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Abstract— This study examines the random waypoint from (0, V4], whereV,, ... is themaximum speedf the
model widely used in simulating mobile ad hoc networking simulation. Often, the model will be described as hav-
research. Our f|nd|ngs ShOW that thIS mOdel faI|S to pI‘O- |ng an average Speed é’iﬂzaz_ ThlS model |S expected
vide a “steady state” in that the average nodal speed con- v, maintain this average speed as simulation progresses,
sistently decreases over time, and therefore should not be . . .

. ; . : and simulation results are almost always in the form of
directly used for simulation. We show how unreliable and . :
misleading results can be obtained by using this model. In @1 average (?ver a .perlod. of time. Such averages only
particu|ar certain ad hoc routing metrics can drop by as make sense |f the S|mu|at|0n I’eaCheS a Steady State. Un'
much as 40% over the course of a 900-second simulationfortunately, this is not the case. The fact is that as simu-
using the random waypoint model. We give both an intu- |ated time progresses, the collection of nodes moves more
itive and a formal explanation as to the reason behind this SlOle; more and more nodes become “stuck” trave”ing
phg”d‘?menon- fWe a:so pr‘?poseg S'mpf_ff'xdo‘c th;‘ problem |54 distances at low speeds. Thus the model fails to pro-
and discuss a few alternatives. Our modified random way- 4 o steady state in terms of average speed. The over-

point model is able to reach a steady state and simulation .
results are presented heads and performance of mobile systems usually depend

Methods Keywords: simulation, statistics. strongly on node mobility. In light of this, random way-
point can generate misleading or incorrect results. In par-

ticular, time-average results change drastically over time;
the longer we run the simulation, the further results devi-
ate.
|. INTRODUCTION This paper presents an analysis of a generalized random

Mobile systems are characterized by thevemenbtf waypoint model that predicts the average speed of nodes
their constituents. The nature of movement—its spead the simulation. This analysis closely matches the actual
direction, and rate of change—can have a dramatic effacbdel. There are many ways to correct the model. One
on protocols and systems designed to support mobiligimple way is to limit the minimum speed, as well as the
Unfortunately, movement in the physical world is oftemaximum. The paper compares this simple improvement
unrepeatable. Live use of a mobile system can provitte the original model, and demonstrates its marked im-
meaningful insight, but cannot form the sole basis of eprovement in stability over the course of the simulation.
perimental evaluation. We also explore the impact of instability on two ad hoc

Instead, the mobile computing community has turned touting protocols, DSR [1], [2] and AODV [3], [4]. Either
simulatingthe movement of nodes and users. Of courssrotocol can produce better packet delivery rates and de-
one must derive a model of movement to drive such a sitays, depending on the average speed of the nodes during
ulation. By far the most common of these is lamdom simulation.
waypointmodel. This model was first used by Johnson The results presented in this paper highlight our belief
and Maltz in the evaluation of Dynamic Source Routinthat simulation studies should be done with great cau-
(DSR) [1], and was later refined by the same researttbn. Since certain assumptions associated with a simu-
group [2]. The refined version has become dteefacto lation model is “hidden”, it requires careful examination
standard in mobile computing research. For example, tenensure that a simulation model is actually doing what
papers in ACM MobiHoc 2002 considered node mobilityyve believe it is doing. This work does not propose a mo-
and nine of them used the random waypoint model.  bility model to more accurately reproduce real movement.

In this model, nodes in a large “room” choose somiRather, we present a simple modification to random way-
destination, and move there at a random speed chogeint to produce more stable movement patterns suited for
simulation studies.

Index Terms—random waypoint model, mobility, ad hoc
routing.
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The rest of the paper is organized as follows. In Sec-
tion Il we describe in detail the observed problem with the
random waypoint model via an intuitive explanation and
a formal analysis. Section Ill provides a simple improve- _ °f
ment to the original model and presents simulation results.
Discussion on alternative solutions and related works are
given in Section IV. Section V concludes the paper. o
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II. ANIN-DEPTH LOOK INTO THE RANDOM
WAYPOINT MODEL DO 1(;0 2&0 3(;0 4(‘)0 5(;0 6(;0 780 El;O 900

