

Rx ({n1,n6},a,0) ({n2,n3},a,2) (na,a,3) (ns,b,0) (n7,b,4)  (nsg,b,1)
Intra-group assis. Tx (no,a,0) (no,a, 2) (n3,a,3), (no,b,0) (no,b,4) (no,b,1) -

Rx {n1,n6},a,0) ({n2,n3},a,2) (n4,a,3), (ns5,b,0) (n7,b,4) (ng, b,1)
Inter-group assis. Tx (no,b, 1) (no,a,2), (ne,b,4) (n3,a,3), (no,b,0) (no,a,0) -

Rx ({ns,n6},b,1) ({nzi)ng},a, 2), (n4,a,3), (ns,b,0) ({n1,n6},a,0) -
Codeword exchange Tx (no,b,1) EZZZ&,%, (ne,b,4)  (n3,a,3), (no,a®b,0) - -

Rx {n1,n6,n8},b,1)  ({n2,n3,ns5},a,2), (na,a,3), - -

(n7,b,4) ({n1,n5,n6},a®b,0)

assistance between the members dof To understand the construction, to the minimum number of sets that can cover

complexity of the“AMS for a single group” problem, let . In the other direction, the minimum number of subsets that

us study that of the normal, unassisted, mutlicast scheglulicover the universe maps, also by construction, to the minimu

problem as the latter is a special case of the former. number of time slots (because we use one channel per slot)
Definition 4.1: Unassisted Multicast scheduling for a sinheeded to deliver the multicast packet.

gle group (UMS-Single)given a multicast grouy managed ]

by MR ny and the set of available channels at each MG Before we present the ILP formulations, we need to present

andng. Find amulticast scheduléhat results in the minimum some notations:

multicast periodgiven thatng is the only transmitter. - G is the only multicast group in the cell managed by
Theorem4.1: The UMS-Singleproblem is NP-hard. MR no (excludingno) such thatg C A,.

Proof: a reduction from the set-cover problem can be . Ar(;) is the set of nodes i U {0}\{i} that can reach
easily drawn. The set cover problem has, as input, a unizérse nodei on at least one channel.

and a group of subsess= {51, , Su}, and the objectiveis . £ is the set of all channels available to the members of
to find the minimum number of subsets that cover the universe  the multicast group4; C Lo Vi € Ay).
U, i.e., Minimize |C| : C € S, U.ecc = U. To map an - T is the maximum number of time slots needed to
instance of the set-cover problem into an instance of the UMS  deliver the multicast packet to all the members of a
single, we do the following: multicast groupT is upper bounded bynin{|Z|, |G|},
- Create a hypothetical nodeand mark it as the MR. and for simplicity we sef’=min{|L|,|G|}.
- For each member € U/ in the set-cover problem, create - ' is a binary variable that is set tiff a transmission
an MCu in the UMS-Single problem and extend an edge ~ €Xists in slott on any of the channels id.
betweenu andn. - yi, is a binary variable that, if set to, indicates that
- Map each subse§; in the set-cover problem into a node: transmits the packet on chanrieht slott.
channelk in UMS-Single problem. Then, make channel The UMS-Single problem is now formulated as an ILP
k available to every MQu iff u € Sj. in Algorithm 1. The objective function is to minimize the
- Make all channels available to the MiR total number of used (transmitted in) time slots. Constrain

Note that in the UMS-Single problem, MR is the only (2) guarantees that each MC will receive the data by forcing
transmitter and it transmits on one channel at each time sltite MR to transmit on at least one of the channels available
Also, note that any solution that has the MR transmits on ti@ that MC. One transmission per slot is forced by (3).

same channel in different time slots is not optimal, becauseThe ILP presented in Algorithm 1 can be modified to

the exact same set of MCs will receive the packet in boformulate the AMS problem with intra-group assistance for
transmissions. Therefore, the minimum number of time sloés single multicast group. We just need to allow MCs to

to deliver the multicast packet to all MCs maps directly, bforward the data they receive to their neighbors. The ILP



Algorithm 1: ILP formulation for the UMS-Single prob- Algorithm 2: ILP formulation for the AMS problem with

lem. a single mutlicast group.
T T
Minimize " v, subject to: Minimize Zyt, subject to:
t=1 t=1
Yo SV, V€ Lo 1<t <T (1) oyl <, VieGU{OLkeL,1<t<T 4)
T 1 .
; yir=0,Vie G keL,. 5
S Y sz vieg @ ©)
keL,NLy T=1 t—1
t T
23D DD DED BE 4%
Z vor <1, 1<t<T. ®3) JEN (i) kELiNL; T=1 (6)
k€Lo VieG ke l£;,2<t<T

