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IMITATIVE STUDY OF THE UPPER LIMIT OF THE NODES-
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Background. At present, the demand in MANET networks is determined by the inherent advantages of
these networks over fixed networks, especially in emergency situations. The topology in such networks is
extremely dynamic, which required the development of special routing protocols. Although the basics of the
theory of the OLSR protocol, which is widely used in these networks, are well known, however, the
development of mobile networks requires constant refinements of theoretical positions in accordance with
new data on how to calculate the number of multipoint repeaters.

Objective. The aim of the paper is to find analytical expressions for calculating the upper limit of the
number of multipoint repeaters, the probability of the location of two-hop nodes at the maximum distance
from the reference, and checking the correspondence of the results obtained using simulation.

Methods. Analytical methods of calculation are used, as well as simulation modeling in the NS-2
software package.

Results. Analytical expressions are obtained for calculating the upper limit of the number of multipoint
repeaters and the probability of the location of two-hop nodes at the maximum distance from the reference
node. A simulation was performed to confirm the theoretical results.

Conclusions. The upper bound of the number of one-hop relay nodes is estimated. It is shown that with a
low density of nodes in the area under consideration, the value of the upper limit is two times less than that
previously determined in the scientific literature. Modeling in the NS-2 software package showed the
correspondence of analytical expressions for the calculation of the upper boundary of multipoint repeaters.
There are cases when analytical expressions give false results. For these cases, it was proved that regardless
of the network density, each two-hop node that is at the maximum distance from the reference node must
have its own multipoint repeater. The probability of the location of two-knot nodes at the maximum distance
from the reference node is determined.

Keywords: ad hoc network; OLSR protocol; multipoint repeater; amount of service information; NS-2

modeling.
I. INTRODUCTION

Today, there are a large number of routing
methods and protocols, the main of which are
classified as follows [1]: proactive (FSR, FSLS,
OLSR, TBRPF), reactive (AODV, DSR),
hierarchical (HSR, CGSR, ZRP), geographic
(GeoCast , LAR, DREAM, GPSR).

Among the most commonly used routing
protocols in wireless networks MANET has a
protocol called OLSR (Link State Routing
Protocol) [2], which devotes a lot of work. So in
[3] the principle and operation of multipoint
repeaters (MPR) is discussed and a heuristic
approach is proposed for selecting MPR in a
mobile wireless environment; [4-7] are aimed at
optimizing the work of the OLSR protocol, which
is a complex task, because the protocol contains
more than a dozen customizable parameters. In [8-
10], the problem of finding the upper limit of the
number of MPR nodes is considered.

In this paper, the study was conducted
over the Link State Routing Protocol (OLSR)
protocol, which was developed for ad hoc
networks specifically as a proactive protocol and
based on the concept of multipoint relay multi-
referral (MPR) [2, 3]. It means that each network
node m selects several nodes from its neighbors
(the nodes with which it has a connection). As a
result, a set of nodes MPR(m) is formed on the
network in such a way that all nodes located in a
sphere with a radius of 2 steps from node m
(neighbors of neighbors) have symmetric channels
with MPR(m). That is, MPR nodes are associated
with all nodes in a sphere with a radius of 2 steps.

For each MPR, a list of neighboring nodes
that have selected it as an MPR is generated - the
MPR Selectors (MPRS) list. The network in the
TC - packets only transmits information about the
state of the connections between the MPR and its
MPRSs, which can significantly reduce the
number of transfers of service packets compared
with the avalanche. From the above, it follows
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that the amount of service information that is
transmitted along with the useful traffic in the
OLSR protocol depends on the number of MPR
nodes.

From the above, it follows that when
designing an ad hoc network using the OLSR
routing protocol, the overestimation of the upper
bound of the MPR nodes can lead to an
overestimated estimate of the number of service
packets transfers and, accordingly, an undervalued
network bandwidth.

To find the upper limit of the number of
MPR nodes, it is necessary to determine the area
A(0) outside the zone of reception of the signal of
these nodes for two cases: 1) the area A (0) lies in
the circle K»>-K; at the corner 8 < 2m/3 (Fig.1), 2)
areca A(0O) lies both in the circle K, and in the
circle K; at the corner 8 > 2 /3 (Fig. 2). After
determining the area A(0), taking into account the
density of the network, the upper limit of the MPR
nodes is determined.

