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Abstract— Recent work on QoS in Mobile Ad Hoc Networks of time slots at the MAC layer, and interference is avoided by
(MANETS) has shown that bandwidth needs to be reserved notifying neighboring nodes not to transmit any data during
in a distributed manner by also including interfering nodes these slots. As another example, [15] proposes a QoS routing
However, in practice, QoS protocols have difficulties to loally . t .
determine the set of nodes that actually interfere with a gien scheme that takes ne'ghborhOOd interference 'ntc_) a_ccount.
transmission. To solve this problem, it is not uncommon to The fundamental underlying problem for such distributed
consider all nodes within a distance of k hops (k-neighborshs reservation schemas is how to locally determine the set of
interfering nodes. In this paper we use Monte-Carlo methods interfering nodes. Existing work bypasses this problem by

to study the correlation between the k-neighborhood of a noél ;sing the notion of k-neighborhood: all nodes within a dis&
and the set of interfering nodes. We compute expected valuésr fK h idered interferi d
both reservation recall — the fraction of interfering k-neighbors o Ops are consiaered as interfering nodes.

to all interferers — and reservation precision — the fraction of In this paper, we apply Monte-Carlo methods to analyze
interfering k-neighbors to all k-neighbors. The two metrics reflect the impact of using the k-neighborhood to identify inteirfgr

the quality of a reservation and the loss of resources due to nodes. We do so by introducing two novel concepéserva-
over-reservation. We further investigate the impact of diferent precision (how many nodes where reservations are placed
physical layer properties (e.g., fading) and network settigs (e.g., . .
network density) on the quality of the reservations. Our resilts are really Interfer_ers)_ anceservation recall (how many nodes
indicate that existing reservation techniques to ensure (® are Where a reservation is needed are actually reserved). We the
inadequate and that new techniques are needed to efficiently study how reservation recall and precision evolve as fonsti
implement QoS in MANETS. of node density, shadowing (radio fading). To the best of
our knowledge, this is the first attempt at quantifying the
impact of the use of the k-neighborhood on the efficiency of
There are two generic approaches to provide Qo8istributed bandwidth reservation schemas. By itsel§ ihian
DiffServ[3] and IntServ [4]. In the DiffServ model, QoS isimportant contribution. Yet, the most significant conttiba
provided by prioritizing flows at the ingress nodes. In thef the analysis is what it shows. Our results suggest thaéthe
context of Mobile Ad Hoc Networks (MANETS), DiffServ is a inherent trade-off between the quality of a reservadiot
has the advantage that no state information on intermedi#te amount of resources wasted due to over-reservations. In
nodes has to be maintained and no explicit signaling is reeedether words, current approaches can only achieve reasonabl
However, in MANETS, every node is a potential ingress nod®oS guarantees by indulging in severe over-reservation: Co
making admission control difficult. In addition, it has beesidering that in practice effects like mobility or transsia
shown that simply dividing the resources into several fisior errors would diminish the reservation quality even furttoer
classes can not give any bandwidth guarantees to an individanalysis makes it evident that existing distributed baittwvi
flow [2]. For these reasons, most of the work so far oreservation techniques using the k-neighborhood apprasch
QoS for MANETs has been done using the IntServ modelot feasible in MANETS unless traffic is severely restricted
In IntServ, QoS is provided through reservations along the
transmission path. In MANETS, this is not an easy task due
to the need to maintain the reservations in the presence ofigure 1 shows how a distributed bandwidth allocation
topology changes and bandwidth variations [13], [14], [10process looks when the set of interfering nodes is approxi-
[9]. In addition, the shared nature of the transmission m&di mated with a 1-hop neighborhood. The network consists of 12
requires reservations to be made not only on the transmissiwdes, labeled froml to L. Every node has a maximum of 4
path @ctive reservations) but also on potential interfering nodes that are considered as neighbors: the one immediately
nodes fpassive reservations). As a result, recent work on QoSits left and right and the one above and below it (e.g., nodes
in MANETSs has focused on distributed bandwidth reservatiaB, £/, G, J are neighbors of nodé’). We assume a simple
schemas that explore ways to efficiently place active addMA-based channel allocation schema. We definaetive
passive reservations on a MANET. For instance, [8], [7teservation as the set of time slots to be used for transmitting
[5], [12] use a distributed reservation scheme embeddeddata. Apassive reservation is the set of time slots required to
the MAC layer. Reservations are mapped to an equal amouamain unused in order to not interfere with the transmissio
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(a) Node E performs (b) Node F' performs (c) Node F performs (d) NodeG performs a passive reservation
an active reservation to  a passive reservation to  an active reservation to  to make sure the transmission from node
transmit data make sure the transmis-  transmit data F can be received correctly

