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Abstract—In wireless mesh networks, joint optimization of ~ represented by interference conditions and traffic defjiver
routing and link scheduling within a time-division multiplexing which is a more efficient reduction of the problem com-
approach is commonly sought to provide end users with high plexity. This is realized by working on what we call the
data rates. However, the strategies proposed to this end usually Link All ion Mod LAMS) [71. i f logical
proceed by means of complex optimization models, which 'n ! ocathn odes ( i s) [7], i.e., set of logica trans'
also often rely on oversimplified assumptions, especially for Missions which can be simultaneously performed according
what concerns wireless interference. In the present paper, we to the constraints related to physical aspects, such as the
draw a novel general framework to perform joint routing and wireless interference characterization.
scheduling avoiding these limitations. We evaluate sequences Moreover, we present in this paper a novel strategy to

of Link Activation Modes, i.e., sets of transmissions which can . .
be performed simultaneously, and we introduce the concept of sequentially allocate feasible LAMs. We analyze LAMs

potential energy of a mesh network, thanks to which we outline ~ With an original approach which, to some extent, recalls
efficient selection of Link Allocation Modes in order to jointly the management of water flows and drainage systems [8].

S(_)|V¢ royting and scljeduling. . A heuristic strategy derived \We deve|op a framework where ﬂpmtentia] energwf the
within this framework is numerically evaluated by means of - hagyork s derived, mimicking a Newtonian gravitational
simulation and is shown to achieve very good performance, field wh th t tential inks. Withi
obtained with extremely low computational complexity. ield where the gateways are potential energy SInksS. vithin
this approach, LAMs are selected, with a sample heuristic
|. INTRODUCTION algorithm which performs a greedy selection based on the
Joint routing and scheduling (JRS) represents a veryighest potential decrease. Note that this greedy approach
interesting challenge for wireless mesh networks [1]-[3].has been chosen only for conceptual simplicity, but is not
Specifically, we focus in this paper on a network with restrictive at all. Within a similar rationale, this heuigs
centralized control determining transmission activitie®er  strategy can be replaced with another technique of choice.
wireless links in a Time Division Multiple Access (TDMA) Instead of going for possibly suboptimal solutions of a
fashion [2], [4]. In such a case routing and scheduling persimplified problem, we try to solve the original problem
formed separately often fail to guarantee good performancwithout any approximation. Moreover, our approach can be
[5]. For this reason, a Linear Programming (LP) frameworkadapted to any interference model with only slight modi-
[1] can be issued for the joint optimization of both routing fication, but without changing the framework of potential
and link scheduling. However, the resulting complexity of energy and keeping a limited computational complexity.
this cross-layer LP is usually high. Simulation results derived with thes2simulator [9] confirm
Many optimization strategies rely on specific assumptionghe goodness of the proposed strategy.
about the radio interference. Since most descriptions éake The rest of this paper is organized as follows. In Section
high level perspective, additional approximations aredhe Il we formalize the problem and we describe the constraints
fore introduced, according to the accuracy by which theof link activation modes. Section Il introduces the origin
interference is captured. In particular, the so-calledqgmol  model of potential energy of a multi-hop network and
interference model is used, as defined in [6]. In this way, theelates it to routing and scheduling issues. A sample greedy
interference is represented as a compatibility relatignsh algorithm is proposed which chooses the LAM which causes
between links, which is often modeled through a conflictthe highest potential energy decrease. This technique is
graph [3]. Even though this methodology allows to obtainnumerically evaluated in Section IV. Finally, Section V
interference-free transmissions through simple grapbreol concludes the paper.
ing algorithms, it also introduces approximations in thet fa
that interference is not a binary relationship. Moreoveis t
technique is no longer applicable if a different interferen We consider a wireless mesh network where some nodes
model is used. For these reasons, we do not rely on theq#ay the role ofgatewaysi.e., they are cabled to the Internet
specific assumptions about wireless interference. and can be seen as sink with very high capacity. We focus
We emphasize that we do not seek to reduce the optien algorithms to efficiently deliver a given amount of traffic
mization search space, but ratheidecouple the constraints over the network to the gateway nodes. In particular, we