T
YO>S Dzl vieg (7)

formulation for the AMS problem with a single multicast 7€V Fe£ing, 7=1

group is presented in Algorithm 2. Using constraint (5), we Z Yl <1, Vhkel,1<t<T (8)
forbid MCs from transmitting in the first time slot as they kav "
not received the multicast packet yet. Constraint (6) guiaes
that no MC transmits on any channel at gldiefore it receives Z yir <1, VieGu{0},1<t<T 9)
the packet from at least one neighbor, on a channel commorkec;
between the two, ifl,¢—1]. We guarantee the delivery of
the multicast packet to each MC by constraint (7). Condtsain
(8) and (9) guarantee one transmission per channel and one
transmission per node in each time slot respectively. MCs, those which have received the packet(int — 1], at
a slot ¢ such that the packet is delivered to the maximum
number of uncovered MCs is NP-hard (the proof is omitted
due to lack of space). Therefore, we divide the scheduling
Apparently, the problem of AMS with multiple groups istask ata single time slotnto three phases. (1) Scheduling the
at least as hard as the AMS with a single group, WhigQR transmission (channel and codeword). (2) Scheduling the
is NP-hard. Furthermore, the ILP formulation of the AMSssistance operation (channel and codeword). (3) Scmeduli
problem with multiple groups is very complicated because @f,erhearing opportunities. Note that all these operatiares
the codeword exchange operatioBpecifically, an MC cannot scheduled over frequency channels only and not over time
transmit a codeword at time ¢ unless it receives a set ofg|ots, Before we present the details of each of the threesshas
codewords sufficient to construet To embed this fact in the e need to provide some terminology.

constraint of the ILP, we need to take into consideration all Let V; be the set of overheard codewords by M@p until
combinations of native multicast packets which will ingea the current time slot. Also, lep(i) be the multicast packet
the number of variables and the constraints exponentiallyastined to multicast group to which MCbelongs. Then, for
Moreover, the constraint which ensures that each MC reseivg\1c ; that has not yet receivasli), and has overheard the set

its multicast packet is also more complicated. Instead OfoqlcodewordsVi, the set of useful codewords (those thaan
unique packet that satisfies the constraint in the case otesi jocode and extragi(i) from) can be determined as follows.
group, a group of decodable codewords can satisfy the dglivgyefine )); as the set of all combinations of the codewords in
constraint in the case of multiple groups with tbedeword Vi, i.e.,|Vi| = 2IVil — 1. Then,p(i) @ V¥ is a useful codeword
exchange operatiorThis requires us to take into consideratiofy, pmc i whereV* denotes the!" cémbination (codeword)
all the combinations of decodable codewords from which & ) for all 1 < k< Vil

MC can extract its packet. This will also increase the numberLet G. A
of constraints exponentially. Therefore, we do not propaise
ILP formulation for the AMS problem with multiple groups.

1€GU{0}:keL;

B. Multiple Multicast Groups

C @G denotes the set of MCs that have received
their multicast packets. Then, the bgsbdeword, channel)
schedule for the MRy, in a given slot is found as follows:

V. HEURISTIC SOLUTION FOR THEAMS PROBLEM . 1 ifvepi)eV, ke Ll;
: ; . : (v", k") = argmax 0 otherwise
In this section, we propose a heuristic algorithm to solve (veV.k€Lo) i S,
the AMS problem in cognitive mesh networks. The algorithm ' (10)

is greedy-based in the sense that we deal with each slot

independently and try to make the optimal decision at thighere) is defined as,

slot. However, finding this optimal decision is not easy. In

fact, it can be shown that for the case of a single multicapt= U Vi (11)
group, scheduling the transmissions of the MR and covered ;cg\g.



Equation (10) basically finds, for the MR, the Algorithm 3: HAMS: Heuristic solution for the AMS
(codeword, channel) pair that serves the maximum number problem.
of unserved MCs at a particular time slot. The same approach M groups{Gi,---
is used for the second phase, namely, scheduling the msta 0. G, — O
operation. For an MG that can participate in the assistance Vi ¢

2 while |G.| < |G| do
process, its optimglcodeword, channel) is found as follows: R — 0 //Busy MCs in slot

T « 0; //[Transmissions in slot

K« 0; //IChannels used in slat

Find the optimal(codeword, channel) for the MR
using eq. (10), let that bev*, k*);

7 forall i € G\G. : k* € L;, v* @ p(i) € V; do
where K is the set of used channels in the current slot, i.eg, L R «— R U{i}; IIMC i is busy receiving irt
the set of channels that M€ cannot transmit on. The last g Vi « V; Uv*; Ilv* is overheard by MG in ¢
phase is to schedule the overhearing operation for MCs that G, —G.UR:
are not participating in the assistance operation. Thechdsa ,5(_ ICCU {k*'}' J//Channelr* is used int
is fo_r a MC to overhe_ar the_z codeword that usefulto the T TU {(v*:k*)};
maximum number of its nelghbors. L&t be the set of all //Schedule the assistance operation
transmissions in the current time slot made by the MR and the while |G\R| > 1 do
MCs participating in the assistance operation and reptede forall i € G\R do

as (codeword, channel) pairs. Then, for a non- transmitting, \; Find the optimal(codeword, channel) for

nput ,G]u}, L; Vi e UJNil G;.

