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1. SYNONYMS

The BROADCAST SCHEDULING PROBLEMiS also referred to as the TDMMESSAGE
SCHEDULING PROBLEM][6].

2. INTRODUCTION

Wireless mesh networks (WMNSs) have become an important snsglacommunication
in recent years. In these networks, a shared radio channski$ in conjunction with a
packet switching protocol to provide high-speed commuivoodetween many potentially
mobile users. The stations in the network act as transmitied receivers, and are thus
capable of utilizing a multi-hop transmission procedurene Tadvantage of this is that
several stations can be used as relays to forward messatiesitdended recipient. This
allows beyond line of sight communication between statiwhgch are geographically
disbursed and potentially mobile [2].

Mesh networks have increased in popularity in recent yeadstlae number of appli-
cations is steadily increasing [25]. As mentioned in [1], \WMallow users to integrate
various networks, such as Wi-Fi, the internet and cellwatems. WMNSs can also be
utilized in a military setting in which tactical datalinketwork various communication,
intelligence, and weapon systems allowing for streamlice@munication between sev-
eral different entities [6]. For a survey of wireless mestwueks, the reader is referred to
[1].

In WMNSs, the critical problem involves efficiently utilizinthe available bandwidth
to provide collision free message transmissions. Unfett&éransmission by the network
stations over the shared channel will lead to messageioollis Therefore, some medium
access control (MAC) scheme should be employed to schededsage transmissions so
as to avoid message collisions. The time division multigdeeas (TDMA) protocol is a
MAC scheme introduced by Kleinrock in 1987 which was showprvide collision free
broadcast schedules [19]. In a TDMA network, time is divided frames with each frame
consisting of a number of unit length slots in which the mgesaare scheduled. Stations
scheduled in the same slot broadcast simultaneously. Trigpal is to schedule as many
stations as possible in the same slot so long as there aressageecollisions.

When considering the broadcast scheduling problem on TDM#vorks, there are
two optimization problems which must be addressed [31]. fiflseinvolves finding the
minimum frame length, or the number of slots required to daokeall stations at least
once. The second problem is that of maximizing the numbetadiomis scheduled within
each slot, thus maximizing the throughput. Both of thesélers however, are known to
be N'P-hard [2]. Therefore, efficient heuristics are typicalledgso quickly provide high
quality solutions to real-world instances.
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2.1. Organization. The organization of this article is as follows. In the foliog sec-
tion, we formally define the problem statement and provideathematical programming
formulation. We also examine the computational complettigy problem. In Section 4,
we review several solution techniques which appear in tieealiure. We provide some
concluding remarks in Section 5 and indicate directionsutiirie research. Finally, a list
of cross references is provided in Section 6.

2.2. ldiosyncrasies. We will now briefly introduce some of the symbols and notasiore

will employ throughout this paper. Denote a gragh= (V, F) as a pair consisting of a set
of verticesV, and a set of edges. All graphs in this paper are assumed to be undirected
and unweighted. We use the symbbl:= ¢” to mean “the expressiom defines the (new)
symbolb” in the sense of King [18]. Of course, this could be convetlieextended so that

a statement like(l —e€)/2 := 7" means “define the symbelso that(1 —¢)/2 = 7 holds.”
Finally, we will useitalics for emphasis andMALL CAPS for problem names. Any other

locally used terms and symbols will be defined in the sectiomghich they appear.

3. FORMULATION

A TDMA network can be conveniently described as a grépk= (V, FE) where the
vertex setl represents the stations and the set of edgespresents the set of commu-
nication links between adjacent stations. There are twestyyd message collisions which
must be avoided when scheduling messages in TDMA netwottks fifist, called alirect
collision occurs betweewone-hop neighboring stationsr those stations, ; € V' such
that (i, j) € E. One-hop neighbors which broadcast during the same sleecaudirect
collision. Further, if(, j) € E, but(i, k) € E and(j, k) € E, theni and; are calledwo-
hop neighbors Two-hop neighbors transmitting in the same slot cause @aedhidden
collision[2].

Assume that there ar®/ slots per frame. Further, assume that packets are sent at the
beginning of each time slot and are received in the samerslhich they are sent. Let
x: M xV — {0,1}, be a surjection defined by

1, if stationn scheduled in slon,
0, otherwise.

Also, letc : E — {0,1} return 1 ifi andj are one-hop neighbors, i.e.,(if, j) € F and
i 7.