A. The problem and an intuitive explanation _
Fig. 1. Average speed decay (spe€i]=20], pausef)

The performance measures of ad hoc routing protocols

are directly affected by the underlying mobility model

used. One of the most important parameters of a m‘?fQUId eventually approach zero! We can easily imagine
bility model is the node speed, either in the form of Qow erroneous and misleading results can be obtained if

constant value or in the form of a set of values that d¥.€ YS® this model to e\{aluate the pg_rfqrmance Of ad hoc
termine a certain distribution [2], [4], [5], [6], [7]. Usersouting protocols. We will show specific instances in Sec-

should be able to adjust this parameter in order to comptlst'l%1 I”_' o | ion for this i ol h
the performance of routing protocols under different nodal A" INtuitive explanation for this is as follows. The ran-

speed. In doing so, a mobility model is naturally expectéjd)m waypoint model chooses a destination and a speed

to reach a certaiaquilibriumwhere the instantaneous ayi°f @ node at random, and the node will keep moving at

erage node speed is stablized around a constant. Inq?%t spged until it reaches the destination. Gi_ven. such, a
random waypoint model, this average is often believed f9d€ With a slow speed and a far-away destination may
be half of the maximum speed — simply because no e.a ang tlmg to flnlsh j[he t_rlp or may never reach the

speeds are chosen from a uniform distributionV;... dest!nat!on within _S|mulat|o_n timé.1f they do re'c_lch the

— or some value betwedhandV,,, if we consider pos- destination they will be assigned another possibly higher

itive pause time. Moreover, this average is believed to 5%ndom spe_ed, but nodes_ “k? this can be “tra_pped" o
reached at the onset of the simulation. Based on such g}gse slow journeys for significant amount of time an.d

pectations, simulation studies often include compariso r_eforg dominate the average nodal speed. As the sim-
between varying values of,.,,. For each value of,q.., ulgtlon time goes on, on average more and more nodes
simulation results (e.qg., routing overhead, packet delive‘Pﬂ}” be trapped to slower trips, thus causing the speed de-
ratio, etc.) are often in the form of averages over a periGdY OPserved in Fig 1. Note that running the simulation

of time (e.g., 900 seconds used by studies in [2], [4]). longer only cause the average to reduce even more. Be-

But are these expectations really justified? Let's fof0'€ We move on to present our fix for this problem, it
mally define theinstantaneous average nodal speefd helps to take a closer look at the probabilistic reasons be-
mobility scenarios generated by the random waypoi_nl[ng this probLem in a more formal way, which we discuss
model in the following way: In the next subsection.

(t) = ZZJ‘L vi(t) B. Aformal analysis of the problem

N Here we reiterate the procedure of the random way-
whereN is the total (fixed) number of nodes in the scePoint model. We first choose a rectangular area of size
nario, andv;(t) is the speed of th&" node at time. Us-  Ximaa X Yinaz, and the total number of nodésin the area.
ing this definition, an example generated by the randoie then choose a random initial locatian, y) for each
waypoint model with maximum speed of 20(m/s) and zefwde, wherer andy are both uniformly distributed over
pause time is plotted in Fig 1. This is the average over 88 Xna.] and[0, Yna.], respectively. Every node is then
different scenarios and the average speed is calculatedassigned a destinatidn ', y ), also uniformly distributed
ery second. over the two-dimensional area, and a speedavhich is

We see that the instantaneous average speed is COn:-or example, using an areab¥00m x 500m, and speed range of

sistently decreasing. As we will show in the next SUt{O,QO](m/s), if a destination is chosen 10@0away and the speed is
section, this average under the random waypoint mo@ebsen to be 0.1m/s, then the travel time would be 10000 seconds.



uniformly distributed over0, V,u2].2 Vinae is the user-
assigned maximum allowed speed. A node will then start
travelling toward the destination on a straight line at the
chosen speed. Upon reaching the destinatidn’, ),

the node stays there for a specific pause fintépon ex-
piration of the pause time, the next destination and speed
are again chosen in the same way and the process repeats
until the simulation ends.

For simplicity and clarity of our illustration, we will
analyze a modified or generalized version of the above
model with the following assumptions. We note that our (A3)
conclusion remains true for the original random waypoint
model, but the simplifying assumptions help to isolate and
emphasize the key reasons behind the diminishing average
nodal speed.

(Al) Instead of confining the nodal movement to a
rectangular area oK ,,,q X Yiaz, We will as-
sume that nodes move in an unlimited, arbitrar-
ily large area. Given the current location of a
node, the destination is chosen uniformly from
a circle of radiusR,,, . centered at the current
node location. The rationale behind this as-
sumption is that it allows us to easily derive the
distribution of travel distances. In the original
model the travel distance is dependent on the
node location due to the limited movement area.

(A2)

We assume that all pause times are zero. Again
this assumption is made because the pause time
is not key to the speed decay, and thus eliminat-
ing it simplifies the analysis. Fig.2 shows how
the average node speed decays with non-zero
pause times. Even though longer pause times
lead to fluctuations in the beginning, such effect
is gradually reduced and the average node speed
(or the envelope of the fluctuation) still quickly
decays as time progresses.