E M)

1 if v@®p(w)eV,y,,
k€ Ly, weN(®)
0 otherwise

a1

(vf, k)= argmax

(veVv,;,keL;/K) wEG\Ge

o

(12)

MC i, the best(codeword, channel) for overhearing is: MC i using eq. (12) and let that be:, ),

and let the value of the maximum be;

[V |
1 if ve VZ @ p(w), i = argmax o
(v, k}) = argmax Z ZL:Jl 17 i€EG\R
WRET \Eqng. keLly, N L, we N(i) 18 if af =0 then
0 otherwise 19 | break;
(13) 2 else
The AMS heuristic approach, denoted HAMS, is outlined At T—TuU {(f’;’ kj)} o
Algorithm 3. The first phase, i.e., scheduling the MR trarssmp2 R — R U{i}; /i is busy transmitting irt
sion, is expressed by lingé—12]. The phase of scheduling thes K — KU {k;}; lIChannelk; is used int
assistance operation is expressed by liigs-27]. Finally, the 24 forall
phase of scheduling overhearing opportunities is exptesse w € N(i)\Ge : k € Ly, vF ®p(w) €V, do
the loop starting at lin@8. Note that for the case dff groups, 25 G. — G.U{w};
N (i) is defined as the set of nodes (i (UJ —1G) U{0\{i} 26 R «— R U{w};
that can reach MG in at least one channel 27 Vi — Vi U
VI. PERFORMANCEEVALUATION 28 forall i € G\R do

Find the optimal overhearing
(codeword, channel) pair for MC i using eq.
(13), and let that bév}, k¥);

Vi = V,uuv,;

In this section, we evaluate the performance of the propo$éd
assistance mechanism for the multicast scheduling probiem
wireless cognitive mesh networks. We vary the number of MCs
from 5 to 50 distributed uniformly at random in a square are®
of 500m x 500m. The MR’s location is fixed at the center of
the squared area. All nodes (MCs and the MR) are assumed to
have the same communication radiusydf x % = 353.55m
over all channels. We vary the number of multicast grolips assisted multicast were obtained using the ILPs in Algorgh
betweenl, 3, 4, and5. Each MC is assigned to any of tdé 1 and 2 respectively. We also evaluated the gain of intraqgro
groups uniformly at random. Lastly, we have the number @fssisted multicast by scheduling the problem using the HAMS
channelskK = 6 in all experiments. Each of th& channels algorithm. Each point is the figure is the average over a 100
is made available at an MC with probabilifya. On the other randomly generated topologies. As the figure shows, tha-intr
hand, all the channels are always assumed available at the MRup assistance achieves a significant gain over the wtedsi

a) Intra-group assistancefigure 2 shows the gain of case that increases with increasing the group size. On ez ot
using intra-group assistance in a single multicast groue Thand, the HAMS algorithm is performing well by achieving
gain is defined as the percentage reduction in the multicastonsiderable gain and being always within, on average, one
period of the unassisted multicast achieved by using askistime slot of the optimal solution obtained by Algorithm 2. In
multicast (rassisted—assisted  1(0%). The optimal solutions fact, HAMS was, on averagey 0.63 slots higher than the

unassisted

for the two cases of unassisted multicast and intra-grooptimal assisted multicast schedule obtained using Allgari
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2, and= 2.11 slots less than the optimal unassisted multicast VII. CONCLUSIONS
schedule obtained using Algorithm 1. In this work, we have studied the problem of assisted

multicast scheduling in wireless cognitive mesh netwovks.

b) Inter-group assistanceWe now evaluate the benefithaye proposed an assistance paradigm that relies on receive
of using each of the three assistance operatiofga-group nodes to forward the multicast data to other receivers that
assistancginter-group assistanceand thecodeword exchange haye not yet received their own data. Furthermore, network
operationfor multiple multicast groups. We vary the numbegoding was also proposed as another assistance technigfue th
of groups}M between 3, 4 and 5. For each case, we evaluglgther reduced the total multicast period. Results shoat th
the gain usingntra-group assistance onlyintra- and inter- the proposed assistance paradigm achieves a significamt gai

group assistanceandintra- and inter-group assistance withjn reducing the total multicast period, i.e., overall thgbput.
network codingFor the unassisted multicast case, we find the

optimal schedule by running the ILP in Algorithm 1 for each REFERENCES
one of theM groups and summing up the optimal multicast[1] Joseph Mitola. An Integrated Agent Architecture for Software Defined
periods for all individual groups to obtain the total mudtit Radia PhD thesis, Royal Institute of Technology (KTH), Stockhpl
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