2m/3

Fig.2 The domain of the set of points A(0) with 8 >
2m/3

In [9] when determining in 2D the average
number of MPR nodes is given without proof the
following statement:

Suppose there are two circles K; and K5 in
radius 1 and 2, respectively, with the center at the
point A. Let two points A and B be in the circle
K and are separated by an angle 6 whose vertex is
in the center of the circle. Let A(0) be the region
of the set of points K, such that

e points are not in Kj;
e the points are in a sector with a center at
the point O, bounded by A and B;

e the dots are more than 1 inches from A
and B.
Then if 6 <2mn/3, so A(B) =06 —sinéb.

Otherwise A(0) = A(Z) +3(0 —Z). (1)

In [10] this theorem is proved and it is
shown that under the above conditions:
Then if 6 <2mn/3, so A(B) =06 —sinéb.
. 21 3 271
Otherwise A(0) = 4(Z) +3(6 - Z). (@
Formula (2) allows you to determine the
upper limit of the Dy of the number of MPR nodes

for the network. Given that the density of the
network D = Iiv—z , NV is the number of nodes in the

network, located on the area bounded by the sides
of the square in length L = 4R, R =1 - the
maximum radius of one node, this theorem can be
written as follows:

Theorem la. When L is fixed and N is
growing, the upper limit of the number of MPR

1
2m . 3w (N\3
nodes Dy at 8 < 5 is less than Dy < - (E) , (3)

and for 6 > 2?7: it is less than

1 2
Dy <3mi+3n (=) (1—nX), (4)
where 6 is the angle between adjacent MPR
nodes.

To test the efficiency of the theorem in
Network Simulator 2 (NS-2) we considered three
types of networks with different number of nodes:
the "grid" (Fig. la), the "tape" (Fig. 1b) and the
"arbitrary" (Fig. 1c). The nodes were located
within the area bounded by the edge of the square
with L = 80 m. For each variant of the network,
there was an upper limit of the number of MPR
nodes by calculations by formulae (3), (4) and
simulation.

I1. Simulation results

Fig. 3 shows three types of networks:
"erid" (3a), "tape" (3b) and "arbitrary" (3v). The
number of investigated nodes for a grid-type
network: N = 5; 9; 13; 25; 41; 81; 121; 225; 361;
for a network of "tape" type, whose width is 1 = R,
N = 5; 13; 31; 39; 47; 59; For a network of
"arbitrary" number of nodes N = 50, which are
located within the area bounded by a square with
a rib L = 80 m. For networks of the "grid" and
"arbitrary" calculation of MPR nodes was carried
out by the formula (3), for the network type "tape"
by the formula (4).

The results of calculations are presented
in Fig. 4, 5 and 6, respectively.

The simulation results confirm the
efficiency of the theorem: in all cases considered,
the real number of MPR nodes is always smaller
than the maximum number of MPR nodes, which
is determined in accordance with the upper limit
theorem.
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a)

c)

Fig. 3. Three types of networks with different number of nodes: "net", "tape" and "arbitrary"
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Fig.4 Results of calculating the number of MPR nodes for

the "grid" topology
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Fig.6 Results of calculating the number of MPR nodes
for the "arbitrary" topology

In addition, the simulation results allow us to
simplify the theorem by writing it in the following
form:

Theorem 1b. When L is fixed and NV is
growing, then the upper limit of the number of

1
MPR nodes Dy for 6 < 2% is less than 2Z (£)3,
o 3 2 \6
and for 8 > > it is equal to 2. ®)

Evidence. On a 360° circle it is not possible
to place more than two MPR nodes, the angle
between which would be greater than 120°,

Fig.5 Results of calculating the number of MPR nodes for
the "tape" topology

otherwise the case is described by formula (3) for

21
6 <—m
3

III Deviation from theoretical calculations

Cases are found when calculations by
formula (3) give a result that does not coincide
with the results of simulation. This is true for
networks with a topology in which each single-
point node relative to the central node is an MPR
node for the two-point node relative to the central
one.