We assume that for each travel the node speed is
chosen uniformly from the interv@V,in, Vinaz)
instead of(0, Vijaz], WhereV,,;, > 0. This is
because the latter is a limiting case of the for-
mer, and thus can be easily derived from results
obtained for the former. By this assumption we
also imply that the user can specify both the
minimumand maximumallowed speed. Given
this assumption the probability density function
(pdf) of the nodal speel is

1
Vinin < v < Vinaz.

b —
- szn

fv(v) = v

Note that the choice of speed and the choice of
destination (therefore travel distance) are mutu-
ally independent.

We emphasize again that this assumption only Then after some derivation we can obtain the pdfs and
helps simplify the analysis but does not changexpectations for the travel distance and the travel time

the ultimate conclusiof.
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summarized as follows (see the Appendix for details).
1) The pdf of the travel distanc® is

2d
fD(d) = RT7 0 < d < Rmaz

max

and the expected travel distancefigD] = %Rmam.
2) The pdf of the travel tim& (note that as a random
variable,T = £)is

.l Q(V%am‘i’viln*FVmanmzn) . t 0 < t < Riax
3R%,Laz - - Vmaz
2Rmaa¢ PR Rmaa: < t < Rmaz
. I frt) ={ 3Vmaz=Vmin) 17 maz = = = Vmin
Simulation Time (sec) V3

Fig. 2. Average speed decay with various pause time (Sgée26])

e min : . t
dRmaz (Vmaz _szn)

0 t > fmas

min

and the expected travel time is

ZNote that it is also often presented as a uniform distribution over
[0, Vinaz]. However in actual simulation, e.g., tisetdest mobil-
ity generation utility in ns-2 [8], zero is always eliminated to avoid
division by zero.

3In some literatures, random amount of pause time with uniform or
exponential distribution is used. 3)

4The boundary effect of the current random waypoint model has be
studied in [6], [7], [9]. However, with or without boundary does not
fundamentally affect our analysis here.

2Rmaz In ( Vmaz )
3(Vmax - szn) szn '

BT = (1)

This pdf is shown in Fig. 3.

Given the above results, we can compute the time
average of the speed for a given note as follows,
assuming the instantaneous node speed(of at
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Fig. 3. The pdf of travel tim&@
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Comparing the average spekdto the initial average
speedV;,,;; defined ag’me=tVmin and setting: =
1, we have

Vmaz
m

Vi vin

Vimaz *Vmin
V In Vmax

‘/;nit

Vimin

Vm,am +szn
2

2( V'maz

min

_1)

(V2 + 1) In(ymes)

g9(z)

2(z—1)
(x+1)Inx

Note thatg' (z) < 0 (z > 1), lim,_; g(x) = 1 and
lim; .. g(x) = 0. Therefore

time s (note that since each node moves indepen-

dently, it suffices to consider a single node):

= lim

= lim

S—00 ﬁ Zk:l K(S)tk
Vmaz -

E[D]

Sli_r)noo % /0 Sv(s)ds

2 k=1 K(S)dy
§—00 3=y K(S)tk
&Sy k=1 K (S)dy,

E[T]

ln(v

Vnza.r

min

)

Vmin

)

V < Vinie (equality holds whew,,,q. = Vinin)-

This means that the average nodal speed over time is
always less than the initial average speed, unless the speed
is constant. This also means that there will always be a
period of speed decay at the beginning of the simulation
until the average speed settles arolindrhe distinction is
that if V,,,;,, takes a positive value, then the average speed
eventually stablizes to a positivg, whereas ifV},,;, = 0
then the average speed will continue to decrease as time
goes on. Even whelr,,;, is positive, it may take a long
time before the average node speed stablizds,if, is
very small. In general, the smalléf,,;,,, the longer the

Here K (S) is the total number of trips taken withindecay period.
time S, including the last one that may be incom- The analysis and discussions in this section suggest two

plete.d;, andt,, are the travel distance and the travehings:

time of thek'” trip, respectively. The first equality 1)
in (2) follows from the assumption that ensemble
averages equal time averages.

From the distributionfr(t), we see that a¥,,;, ap-
proaches 0, the tail distribution gf-(¢) decays approxi-
mately according tc{% ast — oo. Indeed ifV,,;, = 0
thenT has a heavy tailed distribution [10] sin¢e(t) be-
comes?,ﬁ,ﬁ}g. Similarly, fromiEquation QVE[T) —

oo asVyin — 0, and from (2)V — 0 asV,;,, — O.

In other words, this means that as the minimum speed
approaches zero, the travel time has a higher and higher
probability density of being very large, with an expected
travel time approaching infinity. At the same time, the
expected node speed approaches zero overitime.

50ne can easily check using standard methods that if we take two
uniformly distributed nonnegative continuous random variableés (
and X, respectively) and take a third random variab¥&) to be the
ratio of the first two X3 = X;/X5), then if the denominator ran-
dom variable ¥5) is defined over an interval containing the origin,
X3 would indeed be heavy-tail distributed.