Il. PROBLEM STATEMENT
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concentrate on the minimal time scheduling problem, i.e.similar framework. We identify them as possible interegtin
to deliver a given amount of traffic from all nodes to the directions for future research.

gateways in the shortest possible time. The problem of determinin@,,;,, exactly is very compli-

This is therefore an uplink case. The downlink case, i.e.cated. Not only the resulting optimization problem is NP-
the problem where the traffic is sent from the gateways t@omplete [2], but also it strongly depends on the network
all nodes can be framed similarly, by considering reversegharameters, i.e., the graph topology, the edge rates and the
link directions and flipping the time axis. This problem is initial backlog at each node. Solutions based on integer
also closely related to the throughput maximization, t@., linear programming often introduce simplifications to make
obtain the highest amount of traffic delivered to the gatewvaythe problem more tractable, which we want to avoid.

in an assigned time. Indeed, with minor modifications our Rather, following [7], we approach the JRS problem by
framework can address this problem as well. determining a set ofink activations Link (i, j) is said to

In the following, we will represent the multi-hop network be active ifi transmits toj. A group of links which are
as a graphg = (N, €). The wireless nodes are collected allowed to be simultaneously active form a LAM. It can be
in set V' and are connected by thedgesbelonging to  reasonably assumed that all transmissions belonging to the
set &, thus representing the communication links of thesame LAM can be performed simultaneously in an error-free
network. The sefy C N contains the gateways. We only manner. To formally represent the LAMs within our graph-
considerconnectedgraphs, where in particular a path exist hased approach, we define binary variabl{é]'@) describing

1;_r|om any g%dez' fl /}/ to at Ietastlotnz gatell/vayf edy. , the activation of link(i, j) in mode. We assume that{"”
owever, dilierently rom most refated Works We do Nolis oqyal tol if LAM m includes the activation of linki, 7),

assume that the edges are necessarily bi-directionalthiee. and 0 otherwise. The indexn spans over a proper sait
gxistence of(i, j) € g does not.imply that gls()j, 1) exists .With a slight abuse of notation, we will use the symbol
in the same set. This feature is only required when certaily ingicate both a single feasible mode (i.e., a set of links)

MA.C protocals, such as |EEE 802.11 [10], are employed.and its numerical index. SimilarlyM refers both to the list
This happens due to the exchange acknowledgement pack%t‘ﬁa” LAM and the set of all their indices

(ACK) at data link layer. When ACKs are sent, the logical . - . . .
The simultaneous activation of multiple links improves

receiver behaves also as a physical transmitter, and treref o .
phy the transmission parallelism. To decrease the scheduj¢hlen

links must be bidirectional. . . .
. . . one should activate as many links as possible [3]. However,
To quantify the capacity of the link we make use of . : . .
not all links can be activated in the same time slot.

variablesr;;, calledlink rates which can be regarded as .
the amount of bits which can be transmitted over the link 1here are two fundamental types of constraints that pre-

(i,7) on a TDMA slot. We also consider a parametgy vent links from being simultaneously activated. First df al
corresponding to thevireless link gainover (i, ). For each the radio equipment of a single node limits the number of
nodei € A" we will refer to the backlog queue length at the simultaneous transmissions and receptions at the same node
node, assumed to be varying over time g&8). At time 0 to one at most. Secondly, wireless interference may prevent

all non-gateway nodes have a backlog of lengit) to be ~ SOMe links between different nodes.