Four topologies of the network with the
number of nodes N = 9 are considered; 17; 33 and
65 (the first three of them are shown in Fig. 7), for
which in Fig. 8 shows the number of MPR nodes
received in accordance with (3) and simulation.

Fig. 8 shows that the theorem gives a correct
result for the number of nodes N = 9, when 4
nodes are at the edge of the circle 2R relative to
the central node. If the number of nodes at the
edge of the circle 2R is increased by 2 times so
that additional 4 nodes require additional 4 MPR
nodes to establish a connection, then the
theoretical and practical results do not converge.
Further increase of nodes (by 2 times) leads to
even greater error. But it is also seen that the
number of MPR nodes is exactly equal to the
number of nodes that are on the verge of 2R.
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Fig. 7. Topologies in which each one-hinged neighbor relative to the central node is the MPR node for each two-point
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Fig.8 Results of calculating the number of MPR nodes

The deviation of the modeling results from
theoretical calculations is due to the fact that the
proof of the theorem was carried out under other
conditions, namely: the process of selecting MPR
nodes consists of selecting the nodes that are at
the distance of reception of signals, that is closer
to the boundary of the circle R; MPR nodes cover
most of the neighbors at a distance of two slashes
(that is, in a ring with radii R and 2R, the density
of the network is high and MPR nodes are
actually on the border of R.

By the results of the simulation, we can
formulate the following addition to the theorem:

Theorem 1c. Regardless of the network
density, each 2-hop node located at the boundary
of the circle 2R requires its MPR node, which
must be at the intersection of a circle with radius
R and a radius 2R passing through the central
node and the given 2-hop node.

Evidence. The 2-hop node located at the
edge of the 2R circle may be in the receiving zone
of the MPR of the node located at the edge of the
circle R only in one case: when the MPR node is
at the intersection of a circle with a radius R and a
radius 2R that passes through the central node and
this 2-hop node. Only in this case, the zone of
action of the MPR node is tangent to a circle of

node

2R at a single point, namely at the point where the
2-hop node is located m.

Hence it follows that for a given network
topology, the number of MPR nodes is exactly
equal to the number of dual-point nodes that are
on the edge of the circle 2R.

In Fig. 9, for various topologies, which are
presented in Fig. 7, the uncovered reception area
of MPR nodes (a painted part of the figures) is
shown. We calculate the probability of finding
two-point nodes at the boundary of the circle 2R
for the represented topologies.

We find the probability of finding 2-hop
nodes on the boundary of the circle 2R as the
geometric probability of the data nodes reaching
the uncovered reception area of single-point MPR
nodes in the pursuit of a given area to zero, that is,
before degeneration into a circle of radius 2R.

For considered cases, we write this

probability as p = Snotcovered where
Scircle

2 ; 2z,

Snotcovered = S(6) = R*(86 —sinB), 6 < N 5

MPR1

Nupr: 1s the number of single-point MPR nodes,
Scircle 18 the area of the ring bounded by the radii R
i 2R, which is equal to the Scjrcle = m(4R? —
R?) = 3nR2.

Taking the above, the
probability of finding two-point nodes at the

boundary of circle 2R will be written
_ NympPR1 271 el 27T
p= 3n (NMPRl st Nypr1” (©)

Imagine an uncovered area in the form of an

into account

equivalent ring with internal and external radii Rh
and 2R, respectively. Assuming that R = 1, the
inner radius of the equivalent ring will be equal

@)

SHenoxp
R, = |4 — 2nenow

Vs
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B | ‘ a)

b)

Fig. 9. Uncovered area at different number of MPR nodes

In Table 1 calculations are given by formulae
(6), (7), as well as absolute AR and relative ¢
deviation Rh from 2R.