In order to reach a positive average speed, one so-
lution is to specify a positive minimum speed for
the mobility model, and this minimum speed can-
not be too close to zero because it is desirable for
any simulation model to reach stability as soon as
possible. Subsequently, for simulation comparison
purposes, the average nodal speed has to be care-
fully calculated rather than taking the simple aver-
age of maximum and minimum speed values. Table
| shows a list of various speed range and the cor-
responding speed averagel,,,;; is the initial av-
erage speed, taken as the median of minimum and
maximum speed)/ (Eq.2) is the steady-state aver-
age speed calculated by Eq. (2) following assump-
tions (A1)-(A3). V(simulation) is the time average
speed of 50 nodes for 1000 seconds after the first
500 second warm-up. Simulation results are aver-
aged over 10 different scenarios generated by the
random waypoint model in 1500m 500m area
with the modification of positive minimum speed.
o is the standard deviation. As shown in Table I, all



simulated average speeds exceptin the casg.of TABLE |

= 0 are very close to our analysis despite of our a¥iit, V(BY EQ.(2) AND SIMULATION)) OF VARIOUS SPEED RANGE
sumptions(A1)-(A3). Therefore this estimate can (unit : mls)

be used in simulation studies to quantify the average

nodal speed. In the case f,;,, = 0, the average Speed range Vi | V (EQ.2) V (sim)
speed decayed froi,,;; but did not converge yet (0,20] 10 0 4.23 ¢=0.27)
to the expected average speed which is zero. Simu-__ [1,19] 10 6.11 6.17 (0.19)
lation for longer time shows that the average speed|  [2,18] 10 7.28 7.33(0.19)
of the speed rang@, 20] keeps decaying. For ex- [3,17] 10 8.07 8.00(0.21)
ample, over 10 scenarios, the average speed was  [4,16] 10 8.66 8.70(0.14)
4.07(m/s) & = 0.48) att = 1000 seconds, 3.16(m/s) [5,15] 10 9.10 9.09 (0.12)
(0 = 0.61) att = 5000 seconds, and 2.85(m/s) ( [6,14] 10 9.44 9.45 (0.09)
= 0.51) att = 10000 seconds. It decays slowly but [7,13] 10 9.69 9.69 (0.08)
consistently. [8,12] 10 9.87 9.87 (0.05)
2) It is a common practice in the traditional simula- [9,11] 10 9.97 9.97 (0.02)
tion community to “warm-up” a simulation (also [ Speedrange Vi.i; | V (Eq.2) V (sim)
known asinitial data deletior) aimed at eliminat- [1,21] 11 6.57 | 6.49 ¢=0.22)
ing the effect of the transient part by discarding [2,22] 12 8.34 8.42 (0.28)
the data from the initial period of a certain length. [3,23] 13 9.82 9.80 (0.25)
This is usually done to ensure that the system be- [4,24] 14 11.16 11.24 (0.22)
ing simulated has entered steady state. As shown [5,25] 15 1243 12.50 (0.27)
in Table I, the_ average node speed quickly de- [6,26] 16 13.64 13.70 (0.25)
cays from the initial average speég,;; and con- [7.27] 17 14.82 14.83 (0.22)
verges to_ the expected steady-state average spee 8,28 18 15.96 16.03 (0.29)
V(sim) with reasonably small standard d'eV|at|o_ns [9,29] 19 17.09 17.23 (0.25)
after some amount of warm-up. The discussion [10,30] 50 18.20 18.27 (0.27)

here provides another reason why a simulation us-
ing such mobility models needs to be warmed-up
so that the average nodal speed converges. The ac-
tual amount to be discarded in this particular case
depends on the minimum speed.

Our analysis in section Il suggests that one solution is to
set a non-zero minimum speed. As shown in Table I, the

In this section we propose a simple method to modiyerage speed increases proportional to the logarithmic
the random waypoint model so that the mobility scenarigale which is implied by Eq.(2). General case of speed
reaches a steady state in terms of node speed after a quigtge(0, 20] results in zero average speed whereas speed
warm-up period. We further illustrate the significance ghnge[1, 19] leads to 6.11(m/s). Our study shows that this
this improvement by comparing simulation results gengmprovement makes the simulation results quickly con-
ated by this modified model to that generated by the origerge to the constant and stable level after a certain length
inal random waypoint model. We present results for bolif warm-up period. Let us define “settling time” as the
DSR and AODV over a range of commonly accepted pafme to approach within 10% of the steady-state average
formance metrics. We show that the modified model prgpeed_ Then the settling time of Scenal’ﬁOSZO] is al-

vides more reliable time-average measures, and that {igstimpossibleto measure due to the continuous speed

[11. | MPROVED MODELS AND SIMULATION

original model can generate misleading results. decay from 10(m/s) to zero. Note that the initial median
speed of both speed ranges is 10. On the contrary, our
A. Improvement scenarios of/1,19] settle down after only 142 seconds,

There are many solutions to the average speed degayich can be considered as within a warm-up period dur-
problem. Here we suggest one of the simplest improvieg 900-second simulation. This can guarantee the fair-
ments to mitigate the decay of average node speed amads of performance comparison regardless of the simu-
leave the discussion on alternative methods to the néation time elapsed. Next we show simulations based on
section. this solution.