sent to any of the gateways_ The minimal time Schedu”ng Transceiver constraints — The activation of links in-
problem corresponds to finding the lowest lendth, of a coming at or exiting from the same node is limited by the
feasible link activation pattern which delivers all traffc ~ Physical capabilities of the transceiver. In this paper, we

the gateways. This means that focus on narrowband channels, where it is not possible to
receive simultaneously from multiple sources. We theesfor
Tmin = min{t : ¢;(t) =0, Vi e N'\ V}. (1) assume that at most one signal can be decoded, thus there

is no point in sending multiple transmissions to the same
For simplicity, we assume that the valuegf0) is known  receiver. Indeed, the correctness of this reception igaela

a priori and no further packet arrival takes place after linkto the impact of wireless interference, as will be discussed
activation has started. In this way, if the uplink problenm ca in the next subsection. Yet, regardless of the interference
be solved over a specified finite time-horizoni.e. Ty, IS model, the maximum number of simultaneous successful
lower than or equal td@", its solution can also serve as the receptions ione A similar situation happens for the trans-
basis for a periodic schedule, where a link activation patte mitter. Multicast transmissions, i.e., from one transamitt
of lengthT" is indefinitely repeated. A further extension is to many receivers, are actually possible on the wireless
possible to the cases traffic with multiple priority classesmedium. However, the information content is the same for
or different required delay guarantees. Another optiorois t all receivers. For this reason, this situation is not rateva
consider packet arrivals within the time frame. All thesehere. Multiple transmissions of different packets from the
differences do not change most of the considerations we wilkame node are instead forbidden. Finally, also transnmissio
present in the following, and can be investigated within aand receptions at the same node can not happen in the same

978-1-4244-5113-5/09/$25.002009 |IEEE

658



time slot, since the transmitted power signal will destroywhere the indexk in the lower sum denotes a possible
any packet reception [11]. In other words, the wirelessinterferer ¢ is excluded from the sum, as it is the useful
communication medium is intrinsicallyalf-duplex Indeed, transmitter),P, is the power emitted by node, g,, is the
full-duplex capability could be obtained at the price of path gain frome t0yand1\7j is the noise at the receiver node
additional resource, e.g., by using directional antenfid} [ j. Even though, in general, the valye can be a different
which are however out of the scope of the present paper. value for every nodg, we takey; = v for all j. We also

For these reasons, we impose that the activation of linksieglect the noise terms and we consider an equal power level
should satisfy what we cahalf-duplex constraintwhich P among all transmitting nodes. These assumptions can be
corresponds to not activating more than one operation (i.eshown not to imply any loss of generality, but only a more
either a transmission or a reception), for each node. Foreumbersome (though conceptually identically) formulatio
mally, this translates into: For example, Power Control can be included in the analysis

. (m) (m) within a very similar framework, as shown in [7].
Vi€ N,¥meM Z i F Z rg =1 (@ The physical interference model can be formalized in the

JES: JER; L
where S; and R; are the set of the in-neighbors and out- context of LAM feasibility as follows:

neighbors ofi. Note that the protocol interference model l‘z(-m)gij

[6] already includes this limitation. However, we emphasiz ’ oy 27 4
that it is important to distinguish (2) from any kind of ngi Z Tre

interference constraint, since it does not have to do with kes;\{i} LeRi\{sj}

the wireless medium on which signals are transmitted, bufor any edge(i, j) activated by moden, i.e., if xgn) =1.

with the limited capabilities of the terminal. The duplexin  The key assumption of the model, i.e., the possibility to
limitation holds irrespective of the interference modedr F see the PER as a step function around a SIR thresﬂcﬂd
this reason, we will always impose the half-duplex conetrai js indeed an approximation. Nevertheless, it is much more
as a limitation to the parallelism Of link aCtiVation Wh|C$] i accurate than the ones made under the protoco' mode's [2]
independent of the radio interference.