Table 1.The probability of finding 2-hop nodes at the
boundary of circle 2R

NmpR1 4 8 16 32
P 0,2423 | 0,0665 | 0,0170 | 0,0043
R. 1,9806 | 1,9947 | 1,9987 | 1,9997

AR = 2R — R, | 0,0194 | 0,0053 | 0,0013 | 0,0003

e =AR/2R, % | 0,9686 | 0,2648 | 0,0676 | 0,0170

Table 1 shows that the probability of locating
2-hop nodes at the circle boundary of radius 2R
rapidly decreases: So for 17 nodes (8 MPR
nodes), 7 cases are possible from 100, for 33
nodes (16 MPR) - 2 cases from 100, for 65 (32
MPR) - 5 cases from 1000. In this case, the
internal radius of the equivalent ring for 17 knots
differs from the outer at 0.0053 (¢ = 0.26%), for
33 knots - by 0.0013 (¢ = 0.07%), for 65 - to
0.0003 (e = 0.02%).

It should be noted that the above was
considered the worst case, when all two-walled
nodes are located on the border of a circle with a
radius of 2R. If not to take into account the partial
case, when each twin-collar neighbor needs its
own MPR node, then formulae (3) and (4) give a
reliable result.

IV. Conclusions

1. In most cases considered, the real number
of MPR nodes obtained by simulation in the NS-2
software package is always smaller than the upper
number of MPR nodes, which is determined by
the upper limit of the MPR nodes theorem.

2. The theorem on the upper limit can be
written in simplified form:

When R is fixed and N is growing, then the
upper limit of the number of MPR nodes DN at
0<2m / 3 is less than 3w/ 2 (N / 6) » (1/3), and for
0> 27/ 3 it is equal to 2.

3. The deviation of the modeling results from
theoretical calculations is explained by the fact
that the conditions of the proof of the theorem did
not take into account the cases of location of the
nodes given in this paper. It is proved that,
regardless of the network density, every two-point
node located at the boundary of the 2R circle
needs its MPR node, which must be at the
intersection of a circle with radius R and a radius
2R passing through the central node and the given
double-hinged node.

4. It is shown that the probability of the
arrangement of 2-hop nodes on the boundary of a
circle with radius 2R is small. So for 17 knots, 7
cases are possible from 100, for 33 knots - 2 cases
from 100, for 65 - 5 cases from 1000. In this case,
the internal radius of the equivalent ring for 17
knots differs from the outer at 0.0053 (the relative
deviation is € = 0, 26%), for 33 knots - by 0.0013
(€ =0.07%), for 65 - by 0.0003 (¢ = 0.02%).

It is planned to continue research in the
direction of developing methods for reducing the
official information, which is transmitted in the
protocol OLSR.
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ImiTaniiine gocaiTkKeHHsI BEPXHBOI MeXi KiJIbKOCTI 6araToTo4KOBUX PETPAHCISITOPIB MPOTOKOJIY
OLSR

ITpo6aemaTuka. B manuii yac 3arpeOyBaHicTh B Mepexkax MANET BuU3Ha4YarOTh BJIIACTHBI IIMM MepekaM
repeBary mnepej CTalioOHAapHUMH Mepe)kaMH, OCOOJIMBO B yMOBaxX HaJa3BH4YailHMX cuTyariid. ToroJsoris B
TaKUX MeEpekax HaJA3BUYalWHO JWHAMIYHA, IO 3a)KaJaJlo pPO3POOKH  CHELiaJbHUX IPOTOKOJIIB
MapuipyTu3sanii. Xoda ocHOBH Teopii nporokoiry OLSR, sikuii IIMpOKO BUKOPHUCTOBYETHCSI B IIMX MEpPEXkax,
no0Ope BiOMI, MPOTE PO3BHUTOK MEPEXK PYyXOMOTO 3B'SI3KYy BHMAara€ IOCTIMHUX yTOYHEHb TEOPETHYHUX
IMOJIOKEHb BIAIOBIAHO IO HOBHX JaHUX I[IPO CIIOCOOM pO3paxyHKY KUIBKOCTI 0araToTOYKOBHUX
pEeTPaHCIATOPIB.

MeTta. MeTtoto poOOTH € 3HaXOJPKEHHSI aHAITUYHUX BUPa3iB Il pO3PaxXyHKY BEPXHBOI MEXi KUIBKOCTI
0araTOTOYKOBUX PETPAHCIATOPIB, WMOBIPHOCTI PO3TAIIyBaHHS NBOCKAYKOBHUX BY3JIiB HAa MaKCHUMAaJIbHIH
BIJICTaHI BiJ OMIOPHOTO 1 IEPEBIPKHU BIAIMOBITHOCTI OTPUMAHUX PE3YJIHTATIB 3a JIOIMTOMOT'OK MOJICIFOBAHHS.