B. Simulation Environment

To maintain consistency with other research results, we
employed thens-2 simulator [8], using the same node °
movement (each scenario 900 seconds long) and traffic
data as in the previous work on performance comparison
by Broch et al. [2] as well as our own. In the case of
positive minimum speed such as a speed rahge|, we
generated mobility data using a simple modified version*®
of setdest [8]. In these scenarios, 50 nodes move in a
1500mx 300m rectangular area at uniformly distributed
speeds. Sincpause timaloes not have a significant ef-
fect on our analysis, we set the pause time to zero in all
scenarios. For each set of parameters, we ran 30 differ-
ent scenario8.The scenarios in [2] we used have a speed
range(0, 20] for 900-second simulation runtime. Our sce-
narios consist of various range of speed includiag0].

As traffic data, we also chose the same constant bit rate
(CBR) scenario as in [2]. Unlike the previous compar-
isons by Broch et al. [2] and by Perkins et al. [4] with var- *®
ious number of sources and bit rates, we only used CBR
scenarios of 30 sources and each source node transmits
data of 64 bytes per packet at a rate of 4 packets per sec-
ond. Itis also very important to note that the presentations
of our results are all in terms dime rather thanpause

time which all previous works used as a changing factor.

(0,20] and 900 seconds runtime agree (as a single
total time average) with that by Broch et al. in [2].
Routing overhead packets in byt&@#is metric is the
same as the previous one except for the different unit
of metric, which is in bytes rather than the number
of packets. For example, a 100-byte packet that tra-
verses four hops counts as 400 bytes.

The number of dropped data packdiaie to an error

in the physical layer or upper layers, some of trans-
mitted data packets cannot be delivered to a destina-
tion node. In this case, a router between a source and
a destination discards the packet, and it is counted
as one dropped data packet. In our simulation, when
averaged every 100-second interval, the number of
the transmitted data packets during the interval is in
general equal to or a little less than the sum of the
received data packets and the dropped packets, since
some of packets are still in the middle of network.
Data packet delayPacket delay is the time elapsed
for a data packet to be transmitted from a source node
to a destination node. It is calculated only when a
packet is successfully delivered to a destination node.
This metric is also counted every 100 seconds and
averaged over all packets counted.

In other words,one curveof our results corresponds toD. Simulation Results

one pointof the previous works [2], [4].

C. Metrics

To compare our work to the results in the previous
works of performance comparison [2], [4], we adopted
the following metrics. As mentioned earlier, we calcu-
late these metrics every 100 seconds — e.g., we get 9 data
points for a simulation of 900 seconds — so that we can
observe changes in the measures in addition to the single
average over the entire simulation duration.

« Average node speedhe average speed of all nodes
is calculated every 100 seconds using Eq.(1). The
average node speed is a major factor in our analysis,
since how it is changing with respecttime affects
other metrics.

Instantaneous Average Speed (m/s)
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Fig. 4. Average Node Speed in 900-second Simulation

Fig.4 demonstrates how the average node speed
changes during the 900-second simulation as time goes

5There are only 10 scenarios of a speed rafige0] and pause time

« The number of routing overhead packefhis in- on. As shown in Table | in section Il, the average node
cludes all packets generated by a routing protocgheed in[1,19] scenarios rapidly converges to the ex-
to discover or maintain routes. Each hop taken Byected average speed 6.11(m/s) and stablizes at that level,
a packet is counted separately. So a packet that tjghereas the average node spee¢hir20] scenarios con-
verses four hops counts as four overhead packets. fjuously decreases. Since node speed directly affects the
our simulation results in scenarios with speed rang@rformance comparison of ad hoc routing protocols, the
decayingaverage node speed during a simulation will re-

0in [2]. To obtain more general results, we generated 20 more scerigidlt in varying performance measures over time within the

ios and averaged all 30 scenarios.

same simulation. If we only look at the time average over



total simulation runtime, simulation duration becomes a
dominating factors affecting the comparison results.

x10*
2

Our simulation results for DSR and AODV from the
900-second scenarios (as in [2], [4]) with speed range
(0,20] and zero pause time, along with results from 900-
second scenarios with speed rarjgel9] are shown in
Fig.5. We make the following observations.