Models for Interference Constraints — In [6], two [1l. POTENTIAL ENERGY
useful models of interference among radio transmissioas ar
introduced. Following this classification, we refer to tham
protocolandphysical interference modelespectively. Also,

The goal of delivering a given amount of traffic to one
or more gateways, has many similarities with the problems
. X . . of water drainage which are present in civil engineering [8]
other extensmns are available in th.e Ilte_rature [13]. This is evident also from the terminology used, which often
In this paper, we use the physical interference modelUSGS “sink” as a synonym for “gateway.” In the following
which is generally considered to be more realistic, butWe will investigate the task of delivering a backlag(0) '
also more complex, than the protocol model. However,£

hasize this | rant t Th tionale of for brevity, in this section the time index will be often
we empnhasize this important aspect. The rationale of ou uppressed and we will speak @) from any nodei to one

gTaI¥S|s IS not c%nsltre_lx_lr?ed tol any pt(?CL;par asfpect thawe(.:' of the gateways within a potential energy framework, which
|tn erhererltr:]etmo €. 1he cr)]ny r’?(o '.Vat'r?n 0 otur ¢ O:Pe t'Sd'mitates the representation of a Newtonian gravitatiomddifi
0 show hat our approach works In th€ most complicated physics, the potential energy is a scalar function of

case. On the qther hand,_any mter_feren_ce _model can be us%ie coordinates of an object, describing the energy that the
without changing the rationale, since it simply would end

up in a different set of feasible LAMs. As the LAMs are object owns by virtue of the position within a force field.

determined a priori. this does not affect the selectiort According to the nature of the force, it is associated with
) priort, ) Ea .- some physical properties of matter. For example, think of an
according to the potential energy framework that we will

present in the following object within a Newtonian gravitational field. In this case,
The physical interference model can be outlined as foI—IOOtentIaI energy is attributed to the object proportionall

lows. This model stems from the observation that the packett0 Its mass and height. Hereafter, we will always use this

" . i : example as a reference case. We will therefore speak of a
error probability (PER) at the receiver is a monotomcallymaSSm located at heiaht. which has a potential ener
increasing function of the Signal-to-Interference-anuisk gnt, P gy

Ratio (SINR). This relationship can be reasonably simlifie propor’uona_l to mh' It is not re_strlctlve to assume that
S ; . the proportionality constant, which depends on the unit of
by considering a threshold approach, i.e., assuming that a

. TSN . .. Measure, is equal td. Thus, the height is also the value
packet transmitted over linki,j) is correctly received if . . o X
. . . . f the scalar potentialfor the Newtonian gravitational field.
and only if the SINR is above a given receiver-dependen

thresholdy;. The relationship can be expressed as he potential energy associated with a mass and a position
P also corresponds to the work to move the mass there from
19ij

> . a position which is conventionally assumed to be located at
s =5 ) :
> ki Prgrj + Nj zero height.
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In our case, it is immediate to relate the mass with the_function LAVPo-greedy

; ; ; eval uate the FP2GAB for all nodes;
amount of traffic which forms the backlog of a node. It is let p, be the FP2GAB rate of node i:

[N

also reasonable to think of the gateways as potential Sinks, 2 denote the set of all LAMs as M:

i.e., positions at zero height. The underlying idea of our 3 initialize t=0 and the schedul e £ = 0;

approach is that a mass (i.e., an amount of traffic) located 4 while >, .\ :(t) >0

at a given position (i.e., in queue at a given node) should be 5 evaluate T =Y, q:(t)p; *

associated with a potential energy. We relate the potential ©  selected-mode mode_0; All = 0;

energyll to the delivery ofg; to one of the gateways. In | fO’, mode m e M

particular, we define it as the minimum time to deliver 8 ¢ =ai(t) forall i€ N7 . _

without any pipeline effect, i.e., if multiple hops are Erg o for (.)€ {all active links in node m);
Ve 10 q; = max(0,¢;(t)—ri;); ¢; = ¢;(t)+max(g;(t),ri;);

we wait for g; to be entirely transmitted over the first hop | ;, end-for over active links (i,):

before processing it further to the next one. 12 =Y, dp7 s

It is important to observe that the actual schedule willf 13 if I—I > Al
take the pipeline effect into account. However, the reason 14 selected-mode m; AIl = IT — IT/;
of this definition is that we want to follow the classic | 15 end-if;