sion from nodeFE can
be received correctly

Fig. 1. Typical reservation process in the 1-hop case

Suppose nodé& wants to set up a bandwidth reservation for o [of o] o o

a one-way communication with nodg. For simplicity, let N EEH - [ |niertererand
the required bandwidth for the entire connection be 1 unit. Not an interferer but
To begin with, nodeF locally makes a local 1 unit active (o] [¢] @—Fe] [e] included in 2-NH
reservation to be used for transmitting data to its neigimigor D Interferer but not

node F (In a TDMA-based system this corresponds to a o [o] [of [¢] o included in 2-NH

reservation of one time slot). In a second step, nbdeas to e o HB o «— Wireless

make sure that the reception of the packet from nBde not Transmission

disturbed by any transmission from interfering nodes. kslo

so by placing a passive reservation in its 1-hop neighbatho@ig. 2. A possible arrangement of a 2-hop neighborhood atetfining

In a TDMA-based system, this corresponds to informing aibdes.

the neighbors not to transmit in any of the time slots node

E uses to communicate with nodE. In addition to the

passive reservation, node makes a 1 unit active reservatiorP€ used without disturbing any of the ongoing transmissions
to transmit data to nodé&. Note that nodeF has both an !deally, reservation precision would be one; this is theedls
active and a passive reservation at that time. In a final stépe k-neighborhood contains no nodes that are not intederi
nodeG places passive reservations in its 1-hop neighborhobiia perfectly distributed reservation, if the k-neighbmot

to make sure that it is not disturbed by any interfering nod&actly matches the set of interfering nodes, both reservat
while receiving data from nodé'. recall and reservation precision would be one. We will se¢ th

this is hardly the case in random topologies and that opingiz

~ The problem with the reservation process shown in Figureid; recal is achieved at the cost of precision, and vice aers
is that the 1-hop neighborhood does not match the set of

interferi des f de. In fact. wirel int The remaining part of this paper is structured as follows.
Intertenng nodes for any node. in fact, wireless inte The next section describes the network model. In section IV
is complex and nodes far beyond the set of neighbors

wally interf ith tain 1 . M i define reservation precision and recall. These two nsetric
actually Interiere with a certain transmission. Many prolo, .o then ysed in section V to assess distributed bandwidth
cols use the k-neighborhood, with € {2,3,4,...}, as an

o . . reservations in random networks. The paper concludes with
approximation for the interference area. Obviously, thrgda

k, the more interfering nodes will be covered, which incmssecnon VI
the quality of the reservation. However, the larger k, the
more likely it becomes that some of the nodes included
in the k-neighborhood do not actually belong to the set of
interfering nodes, leading to unnecessary reservatioms ap
wasted bandwidth. This is illustrated in Figure 2 in the cafse
a 2-neighborhood and for a possible arrangement of inender

IIl. NETWORK MODEL

Let N be the set of nodes in the network. We assumes
2 to be the coordinate of node, identifying the node’s
position with respect to a rectangular atéaWe consider the
set A/ of nodes to be uniformly distributed irl. Each node
The proportion of interfering k-neighbors to all interfese n in the network is supposed to transmit with a signal power
is called reservation recall. Reservation recall models theP! e [0, cc|. We use the tuple notatiofn, ) to refer to the
quality of a reservation. Ideally, the reservation recall & transmission from a node to a noden. For a certain signal
given transmission would be one. This is the case when pliopagation functiom, P, - = (P, |zn—x,|) € [0, P'/]
interfering nodes are also covered by the k-neighborhoateénotes the power of the received signal at nodhie to the
The proportion of interfering k-neighbors to all k-neighbds transmissior(n/, n). In the simplest casé), is a direct function
calledreservation precision. Reservation precision models theof the distance. The path loss radio propagation model, for
amount of resources that are wasted due to a reservation. &mample, define®,,;(p,!) = p - (I/ly)~* for some path loss
instance, in a TDMA-based system, a low reservation pratisiexponentp, andly as a reference distance for the antenna far-
would mean that most of the reserved slots could actuafigld. A more sophisticated model is the log-normal shadgwin