Firstly, in all four metrics, the performance measures
resulted from a speed ranfje 19] were stablized after an
initial warm-up period. On the other hand, all the perfor-
mance measures resulted from speed rafged] contin-
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uously decrease as the simulation time progresses, partic-
ularly obvious in routing overhead (Fig.5(a) and (b)) and
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Simulation Time (sec)

(a) The Number of Routing Overhead Packets

number of dropped packets (Fig.5(c)).

Secondly, in Fig.5(c) after 300 seconds, the difference
between DSR and AODV stays relatively constant un-
der speed rangél, 19], while speed rang€0, 20| pro-
duces two curves that gradually move closer together and
even cross each other at some point due to the reduced
speed. On the contrary to Fig.5(c), the performance of
DSR and AODV are nearly indistinguishable undbeth
speed rangél, 19] and(0, 20] in Fig.5(d).

These observations raise questions on the performance
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comparison of routing protocols since (1) the performance
of routing protocols vary depending on the speed range

350

1 1 1 I
400 500 600 700
Simulation Time (sec)

(b) Routing Overhead Packets in Bytes

L L
200 300

and (2) the speed range (or the instantaneous speed) dras
tically and consistently decays even during the same sim-
ulation. This implies that the performance measures are
more closely related to thimstantaneousverage node
speed rather than thmaximumnode speed here losing

its significance for the performance comparison. Thus,
it motivates us to further reveal the relationship between
the observed metrics and the instantaneous average node
speed.
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Fig.6 shows how the metrics of DSR and AODV change o
as the instantaneous average node speed varies. To ob-

. . . . .
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Simulation Time (sec)
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(c) The Number of Dropped Data Packets

900

tain various instantaneous average node speetifer-
ent maximum speeds (1, 5, 10, 15, 20, 25 and 30(f/s))  oof
were applied with a minimum speed zero. Each maximum
speed were used to generate 10 scenarios, so total 70 dif-
ferent scenarios of simulations were executed. Each point
in the Fig.6 corresponds to the average over 10 different

Packet Delay (sec)

0.015

"The metric values of an ad hoc routing protocol are directly re-
lated to thenstantaneousiode speed rather than thraximunspeed.
Consequently the metric change in terms of the instantaneous average
node speed should beumiqueproperty of a specific ad hoc routing

0.011

/

0.005

—& AODV, [1,19]
—— DSR, [1,19]
—=- AODV, (0,20]
—+ DSR, (0,20]

protocol, and thus can be used to fairly compare the performance of
different routing protocols.

8Note that maximum speeds of 25 or 30(m/s) were seldom consid-
ered in simulation studies probably because they are considered fgg. 5.
high for mobile networking systems (roughly correspond to 57 argimulation
66 mph). However, they are used here to generate a wider range of
instantaneous average node speed.
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scenarios of a specific maximum speed. It can be viewed
as plotting Fig.4 (average speed vs. simulation time) and
Fig.5 (measures vs. simulation time) together in one plot
(measures vs. average speed). As shown in Fig.5, it seems
reasonable to discard the first 300 seconds as a warm-up
period. Therefore, the data before 300 seconds were ex-
cluded in obtaining the results shown in Fig.6. All lines in
Fig.6 fit the data in a least-squares sense, i.e., minimizing
the sum of squared error.

As shown in Fig.6(a) and (b), the routing overhead of
DSR and AODV increases linearly as the instantaneous
average speed increases. This implies that the ratio of
routing overhead between DSR and AODV stays roughly
constant even though the actual values of the metric de-
crease as average speed decreases, which confirms our ob-
servation from Fig.5(a) and (b).

Fig.6(c) is consistent with the results in Fig.5(c). As
shown in Fig.4, after 300 seconds the instantaneous av-
erage node speed of scenarjbsl9] remainsconstantat
6.1(m/s) . In Fig.6(c), the difference between DSR and
AODV at a speed of 6.1(m/s) is about 40. Therefore, the
gap between DSR and AODV with speed rafgd 9] in
Fig.5(c) is constantly maintained as 40, since the average
speed istablizedat around 6.1(m/s).

At the same time, Fig.6(c) also shows that the dif-
ference between DSR and AODV becomes smaller and
smaller as the speed decreases. Below around 2 (m/s) the
difference is almost negligible, indicating that DSR and
AODV show almost the same performance in terms of the
dropped data packet (or equivalently packet delivery ra-
tio) at low speeds. This is why the graphs of speed range
[0, 20] in Fig.5(c) seem to converge as time progresses. If
the average speed further decreases (i.e., longer simula-
tion duration), the two graphs would finally converge to
make them indistinguishable.