approach of physics, where the potential energy is evaluate 16  end-for over nodes;
by introducing a test mass (assumed to be sufficiently small) 17 3Sgaste(laezt§%m;cd:§ & ngly to selected-mode
within the force field. This must be done without perturbing| 14 ;.
the field with the test mass itself. In this sense, “testif@' t | 19 end- whil e:
field with ¢; means two things. First, any other traffic source| 20 return the schedul e ;
must be turned off. In other wordg; is the only traffic Table |
present in the network. Second, we assume ¢hatatomic PSEUDO-CODE OF THELAMP O-GREEDY ALGORITHM
i.e., it can not be split over multiple links. This condit®n
does not necessarily mean thatcontains a single packet; An important observation is that when the network par-
an atomic backlog can consist of multiple packets, but iiallelism and/or pipeline effects are exploited, the midima
can not be pipelined, i.e., as discussed above, it must becheduling time can béower than the overall potential
entirely received before being further retransmitted.rija €nergy of the network. However, both the scheduling time
of these conditions is violated, the evaluation of the piaén and the potential energy exhibit similar trends; in pattcu
energy will be no longer correct, as we must also take thdéhey increase when the backlogs are higher. Thus, we
compatibility of multiple transmissions into account. can determine a JRS solution through sequences of LAMs
If an atomic backlogz is sent through the series of two selected with respect to the impact th_ey have_on the potgntia
links having ratesr; and rs, the delivery time would be €nergy pf the whole network. We will .descnbe a possible
equal tog(r; *+r; 1), i.e., the overall transmission rate is the aPplication of this approach, that we will call LAMPo (as a
harmonic average of the rates. This fact can be generalize¥iort for LAM Potential), in the next section.
to the series of any number of links (again, without pipeline Now we can address the evaluation of the number of slots
effect). Hence, the path which would require the lowest timgrequired to transmit all the traffic to the gateways in a TDMA
to transmit an atomic amount of traffig from node: to a approach. We assume that the centralized network control
gateway, can be easily evaluated, e.g., by applying the wefletermine a LAM to be performed for the entire duration of a
known Dijkstra algorithm taking the reciprocal of the ratessingle time slot. Remember that a feasible LAMs describes a
as link weights. According to the reasoning above, theséet of links which can be activated together without violgti
weights are non-negative and additive (i.e., they are swinmehalf-duplex and interference constraints, thus we can rea-
over series of links). The path obtained in this way will be Sonably assume that all involved transmissions succégsful
called in the following thefastest path to gateway of the deliver their packets to the destination.
atomic backlog(FP2GAB) of nodei. The FP2GAB rate of We need a criterion to decide which LAM to activate, and
node i, i.e., the harmonic average rate evaluated over alin which order. The reasoning behind the LAMPo approach
links belonging to the FP2GAB, will be denoted gs is that when all packets have been delivered to the sinks,
According to these reasonings, the potential enéfgpf  the overall potential energy of the network is equalOto
backlogg; located at node with FP2GAB ratep; is equal  On the other hand, the potential energy of the traffic at a
to I1; = ¢;/p;. Adopting the same notation of the Newtonian node is by definition the delivery time on its FP2GAB. As
gravitational field, it can also be writtdih; = ¢;h;, whereh; discussed in the previous section, the potential energlyeof t
is the height (scalar potential) of nodeThe height of node entire network represents an upper bound on the delivery
i results in this way equal t@p;)~*. Correctly,h; depends time for the whole network traffic. More transmissions may
on position characteristics only, where “position” is mean be activated in parallel to exploit the pipeline effect sdas
in the topological sense. decrease the schedule length [3].
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Link gain Rate (pkt/slot) 1200 — :
gij > —53 dB Tij = 11 Grid type
—53dB > g;; > —60 dB | 74, = b 1000 H| 5w
—60 dB > gij > —65 dB Tij = 2 :%\ i gig
—65dB > g;; > —70dB | r;; =1 £ 800
—70 dB > g, 7:; = 0 (N0 Tink) 2 o b
Table I s oo =
RATE ASSIGNMENT AS A FUNCTION OF THE LINK GAIN % / /7
:.j, 400 a
There is necessarily a better mode that decreases theg /D/ /‘7/ s
potential energy, e.g., by activating a single link which 200 D/ — L
moves some traffic in the direction of the gateway across Eﬁ/‘*/
the FP2GAB. A good LAM to select for activation is 0 0 150 200 250 300 30 400 450 500
one that decreases significantly the potential energy of the Node backlogs (number of packets)

entire network. The higher the decrease achieved with &igure 1. Schedule length with variable number of packetsnoeie in
single LAM activation, the better the improvement to the S€Ve'al 9rid topologies.