Algorithm 1 Computes interfering nodes Network Interference

Input: Transmissior(n’, n) € Dy,
Output: Minimum Set of interfering node$t -

1: M'm—n, = @
"

g_ I/_\/t_ sort(\'\{n,n'}) such thatn” < n"" — P <P

i . i
4: for all n’’ € L do .,

. * . *
5: M JV[/ v {n*} Fig. 3. Computing the set of interfering nodes. The straighe¢ arrows
6. if Ksinr(n ,n, M*) = 0 then represent the transmissions. The dotted arrows denotalsighich contribute
7 M ey =M U {n} to the interference noise of transmissien The weight assigned to an edge
8 end if corresponds the signal strength. We assume the therma iisused in
9: end for Equation 2 to be 1. According to Algorithm 1, nodes in the geega are

considered as the smallest set of nodes such that the regainimulated
interference does not prohibit transmissiento be established.

radio propagation [11]:

Dan(p,1) = p- (1/1o)~" - 10%/10 1 Given a linke = (n/,_n) € & and a set of nodeg,
holding passive and active reservations for this link, weildo
where y is a gaussian random variable with zero mean andeally like Fosinr (1, N\ Q,._, ) to bel. This is the
standard deviationr and p is the aforementioned path losscase WhenQW_n exactly matches the set of interferers
exponent. In case of = 0, there is no random effect andfor the given transm|SS|on The minimum set of interferers
Ysn = 9p. In this work, we assume the physical signaM,,_,- for alink e = (n',n) can be computed by gradually
propagation to be symmetric. Thus, the gaussian rando®sting s, With an increasing set of interferers, starting
variable X involved in the computation oP,_ . is the same with the noden” contributing the lowest signal powét, .
as the one involved in the computation &f,_, 1 From (Algorithm 1). How the algorithm operates is demonstrated i
practical measurements, however, it is known that the sigridgure 3 based on a small example network of 7 nodes.
strengthsP,_,» and P, ., corresponding to transmissions Reservation recall and precision are comparisons of the set
of two identical radio transmitters, may not always be equaif interferers with the k-neighborhood. The k-neighborthéo
This is due to tiny differences of the radio hardware and #efined to be the set of all nodes that can be reached within k
taken into account in our model by the power distribut®dn  hops, including the node itself. Which nodes can be reached
Whether a signal from a node can be decoded correctlywithin k hops from a given source node is determined by the
at noden in the absence, or the presence, of concurreftuting functlonn N x N — P(€). For a given source-
transmissions, is determined by the amount of interferendestination palr(n n) the resulting route simply consists of

perceived at the given node. To simplify later formalism, wthe set of edges included in the sequengge...ex—1, With

define an interference functiofy;,,, as follows: ei = (ni, niy1) € € andng = n andny, = n. With the
o, routing functionn, the k-neighborhood of a node|s
‘ 1 p;JrEn:L,Z;pnkn,, > Bsinr , ,
k(n',n,I) = (2) k-NH,, = {n € N'| [n(n ,n)| <= k}. (5)
0 otherwise.

Reservation recall and precision are formally defined on
for some threshold,;,, and P* as the thermal noise per-a per edge basis. Reservation recalf . is the ratio of
ceived at node:. We now deflneD as the set of nodes thatinterfering k-neighbors to all interferers:

can correctly be decoded at nodén the absence of any other

g k-NH,, N '
concurrent transmission: RF /:| n My |. (6)
n<n
| M’ﬂ,<—n/ |
D, ={n € N|r(n,n,0) =1} (3) Reservation precisioerf%n, is the ratio of interfering

k-neighbors to all k-neighbors:
Due to the different power levels of the nodes, it might

happen that:’ € D, butn ¢ D,,. Many medium access pk _ [kNHOM,, | )
protocols, however, require symmetric links because threy a e | k-NH,, |

based on acknowledgements. We therefore define the set CLet Rk and P*
symmetric links in the network as

be the average reservation recall and preci-
sion of a given network. For a concrete network deployment,
RF and P* correspond to concrete numbers. For a certain
’ ’ 1 Dk Dk 1
E={n',n)eNXN|n €eD,AneD,}. (4 netyvork family, R andE cc_>u|d be c_onS|dered as random
variables. A network family might consist of, e.g., all netks