In Fig.6(d), there is little difference between DSR and
AODV over almost all speed range. This implies that the
performance of DSR and AODV in terms of the packet de-
lay is roughly the same. However, note that the data points
of DSR seem more deviated from the fitted line than that
of AODV. We thus applied a higher order curve to fit the
data. A nonlinear fit for data in Fig.6(a)-(c) showed al-
most no difference from the linear fit, whereas a nonlinear
fit for data in Fig.6(d) was slightly different.

Fig.7 is a 3rd order curve fit for the same data shown in
Fig.6(d). A distinct feature is that the two performance
curves cross twice — at roughly 6.1(m/s) and 1.5(m/s),
respectively — within the range of instantaneous average

Fig. 6. Performance Metric vs. Instantaneous Average Node Speedde speed we examined. DSR shows a higher packet de-

lay at relatively higher speeds, and AODV higher at the
intermediate speeds and the two almost the same at low



i ‘ ‘ ‘ ‘ ] AODV. They chose packet delivery ratio, routing over-
head and path optimality as metrics to compare. However,
all metrics were reported as time averages over 900 sec-
onds, varying only pause time from experiment to exper-
iment. As we have shown, instantaneous values of these
metrics change — some dramatically — over the course of
such a simulation.

Perkins et al. [4] performed a similar comparison of
DSR and AODV with random waypoint model. They

Packet Delay for 100 sec (sec)
o
o
N
&

. ‘ . ‘ ‘ ‘ ‘ ‘ compared the performance observing different metrics
insantaneous Average Speed (/) such as average packet delay and normalized routing load.
Fig. 7. 3rd Order Curve Fit in Fig.6(d) However, results were again represented as averages over
time.

speeds. Note the gap in packet delay of DSR and AODVA recent paper by Perk_ins, Hughes aqd Owen [5] shows
shown in Fig.5(d) with speed rangie 19] is almost negli- that node speed, pause time, network size and f[he number
gible since there is no difference between them at a spé’é ources can affect the perf_orma_nC(_a_of routing prot_o—
6.1(m/s) in Fig.7. cals. Sgrprlsmgly, node speed is a significant factor, while
pause time is not. They used random waypont model but
employed Global Mobile System Simulator (GloMoSim)
IV. DiscussiON rather thanns-2 Again, only time averages were re-
A. Alternative Improvements ported. In addition, they only ran simulations for 200 sec-
As mentioned before, there could be many potential s%r-]ds’ which is not enough to get past the warm-up period

lutions to avoid the speed decay as time progresses. In teéaded.

last section we suggested one of the simplest methods the Random Waypoint model has also been_ qwte_ex—
setting a positive minimum speed. Some other improv@ns'\’ely studied. Bett_stetter [9] showed by S|mule}t|on
ments can be derived by considering the reason behmat _the_random waypoint mode| (_joes_n_ot have a uniform
speed decay. Slow-moving nodes cause the decay of a\gé§'gr|but|on of nodes. Qhu and leolaldl_s [6] mathemat-
age node speed and maintain low speed for relatively IoW&"y s_howed and_ c_:onflrmed by simulation the Same ob-
times until it reaches the destination. To solve this prOB_ervat!on. In addition, they _sh(_)we_d that there is a rela-
lem, we can adopt a strategy analogous to the real IiﬂQnSh'p between the 'node distribution and node speed. It
increase the speed if a destination is far away, and red i ar?uer? thatt1 this |sr1partlyhdu$fto the boundary effehct.
the speed when the destination is near. For example, WfllreW?S_ urther shown t at,W't different ”_0‘?'6 speed, ,t €
a destination- and a speed are chosen and the expectquOb'“ty scenario poses different connectivity properties.

; However, such results are again obtained as a time aver-
travel timet = T exceeds a pre-set threshdlthresh, 9

we can reassign the maximum speed to this node. M§@e rather than the changeer time. The influence of
generally, one may choose to define the (joint) probabhpw qodgl speed decay influences connectivity properties
ity distributions of travel distance and the node speed gymains important future work.

that the speed is correlated with the destination (distance)!n another recent work, Camp, Boleng, and Davies [7]
Alternatively, since there is only two degrees of freedogfudied and analyzed a variety of mobility models that
(between distance, speed and travel time), one may choB@¥e been proposed to date, including the random way-
to define a proper distribution for the travel time — one thRPint model. In particular, they showed the change in av-

has finite support — instead of the travel speed. erage percentage (or number) of neighbors as time pro-
gresses. Fig.4 in [7] shows that the average number of

neighbors has stable mean but increasing variance, which
B. Related Work is suggestive of decreased movement of nodes (i.e., nodes
Ad hoc network routing protocols have been both exare more likely to remain neighbors or remain neighbors
tensively and intensively studied in the past few yearr longer periods due to slow movement). But the authors
The random waypoint model is often used to evaluate tfaled to point this out. Various mobility models were also
performance of a particular routing protocol. compared in their paper in terms of average speed which
Broch et al. [2] used the random waypoint model tis assumed to be the average of minimum and maximum
compare the performance of DSDV, TORA, DSR, ansbeed rather than the instantaneous node speed.
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V. CONCLUSION
Random waypoint is widely used as a mobility model