MeTtoan. BUKOPHUCTOBYIOTBCS aHAIITHYHI METOAU PO3paxyHKY, a TaKOX iMiTariiiHe MOJCIIOBAHHS B
nmporpaMHOMy TakeTi NS-2.

PesyabTaTn. OTprMaHO aHAJITUYHI BUPA3U I PO3PaxyHKY BEPXHBOI MEXi KIIBKOCTI 6araToTOUYKOBHUX
pEeTpaHCISATOPIB 1 HMOBIPHOCTI pO3TalllyBaHHsS JIBOCKAaYKOBHUX BY3JIiB Ha MAaKCHUMAJIBHIA BIACTaHI BiJ
onopHoro By3ina. IIpoBeneHo iMmiTaliiiHe MOJEIIOBAaHHSA 3 METOIO MiITBEPPKECHHS TCOPETUYHUX PE3yIbTaTiB.
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BucnoBku. /lana ormiHka BEpXHBOI MEXi KUJIBKOCTI OJHOCKAa4YKOBHX BY3IIiB-peTpaHcisaTopiB. IlokazaHo,
0 MpU Mayii HIiTBHOCTI BY3JIB Ha JMaHIA IUTONII BEJIWYHMHA BEPXHBOI MEXI B JBa pa3W MEHIIE paHiIle
BHU3HAUCHOI B HAYKOBIH JiTepaTypi. MoJientoBaHHs B ONporpaMHoMy makeTi NS-2 Toka3aio BiINOBiTHICTH
aHATITUIHUX BUPA3iB JJIs1 pO3paxyHKY BEPXHBOI MeKi 0araToTOYKOBUX peTpaHcisiTopiB. HaBeneHo BUTIaIKu
BIIXWJICHHS BiJl aHAJITHYHHUX PO3PaxyHKIB s WX BUMOANKIB JTOBEACHO, IO HE3aJCKHO BiJI HIITBHOCTI
MepeXi KOXEeH JBOCKAYKOBHN BY30JI, SKHU 3HAXOJIUTHCSI Ha MaKCHUMaJIbHIM BiJCTaHi BiZl OIMOPHOTO BY3Ja,
MOBUHCH MaTH CBi 0araToToOYeYHHUN peTpaHCIsITOp. Bu3HaueHO WMOBIPHICTh PO3TAIlyBaHHS JBOCKAYKOBUX
BY3JIiB HA MaKCUMaJTbHIHM BiJCTaHi BiJI OTIOPHOTO BY3Jia.

KurouoBi ciaoBa: ad hoc wmepexxa; OLSR npoTokos, MHOTrOTOYEYHHUI PETPAHCISITOP; KUIBKICTH
CIIy’)K00BO1 iH(popMalii; MmojaeroBaHHsT NS-2.

Maxkcumos B.B.
I/IMI/ITalll/IOHHOC HCCJIeJ0BaHUEC BerHeifl FpaHI/lllbI KOJINMYEeCTBA MHOI'OTOYCYHBIX peTpaHC.]'lﬂTOPOB

nporoxkoga OLSR

IIpo6aemaTuka. B HacTosmee Bpems BoctpeOoBaHHOCTH B ceTsix MANET omnpenensroT mpucynue STim
CeTSIM TMPEUMYIIeCTBa IIepe] CTAIlMOHAPHBIMU CETSIMH, OCOOCHHO B YCJIOBHAX UPE3BBIYAWHBIX CHUTyallHH.
Tomonoruss B TaKMX CETSX YPE3BBIYAWHO IWHAMHYHAS, YTO NOTPeOOBAIIO pa3pabOTKH CHEIHAIbHBIX
MMPOTOKOJIOB MapUIPYyTHU3aIUU. XOTsI OCHOBBEI Teopuu Ipotokona OLSR, KOTOpBIH HIMPOKO HCIIONB3yETCS B
3THX CETAX, XOPOIIO U3BECTHBI, OJJHAKO PAa3BUTHE CETEH MOJABMIKHOMN CBS3HM TPEOYET MOCTOSIHHBIX YTOUYHEHHH
TEOPETUYECKUX IOJIOXKEHUH B COOTBETCTBHU C HOBBIMHM JAaHHBIMM O CIIOCO0Oax pacdeTa KOJWYEeCTBa
MHOTOTOYEYHBIX PETPAHCIITOPOB.