transmission parallelism and therefore to the overalveeyi  |atter has random behavior which depends on other factors
Therefore, we derive a simplgreedy strategywhich  than the distance. The path loss term is taken as propoktiona
selects the LAM aChieVing the hlghest decrease on th% d—3-5; without loss of genera“ty, we can assume that
potential energy of the entire network. This strategy, #ilit  the proportionality constant (i.e., the path losslameter)
be referred to in the fOI|0Wing as LAMPO-greedy algorithm, to be equa| tol. The Shadowing term is a |Og-norma|
can be described by the pseudo-code reported in Table jandom variable with zero mean and standard deviation
At each iteration, the selected LAM to be added to theequa| to5 dB, however shadowing variables of different
schedulel is initialized asmode0, since it is exploited |inks are correlated through a two-dimensional extension o
that it causes a variation df equal to0 (see Table I, line  the Gudmundsons model [14], with a correlation factor equal
6). Then, a greedy search is performed which updates thig 0.6 at 100 meters. Note that usually the wireless channel
selected mode with the best one found over all LAMS.  gain is assumed also to have a fast fading component. This
term, which is rapidly variable, may be taken into account
IV. PERFORMANCEEVALUATION as a fade margin in the SIR threshold The rate of a

In this section, we evaluate the performance of LAMPocOmmunication link(z, j) is a discrete value function of the
framework in various relevant scenarios. First, we intaelu 9ain g;;. Table Il reports the rate values assigned according
the simulation environment and the performance indice$0 the attenuation with respect to the average path loss at
analyzed. Then, we present the simulation scenarios and tHemeter. If the gain falls within the range reported in the
results. The analysis was carried out by means of Networkeft-hand column of the table, the ratg; is equal to the
Simulator 2 (ns2) [9]. value in the right-hand column, expressed in packets/slot.

We consider a grid consisting &0 m x 30 m squares. In this scenario we evaluate the impact of the network
Nodes occupy the grid intersections in a contiguous mannetopology on the performance of the LAMPo-greedy algo-
We consider x 3, 3 x 3, 3 x 4 and4 x 4 grid dispositions  rithm. To this end, we vary the number of nodes in the
of the nodes. We assume that there is only one gateway inetwork from 6 to 16 with different values of the nodes’
the network (placed in a corner of the grid) and each ofbacklog. Here, we set the SIR thresholdo the constant
the other nodes has a fixed number of packets to transmitalue of2 dB, though the result is similar for other choices of
toward the gateway. The schedule is computed according to. In Fig. 1, we report the average schedule length versus the
the LAMPo-greedy algorithm. backlog per node in the case of different grid topologies. As

We perform 10 simulation run for any scenario. Each can be seen, the average schedule length increases linearly
simulation run corresponds to a different instance of thewith the number of backlogged packets per node for all the
network topology. In fact, even though the node placementopologies considered. Furthermore, the greater the numbe
is identical for any instance of the scenario, the channepf nodes in the network, the higher the value of the schedule
has random behavior, for what concerns both gainsand  length. This increase is roughly linear for low values\ofit
ratesr;;. Thus, the obtained network topology is in generalfurther increases when the network topology becomes larger
different for each simulation run. and more bottlenecks can be present.