to compare the performance of various mobile ad hoc net- (D < d) = //\/ﬁ<d fxy (2, y)dwdy
work routing protocols. In this paper we have shown that o xdﬂ’ ‘1
the random waypoint model in its current form fails to = / / rdrdf
reach a steady state in terms of instantaneous average node o Jo TR,
speed, but rather the speed continuously decreases as sim- _ LQ
ulation progresses. Consequently, this model cannot be RZ, ..
used to conduct performance evaluation measured as time
averages. Such averages are based on metrics that change
over time, sometimes drastically. Considering only these fold) = or
averages can result in misleading or incorrect conclusions. b od
We showed by an intuitive explanation and a formal 2 0<d<R
study the reason behind the speed decay. Based on our Rz T

analysis we also proposed a simple solution to the prob-
lem, which is to set a positive minimum speed. Our im-
proved model is able to quickly converge to a constaﬁt
speed. Consequently performance measures resulted from
this improvement were also able to stablize. Our analy-

The expectation of distance d

sis, although based on simplifying assumptions, can be E[D] = /Rm” r 2d dr
used to very accurately estimate the expected instanta- 0 R oo
neous average node speed given the minimum and maxi- _ 2R

mum speeds and the area of the mobility scenario. 3o

Conceptually the problem revealed in this paper is not
a consequence of the random waypoint model itself. # The pdf of travel time t
other words, the rationale for the random waypoint model
does not limit us from choosing a minimum speed other Adopting assumption (A3), speedis also uniformly
than zero. For that reason the simple improvement Wistributed fromV;,,;;, t0 V42 So the pdf oo is
presented in this paper may still be considered a “random 1
waypoint model”. It is the common belief that ocanset fv(v) = Vo v
the minimum speed to zero, and the subsequent wide ap- max mn
plication of this belief — that made zero the default
imum speed — that has led to this problem and highl =2
the significance of our work. R=Vt

»

APPENDIX

A. The pdf of distance d from the starting point to the « R
tination

max

Adopting assumption (A1), the pdf afandy become:

1
mR2

max

fX,Y(x7y) =

When we use this analysis to approximate the real
ulation scenario where the movement area is defined Fig. 8. Distance-Speed Graph
rectangular area of dimensiofy,,... andY;,,.., our results
can be used by settingR2,,, = XmazYmaz- 1N Other
words, we will approximate the pdf within a rectangt

In Fig. 8, the probabilityP(T' < t) is

area using a cirle of radiug, ., : (1) Rimnaz < Vipint (¢ > %:j:)
fxy(z,y) = X ly ! = P(= = Vi) =
x, = ~ .
XY Y max L max WRZnax P(T <— t) P<‘r <— t) P<R <_ t) 0



(”) Vmint S Rmaz S Vmamt

/

(‘R;maac < t < Rmaa:)

max min

Rmam
t

Vit
P(R<Vt) = fryv(r,v)drdv

Vmaz

maz

Rmam
/ fryv(r,v)drdv

Rmax 1

B /mm / mam max - Vm'm
Vimaz [ Rmas 2r 1
/m/ —
2R 1
S(Vmax - me) t
Vi
3R72naz(vmax - Vmin)
Vimaz

Vmam - szn

drdv

_'_

(’LZZ) Rmam > Vmamt (t < %)

Vimaz Vi
P(R<Vt) = / fryv(r,v)drdv

/‘/NL(LL Vt 27‘ ]_
Vimin 0 ma;lj Vmax - me
+ Vi

t2 V%ax min + Vinaz V”m”)
3R2 '

max

drdv

By differentiating P(T" < t) with respect ta, the pdf 1

of time ¢t becomes

(V;gla:c_"v;?”n'i'vmamvmin) t 0 < t < Rmal
2Rma3Rmax 1 _ Bimaz < ¢ ZM%
fT(t) — (Vm(]/r ngn) t2 Vmaz - - len
e (Vmas Vo) " ¢
0 t > {hmes

min

D. The expectation of time t

/Oot - fr(t)dt
0

E[T] =

_ /I‘IE;TTZZ;f ‘. (Vrgwa: + Vr?un + Vma:pvmin) - tdt
0 3R e
L[ 2R 1
L’Zl:: S(Vmaz - szn) t2
2V,3,
—t- min - tdt
BR?nax(Vmax - me)
_ 2Rmaz In ( Vinaz >
3(Vmaar - me) Vmin .

(1]

(2]

(3]

v drdy

[5]

(6]

[7]

(8]
9]

11
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