Hean. llensio paboOTHI SBISETCS HAaXOXKACHHE AHAJIWTHYECKUX BBIPOKSHUH [UIsI pacuera BepXHEH
TPaHHUIBI KOJWYECTBA MHOTOTOYCUHBIX PETPAHCISITOPOB, BEPOSATHOCTH PACIIONIONKCHUS JIBYXCKAaUYKOBBIX
y3JIOB Ha MaKCHUMaJIbHOM PACCTOSIHUM OT OIOPHOIO U MPOBEPKU COOTBETCTBHUS MOJTYUYEHHBIX PE3YJIBTATOB C
MIOMOIIbIO MOJACIUPOBAHUS.

Metoasbl. Mcriob3yrOTCs aHAIIMTUYECKHE METOABI pacyeTa, a Takke MMHUTAllHOHHOE MOJEJIIMPOBaHUE B
nporpaMMHoMm nakere NS-2.

PesyabTarel. IlonydeHbl aHaIUTHYECKUE BBIPAXKEHHUS s pAcUeTa BEpPXHEW TIpaHUIbl KOJIWYECTBA
MHOTOTOYEYHBIX PETPAHCISATOPOB M BEPOSITHOCTH PACIIOJIOKEHHUS JBYXCKAaUYKOBBIX y3J0B Ha MaKCUMAaJIbHOM
paccTosHUM OT OHOPHOTO Yy37a. IIpoBeAeHO HMHUTAIIMOHHOE MOJICIUPOBAHHE C IEIBI0 TOATBEPIKICHHUSI
TEOPETUYECKUX PE3YJILTATOB.

BeiBoabl. JlaHa oleHKa BepxHEHl TpaHUIBI KOJHMYECTBA OJHOCKAYKOBBIX Y3JIOB-PETPAHCIATOPOB.
ITokaszano, 4TO Npu ManoOM INIOTHOCTH y3JIOB HAa PAaCCMAaTPUBAEMON ILUIOMIAAN BEIWYHMHA BEPXHENH IPaHULIBI B
JBa pa3a MEHbIIIE paHee ONpeAeJIeHHON B HaydyHOH JuTepaType. MoJaeaupoBaHUE B MPOrPaMMHOM IaKeTe
NS-2 nokasano cOOTBETCTBHE aHAIMTUYECKUX BBIPAXKEHUN IJIs1 pacyeTa BEpXHEW I'PaHUIIbl MHOIOTOYEYHBIX
peTpaHcaATOpoB. IIpuBeneHbl cilydal OTKJIOHEHUsI OT aHAaIUTHYECKUX pacueToB. s JaHHBIX CIy4daeB
JIOKa3aHO, YTO HE3aBHCHUMO OT IUIOTHOCTH CETH KaXKIbIii JBYXCKAYKOBBIH y3€JI, KOTOPBIM HaXOJUTCS Ha
MaKCHMaJIbHOM PACCTOSIHUM OT OIOPHOrO Y3714, HOJDKEH HMETh CBOM MHOTOTOYEUYHBIM PETPaHCIISTOP.
OmpeneneHa BEPOATHOCTH PACIOJI0XKEHHUS JBYXCKAYKOBBIX Y3JIOB Ha MAaKCHUMaIBHOM pPAacCTOSHUH OT
OIIOPHOTO y3JIa.

KuarwueBbie ciaoBa: ad hoc cerp; OLSR mnpoTOKOI; MHOIOTOYCYHBIA PETPAHCIATOP, KOJIUYCCTBO

ciykeOHoM nHpopMaruu; MoJieupoBanue NS-2.