Indeed, we assume that the channel gain of an edge having To further investigate the performance of LAMPo-greedy,
length equal tad consists of two terms, i.e., path loss and we estimate the average end-to-end packet delay when the
shadowing. While the former only depends dnand is number of nodes in the grid ranges fragnto 12. This is
therefore equal for the same link in any scenario instahee, t reported in Fig. 2. Each curve in the figures corresponds
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0.7 ‘ ‘ Grid type | No of operations No of LAMs Ratio
Backlog per node 2% 3 8248 =+ 40 52+ 1 156.62
06 - —O— 500 packets
—— 400 packets 3x3 269829 + 1415 669 + 8 403.34
& 05 L —A— 288 Eii'ﬁii A 3x4 5.296 - 106 + 3.3 10* | 7247+ 131 730.78
% —O— 100 packets 4x4 2.334-10% +1.5- 106 | 150897 + 1234 | 1546.75
3 0.4
g Table 11l
§ ] SIZE OF THE NETWORK, COMPLEXITY OF LAMP O-GREEDY
0.3
) /\T,/ . ALGORITHM AND NUMBER OF LAM s
©
: _—
< . . . .
I To validate this framework, we proposed a sample heuris-
R - — — tic strategy, called LAMPo-greedy, which performs a greedy
T selection of the LAM according to the the potential en-
0 o s 10 12 12 16 ergy descent. Such a technique can be easily replaced by
Number of nodes N a more complicated one, e.g., by including more refined
Figure 2. Packet end-to-end average delay versus the resizm.

optimization technique. However, in spite of its simplcit

to a specific number of backlogged packets per node. Thglso conf!rmed by extre.mely good performance in terms.of
average delay is shown to increase as the number of nodggmpu_tatlonal complexny,_our LAMF_’o-greedy strategy s
in the network increases. Moreover, the greater the backloaumerlcally shown to obtain very satisfactory results.
of each node, the higher the packet delay as the schedule
provided by the LAMPo-greedy algorithm requires a greater
number of slots to deliver the overall network backlog to the
gateway. The LAMPo-greedy strategy prove to scale well
with respect to the amount of backlog per node. The curves
increase almost proportionally to the node backlogs.
Finally, the average number of operations performed by
the LAMPo-greedy algorithm is provided in Table 11l for the
case of300 backlogged packets per node apnd= 2. The [3]
number of operations grows exponentially, even though this
is mainly due to the exponential increase in the number of [4]
the LAMs. In fact, compare the second and the third column
of the table, which exhibit a similar exponential increase. [5]
Techniques to improve the efficiency of the LAM generation
in order to obtain smaller (though non exhaustive) sets of
feasible LAMs can be interesting goals of further research. [6]
For what concerns the greedy selection algorithm itself, [7
the complexity is indeed quite limited as the algorithm
simply scan the list to find the largest decrease of the
potential energy. This can be seen by considering the ratio [8]
reported in the fourth column, between the actual number Mgmt, vol. 119, no. 2, pp. 229-245, 1993,
of operations and the list size. This value still increases i [g) “Network simulator 2," http:/Awww.isi.edu/nsnam/ns/.
N but in an approximately polynomial way (of the order of [10] IEEE 802.11 standardyireless LAN Medium Access Control
O(N?). Moreover, we also remark that the overall number (MAC) and Physical Layer (PHY) Specificatiddtd., 1997.
of operations is in any case quite acceptable compared 1] L. Lai, K. Liu, and H. EI Gamal, “The three-node wireless
current capabilities of microprocessors. In other wordese Qetwork: achievable rates and cooperation strategl&&E
. . o . rans. Inf. Theoryvol. 52, no. 3, pp. 805-828, 2006.
complexity values are highly competitive with respect to LP(15] 5 M. Das, H. Pucha, D. Koutsonikolas, Y. C. Hu, and D. Per-
approaches which exhibit much higher complexity. oulis, “DMesh: Incorporating practical directional antennas
in multichannel wireless mesh network$?EE J. Sel. Areas
Commun,. vol. 24, no. 11, pp. 2028-2039, 2006.
L. Badia, A. Erta, L. Lenzini, and M. Zorzi, “A general
framework of interference models for joint routing and link
scheduling in wireless mesh networks,” IEEE Network, vol.
22, no. 1, pp. 32-38, 2008.
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