Using the aforementioned definitions and assumptions, weoa formulate th&ROAD-
CAST SCHEDULING PROBLEM(BSP) on TDMA networks as the following multiobjective
optimization problem:

Minimize M

M V|

Maximize Z Z Tij

i=1 j=1
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subject to:
M
m=1
Cij + Tmi + Tmy < 2, Vi,jeVii£jim=1,....,M, (3)
Czkxml‘FijIijl, \V/Z,],ke‘/,l#j,_]#k,k#l,m:l,,M, (4)
Zomn € {0,1}, YVneVm=1,...,M, (5)
MeZ". (6)

The objective provides a minimum frame length with maximwendwidth utilization,
while constraint (2) ensures that all stations broadcdstat once. Constraints (3) and (4)
prevent direct and hidden collisions, respectively. Caists (5) and (6) define the proper
domain of the decision variables.

Suppose that we relax thesp and only the consider the first objective function. This
is referred to as thERAME LENGTH MINIMIZATION PROBLEM (FLMP) and is given by
the following integer programmin{M : (2) — (6)}. Clearly any feasible solution to
this problem is feasible foBsp. Now, consider a grapty’ = (V, E’) whereV follows
from the original communication grapfi, but whose edge set is given ly/ = E U
{(4,4) : i, j are two-hop neighbo}s Then using this augmented graph, we can formulate
the following theorem due to Butenko et al. [2].

Theorem 1. TheFRAME LENGTH MINIMIZATION PROBLEM onG = (V| E) is equivalent
to finding an optimal coloring of the vertices@f(V, E').

Proof. Recall thatin order fora message schedule to be feasibiatbns must broadcast
at least once and no collisions occur, either hidden or tifdatice now thatt’ contains
both one-hop and two-hop neighbors, and in any feasibldisaoluneither of these can
transmit in the same slot. Thus, there is a one-to-one atival between time slots i@
and vertex colors irz’. Hence, a minimum coloring of the vertices Gf provides the
minimum required slots needed for a collision free broatseisedule ort. O

After one has successfully solved themp by solving the correspondingRAPH COL-
ORING PROBLEM an optimal frame lengt/* is attained. With this, theHROUGHPUT
MAXIMIZATION PROBLEM (TMP) given as followsmax {3, SV 25« (2) - (6)} can
be solved, wherd/ is replaced by * in (2) — (6). A direct result of Theorem 1 is that
finding an optimal frame length for a general instance ofgbeis NP-hard [11]. The
reader is referred to the paper by Butenko et al. [2] for thamlete proof. Also, in [8], the
TMP was also shown to b& P-hard [8]. Thus it is unlikely that a polynomial algorithm
exists for finding an optimal broadcast schedule for an ircstaf thessp[11]. It is inter-
esting to note however, that if we ignore constraint (4) Wlpcevents two-hop neighbors
from transmitting simultaneously, then the resulting peabis in P, and a polynomial
time algorithm is provided in [13].

Due to the computational complexity of tiesp, several heuristics have been applied
and appear throughout the literature [2, 3, 6, 28, 31]. Inftillewing section, we high-
light several of these methods and examine their effectisemwhen applied to large-scale
instances.
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4. METHODS

In this section, we review many of the heuristics which hagerbapplied to thesr.
We analyze the techniques used and compare their relatif@pance as reported in [6].
The particular algorithms we examine are as follows:

Sequential vertex coloring [31];

Mixed neural-genetic algorithm [27];

Greedy randomized adaptive search procedures (GRASH]; [2, 3
A multi-start combinatorial algorithm [6].

We note here that none of the heuristics which we describkignsection attempt to
solve theBsP by using the typical multiobjective optimization approaah which one
combines the multiple objectives into one scalar objeatiiese optimal value is a Pareto
optimal solution to the original problem. Instead all of thethods decouple the objectives
and handle each independently. This is done because fanirest of th@sp, frame length
minimization usually takes precedence over the utilizatiaximization problem [28, 31,
27].

4.1. Sequential Vertex Coloring. Yeo et al. propose a two-phase approach based on se-
guential vertex coloring (SVC). The first phase computespor@imate solution for the
FLMP. Then using the computed frame length, ther is considered in the second phase.
Specific details are as follows.