IV. RESERVATION RECALL AND PRECISION
2Practically, a route would be modeled as a sequence ratherah a set;
however, since we assume no loops and the order of the edgesoune is
Therefore Pt = P:L, =P =P, not important we prefer the set notion which simplifies ferttreatment.

n n «—n



with 200 nodes distributed uniformly in a rectangular oprecision and recall. The scope we use includes all edges

2000m x 2000m. It would be of interest to know the expectedvhere one or both nodes are located within a circle with mdiu

average precision and recalb[P*] and E[R¥]) for a given 4/10 of the network length, and with its origin at the center

network family. Deriving the expected average precisiod arof the network area.

recall analytically would require determining the probipi o

density function of the random variables. In this paper we do Recall/Precision Trade-off

not pursue an analytical treatment 8fP*] and E[R*] but  Figure 4a shows the reservation recall and precision for

rather use a Monte-Carlo estimator. This is illustratecbwel different values ofk. As can be observed, there is a clear

on the example of?[R¥]. We approximate the expected valud¢rade-off between reservation recall and precision. Méziimg

of E[R*] for a given network family by sampling over. for recall (by choosing a bigger value for k) reduces the

realizations of the underlying random network, with as a precision of the reservation. The result is disappointinges

concrete set of node placemeritsin the aread and f(-) as it says that in a network where nodes are deployed randomly,

the probability density function of’: a good reservation quality can only be achieved with an
extensive distributed reservation which entails an enesno
waste of bandwidth. Figure 4b shows the traditional recall

E[RM = o E[RM|X = X]f(X)dX precision scatter-plot for the same network setting as veel us
Rm_l (8) in Figure 4a. The scatter-plot includes a point for every ohe
~ 1 Z E[RF|x = X the 1000 samples taken. The x and y coordinates of the dots
m = ’ refer to the corresponding recall and precision values ef th

Due to the linearity of the expected average reservatisre}mple' The plot mcludes samples for values:dfom 1. to
recall, E[R*] corresponds to the expected reservation rec%g The scatter-plot illustrates the trade-off betweenrieiion
of a ljniformly chosen edge ? call and precision: a high precision implies a low recall a
' viceversa. Why it is unfeasible to choose a value Fathat
maximizes both reservation recall and reservation pratis
E[R"] = E[— Z RF ] shown i.n Figur_e 4c. The Fig.ure shows the average dist.ributio
| o e of the interfering nodes with respect to their hop distance
" (9) measured from the node they interfere with. As can be seen,
the distribution’s peak is around 3 hops. Choosing a value of
(n.n')ee 3 for k, however, does not take the tail of the distribution
into account. Since the tail is not negligible, a large set of
interferers is not covered. Choosing a valud @for 11 covers

E[R"] and E[P"]. the nodes at the tail of the distribution, but at the same time
i - k the ; ot i '
In using Monte-Carlo methods to compu and P*, includes many nodes which are not interfering at all.
paper also suggests a new approach to ad hoc network analysis

in cases where pure analytical approaches fall short, a@dImpact of network density

protocol specific network simulations are not generic ehoug \ne now explore how recall and precision are affected by the