4.1.1. Frame Length MinimizationFor this phase, thEeRAME LENGTH MINIMIZATION
PROBLEMis considered and an approximate solution is computed lwrgpa graph col-
oring problem in the augmented graph. A sequential verteberimg approach is used
whereby the stations are first ordered in descending ord#reafiumber of one-hop and
two-hop neighbors. The first vertex is colored and the listhaf otherN — 1 vertices
are scanned downward. The remaining vertices are coloridtine smallest color which
has not already been assigned to one of its one-hop neigigbstation. The process is
continued until all vertices have been colored.

4.1.2. Throughput MaximizationTo solve thermp in the frame length computed in phase
1, an ordering method of the sequential vertex coloringrétlym is applied. The stations
are now ordered in ascending order of the the number of opexhd two-hop neighbors.
The first ordered station is then assigned to any slots inmih@an simultaneously broad-
cast with the previously assigned stations. This procespisated for every station in the
ordered list.

4.2. Mixed Neural-Genetic Algorithm. As with the coloring heursitic presented described
above, Salcedo-Sanz et al. [27] introduced a two-phasédtieurased on combining both
Hopfield neural networks [15] and genetic algorithms as Bl.[As with the vertex col-
oring algorithm, phase one considers thamp and phase two attempts to maximize the
throughput.

4.2.1. Frame Length MinimizationIn order to solve thERAME LENGTH MINIMIZATION
PROBLEM, a discrete-time binary Hopfield neural network (HNN) isdis&s described in
[27], the HNN can be represented as a graph whose verticéseaneurons (stations) and
whose edges represent the direct collisions. The neurengpatated one at a time after a
randomized initialization until the system converges. $mecific implementation details,
the reader should see [27].
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4.2.2. Utilization Maximization.In this phase, a genetic algorithm [12] is used to maxi-
mize the throughput within the frame length that was deteetiiin phase one. Genetic
algorithms (GAs) get their names from the biological preagbkich they mimic. Motivated
by Darwin’s Theory of Natural Selection [7], these algomithevolve gopulationof so-
lutions, calledindividuals over severafenerationsuntil the best solution is eventually
reached. Each component of an individual is calledlele. Individuals in the population
mate through a process calletbssover and new solutions having traits, i.e. alleles of
both parents are produced. In successive generationsthadg solutions having the best
fitnessare carried to the next generation in a process which mir&fundamental princi-
ple of natural selectiorsurvival of the fittesf12]. Again, the reader should reference [27]
for implementation specific information.

4.3. Greedy Randomized Adaptive Search Procedures(GRASP). GRASP [9] is a multi-
start metaheuristic that has been used with great succggs\ile solutions for several
difficult combinatorial optimization problems [10], inding SATISFIABILITY [24], QUA-
DRATIC ASSIGNMENT[21, 23], and most recently thEOOPERATIVE COMMUNICATION
PROBLEM ON AD-HOC NETWORKS[4, 5].

GRASP is a two-phase procedure which generates solutiomsgh the controlled use
of random sampling, greedy selection, and local search.aFgiven problentl, let
be the set of feasible solutions fol. Each solutionX € F'is composed of: discrete
componentgy, ..., ay. GRASP constructs a sequer{cE },; of solutions forIl, such that
eachX; € F. The algorithm returns the best solution found after atkitens.

4.3.1. Construction PhaseThe construction phase for the GRASP constructs a solution
iteratively from a partial broadcast schedule which isétliy empty. The stations are first
sorted in descending order of the number of one-hop and tyorleighbors. Next, a so-
calledRestricted Candidate LigRCL) is created and consists of the stations which may
broadcast simultaneously with the stations previousligassl to the current slot. From
this RCL a station is randomly chosen and assigned. A new RClreiated and another
station is randomly selected. This process continues thie R@mpty, at which time
the slot number is incremented and the procedure is repsatadsively for the subgraph
induced by the set of all vertices whose correspondingostatiave not yet been assigned
to a time slot.

4.3.2. Local Search.The local search phase used is a swap-based procedure which i
adapted from a similar method for graph coloring implemeériig Laguna and Marti in
[20]. First, the two slots with the fewest number of schedutansmissions are combined
and the total number of slots is now givenfas= m — 1, wherem is the frame length
of the schedule computed in the construction phase. Dehetadw broadcast schedule
as{@m n,m' = 1,....k,n =1,...,N}. Now, let the functionf(z) = 3¢, E(m}),
whereE(m}) is the set of collisions in slot. f(x) is then minimized by the application
of a local search procedure as follows.

A colliding station in the combined slot is chosen randonmiyg avery attempt is made
to swap this station with another from the remaining 1 slots. After a swap is made,
f(z) is re-evaluated. Iff (z) has a lower value than before the swap, the swap is kept
and the process repeated with the remaining collidingastati If after every attempt to
swap a colliding station the result is unimproved, a newidioly station is chosen and
the swap routine is attempted. This continues until eitheu@essful swap is made or
for some specified number of iterations. If a solution is ioyed such thayf (z) = 0,
then the frame length has been successfully decreased tslain@he value of: is then
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decremented and the process is repeated.If the proceddsenth f(z) > 0, then no
improved solution was found.

4.4. Multi-start Combinatorial Algorithm. To our knowledge, the most recent heuris-
tic for the Bsp is a hybrid multi-start method by Commander and Pardalos [Bhjis
heuristic combines a graph coloring heuristic with a randechlocal search to provide
high-quality solutions for large-scale instances on tlubf@m. As with the previously de-
scribed method, this heuristic is also a two-phase approEuh reader should see [6] for
pseudo-code and other implementation specific details.

4.4.1. Frame length minimizationFirst a greedy randomized construction heuristic was
used to determine the value fof. As a result of Theorem 1, the method is based on the
construction phase of the Greedy Randomized Adaptive Bé&nacedure (GRASP) [26]
for coloring sparse graphs proposed by Laguna and Marf0h [This particular method
was chosen because it is able to quickly provide excelldatieas for the frame length.
That being said, any other coloring heuristic would provédealue forM such as the
Sequential Vertex Coloring method described above. Howéve randomized approach
of the selected method allows the search space to be momutitdy investigated. This is
due to the fact that different optimal colorings will yiel@ffdrent solutions in the second
phase.

4.4.2. Throughput maximizationthe solution from the first phase will not provide an op-
timal throughput in general, because each station will telyscheduled to transmit once
in the frame. Therefore, a randomized local improvemenhoets used to schedule each
station as many times as possible in the frame. This methmadlyooptimizes each slot
by considering the set of nodes which may transmit with threetiily scheduled slot. A
node from this set is randomly selected and the processteepetil no other stations may
broadcast in the current slot. The next slot is then consitland the process is repeated
until the solution is locally optimal.

4.5. Computational Effectiveness. In [6], the authors performed an extensive compu-
tational experiment comparing the effectiveness of theesfientioned heuristics. They
tested all of the algorithms on a common platform and repastdutions for63 instances
ranging from15 to 100 stations with varying densities. In addition, they impleresl the
integer programming model from Section 3 using the Xpre§&8Moptimization suite
from Dash Optimization [17]. Xpress-MP contains an implatagion of the simplex
method [14], and uses a branch and bound algorithm [30] hegetith advanced cutting-
plane techniques [16, 22].

For each instance tested, the combinatorial algorithm big&uperior to the other
heuristics mentioned. For aB instances tested, the method found solutions at least as
good as any of the other algorithms from the literature fbofhe networks, outperform-
ing them onb6 cases. The performance of the GRASP [2] and the Mixed Nebealetic
Algorithm [27] were comparable, with GRASP performing blily better on average. The
weakest of the methods was the Sequential Vertex Colorihpd@jorithm. For specific
numerical results, see [6].

5. CONCLUSION

In this article, we introduced tHBROADCAST SCHEDULING PROBLEMON TDMA net-
works. TheBspis an important problem that occurs in wireless mesh netsvoglgard-
ing efficiently scheduling collision free broadcasts foe tietwork stations. We formally
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defined the problem, examined the computational complesitgt discussed several algo-
rithms which have been applied to thep, all with competitive results.

We conclude with a few words on possible directions of futesearch. In addition to
the ones described, other metaheuristics could be corsided approximation algorithms
developed. Also, a heuristic exploration of cutting plalgmethms on the IP formulation
would be an interesting alternative. Another alternativailg be to consider instances
of the problem in which the stations are part of a mobile ad-metwork. In this case,
the topology of the network would change as the stations ghqosition. This could
potentially cause significant difficulties in determinidgetevolving sets of one-hop and
two-hop neighbors. There is no doubt that as technologyramhsaand research on ad-
hoc networks increases, so too will applications of #ts® which will require advanced
solution techniques [25].

6. CROSS REFERENCES

See alsoFrequency assignment problem; Genetic algorithms; Greedy randomized
adaptive search procedures, GRASP; Graph coloring, GC; Multi-objective integer
linear programming, M OIL P; Optimization problemsin unit-disk graphs; Simulated
annealing, SA.
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