V. PRECISION AND RECALL IN RANDOM NETWORKS net_work densjty. We _Iook at a network of si2@00m x 2000m

_ while deploying an increasing number of nodes. As can be

A. Network settings inferred from Figure 4d, reservation recall drops with an

We study reservation recall and precisidtf, and P*, under increasing network density i is smaller than 3, but increases
different network densities and signal propagation sgétin with the network density if is greater than 3. This behavior
The network configurations we consider consist of randomiy a direct consequence of the fact that the number of nodes in
deployed nodes within a square of varying size. We usedisc grows with the square of the radius of the disc. Imagine
the log-normal radio propagation model (Equation 1) and & simplified view where the k-neighborhood is represented by
nothing else is mentioned, the path loss coefficiemind the all nodes located in a disg, with radiusr; and all interfering
shadowing deviation are fixed to bel and0 respectively. For nodes to be the nodes located in another disevith radius
the interference model (Equation 2) we use a threspglgl. ;. If the network density grows, obviously the number of
of 4 decibel, which is the lowest tolerable threshold of anodes withind; grow faster than the number of nodesdip if
Orinocco PCMCIA Silver/Gold wireless network card so that; > r;. This is what happens in Figure 4d whins smaller
it can still function at a rate of 1Mbps [1]. The transmissioor equal thar8. Since with increasing node density the number
power for every node is kept constant and the thermal noiskinterfering nodes increases faster than the number oés1od
P* is adjusted in a way that the resulting transmission rangéthin the set k-NH, the reservation recall drops. If, on the
becomes200m?. We use Equation 8 with a sample size other handk is greater thars, thenr, becomes larger than
of 1000. For routing, we use the shortest path algorithm by and the opposite happens: with increasing node density, the
Floyd and Warshall [6]. In order to minimize the effect of thewumber of nodes in k-NH increases faster than the number
network border, we use a specibpe, £* C &£, to compute of interfering nodes, which improves the reservation fecal

We refer to R¥ and P* as the approximation values for
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Fig. 4. Recall and Precision

While the influence of the network density on reservatioloss coefficient on recall and precision. It is shown that the
recall very much depends on the value /af its effect on bigger the path loss coefficient, the higher the recall (at th
reservation precision is more consistent and also more stodexpense of a lower precision). The reason is that a high path
From Figure 4e we see that the reservation precision sfightbss coefficient makes the signal drop below the interfezenc
improves as the network density increases. The reasontis timeshold very quickly and thus makes the set of interfering
the set of interfering nodes grows a little faster than th®odes approach the 1-hop neighborhood. That's why — already

k-neighborhood for an increasing network density. for a £ of 1 — the recall for a path loss coefficient &f
becomes bigger than 0.8. On the other hand, the precision
D. Impact of radio propagation drops very quickly for high path loss values (Figure 4g).sThi

So far, we fixed the path loss and the shadowing deviatifh P€cause most nodes outside the 1-hop neighborhood no
of the radio propagation (Equation 1) to beand 0 respec- longer interfere. In both Figures 4f and 4g no fading effects

tively. However, it is clear that both path loss and shadgwir'® consideredo(= 0). However, such a setting refers to an

deviation must have an impact on the interference percei/d§al transmission range (circle) which is rarely the case i

at a given node. Figure 4f-g illustrate the effect of the pam'actme. Much more realistic values ferare values in the



range of2-10, depending on the network environment [11].[4]
Figure 4h shows how reservation recall evolves when the
radio propagation becomes irregular. From the Figure, w[esl
observe that for a given value df, the reservation recall
improves aso increases. Why this is the case can easily
be seen when looking at the received signal strength und
fading. The expected received signal power in the log-nbrma
shadowing radio propagation model (Equation 1) computes {8l
Dr = Pt gde peXp (%02), which increases witly. It
follows that the set of decodef®,, increases and therefore (8]
so does the set of of k-neighbors, which improves the overall
reservation recall. How the reservation precision is affédby
irregular radio propagation is illustrated in Figure 4icén be
observed that the reservation precision dropg ascreases.
This is what we would expect since the higher the values 8]
o the more randomness is induced into the signal. As the
randomness increases, the correlation between the nurhber o
hops of a source destination pair and its euclidian distasmcel11]
reduced. [12]

El

VI. CONCLUSIONS

In this paper we use Monte-Carlo methods to study tHEl
performance of existing bandwidth reservation schemas in
MANETS. In particular, we have shown that there exists [a4]
clear trade-off between reservation recall and precisinoes
optimizing recall is done at the cost of precision. This sa);g’]
that in a network where nodes are deployed randomly, a good
reservation quality can only be achieved with an extensive
distributed reservation which entails an enormous waste of
bandwidth. In the paper, we have also shown that irregular
radio propagation diminishes the reservation precisioh bu
improves the recall. One reason for this is that the set of
nodes in a k-neighborhood grows under fading, which then
increases the interference coverage. In this work, we densi
ered only static networks. One could imagine that the sdnat
deteriorates even more in mobile scenarios, where nodes
occupying a reservation leave the interfering area at some
point in time. The conclusion is that distributed bandwidth
reservations are inadequate to provide QoS in MANETs and
that other techniques have to be considered, e.g., privaigd
approaches.
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