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Abstract— Motivated by the recent findings of super-diffusive (link duration and link change rate) are not adequate faaydel
patterns in mobility traces, we investigate the impact of sper-  tolerant networks, as the chance of establishing a linkrie ra

diffusive behavior of mobile nodes on contact-based metr 5 it js very unlikely that an end-to-end path exists at any
and performance metrics of routing protocols in delay toleant time in DTNS

networks (DTNs). We show that diffusive properties make hug i . . i .
impact on the performance of routing protocol — message delery In this paper, we examine how different diffusive proper-

ratio and delay of delivered messages, and existing modelsch ties of mobile nodes impact contact-based metrics and the
as random waypoint models or Brownian motion models lead to performance of routing protocols in DTNs. First, we propose
overly optimistic or pessimistic results when diffusive poperties 5 ~onsider a new contact-based metric, tailored to routing

are not properly captured. In addition, we point out that existing .
contact-based metrics are unable to differentiate betweewmarying performance study in DTN. We show that contact rate and

degrees of routing performance under different diffusive mobility ~ contact duration, recently proposed pairwise contact dase
patterns, and then propose to use the number of new contacts metrics in [6] for DTN, are unable to differentiate varying
as a fare more effective metric, especially for scenarios iwhich  degrees of routing performance in DTN. Instead, in this pape
message routing/forwarding is built upon contacts among miile ya"nint out that each contact between mobile nodes under

nodes. Our work in this paper suggests that the diffusive bedwior . .
of mobile nodes should be taken into account, for the designnal study does not necessarily contribute to successful messag

the performance evaluation of network protocols in DTN. delivery/transfer in DTNs. Motivated by this, we distinghi
betweenthe number of new contactsd the number of total
|. INTRODUCTION contacts, and find that the number of new contacts is far

more relevant metric in performance study of DTN routing

Generating realistic movement patterns of mobile nodes pyotocols. Our results show that the number of new contacts
sound mobility models is crucial in the performance evalys in direct relationships with performance metrics such as
ation of routing protocol in delay-tolerant networks (DTNs message delivery ratio and delay of delivered messages.
Mobility models that cannot capture the key charactesstt Second, equipped with our newly proposed metric, we
mobile nodes properly will lead to misleading decision angtudy performance evaluation in DTN by using more realistic
design guidelines. movement patterns that correctly reflect diffusive prapsrof

Recently, [7], [9] have found ‘super-diffusive’ [12] move-mobile nodes. Specially, we use epidemic routing protots] [
ment patterns in numerous GPS traces as well as access pduttperformance test ims-2, and employ a class of Lévy
(AP) based traces. Super-diffusive behavior implies thalife walk models that are easy to generate, versatile, and known
nodes tend to spread out quicker than typical random walits capture various diffusive properties as observed in real
categorized by normal diffusion [12]. In [7], [9], variousotile  traces [7], [9]. Intuitively, mobile nodes with more difiue
nodes including humans, zebras and buses have been shpvaperty will cover larger area over the same time duration
to follow super-diffusive movement patterns. In particufar when compared to less diffusive ones, which in turn affects
human traces, different movement patterns such as walkih@w many new nodes a given node will encounter over time,
running, inline-skating and bicycling have been shown ftice., the number of new contacts.
display different degrees of diffusive properties (diffiet rate  Our results in this paper show that diffusive properties enak
of ‘spreading out’). a huge impact on performance of DTN routing protocols, and

In the literature, performance evaluation of routing pools existing mobility models are mostly either too optimistic o
has been extensively studied in MANETS, with only a handftho pessimistic, suggesting that we should be more caneful i
of studies for DTNSs. [1] investigates performance evabratif capturing the correct diffusive behavior of mobile nodes fo
DTN by using random waypoint models (RWP), but diffusivéhe purpose of correct evaluation of routing protocols.
property and other key characteristics of real mobilityterais
are very different from those of RWP [7], [9]. On the other Il. PRELIMINARIES
hand, authors in [2], [4], [10] have proposed several metric In this section, we present background on the mean square
for performance evaluation study in MANETS. Although thesdisplacement — a metric to capture the rate at which mobile
work provide extensive results, they are mainly for MANEThodes spread out, super-diffusion, Lévy walk models, and
not for DTN. For example, route-related metrics [10] (routprovide a brief summary of our previous works [7], [9], in
change rate, route duration) and link-related metrics [[4)] which we report super-diffusive behavior in real mobilectsa



A. Mean Square Displacement (MSD) [ Node | Movement | MSD slope §) [ Diffusion 3
human walking 1.48 super-diffusive
human running 1.70 super-diffusive

Y -~ 1000 human inline-skating 1.88 super-diffusive
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() MSD computation (b) Super-diffusive node degrees of diffusive properties. Unlike other mobility retsi
Fig. 1. MSD computation and sample trajectories of two noéls different  that would require subtle choice of several parameters to
diffusive properties. Two nodes moving with the same spaesid(m/s) are  control diffusive properties, Lévy walk can directly cooitthe
simulated over the same duratiotDQ00 sec). degree of super-diffusive properties by adjusting the eepo
f step-lengths: (single parameter) [7], [9]. The Lévy walk
odel is a class of random walk models whose step-length
stribution is heavy-tailed, i.e., the step-length dgnss
aracterized by

The movement of a mobile node can be characterized
measuring how far they are away from its starting point aft%ri
time ¢. This diffusive property can be properly captured by th
mean square displacement (MSD) [3], [12]. MSD is define
as follows. When we denot&, € R? as the position of the fr(l) ~ 17+,
mobile node at timg, the MSD becomesd/ (t) = E{||Z; — _ ) ) - )
Zol?} (i.e., the second moment of the displacemgst — Wherep > 1 is required for any valid probability density
Zo| between the current position at timend the position at function. In particular, there exists a clear-cut relasioip
time 0). For a class of isotropic random walks with finite stepPetweery and the MSD /() ~ ¢7) slope as follows [13].
length varianced? < o), the MSD will grow linearly witht,

1 <p <3,

i.e,. M(t) ~ t, provided that the speed of the mobile node is " if 1> 3
0(1) (or constant). A classical example of this case is the 2-D M) = B{|[Z — Zo|2} ~ 11 if2<p<s,
Brownian motion process whose variance grows linearly with ) .

t. Figure 1(a) illustrates how MSD is measured. As a mobile t if1<p<2,

node starting from the origin follows the trajectories abov
we collect the displacement at each time instaniThen, we
investigate how MSD grows with timeto find out the diffusive
property of mobile nodes.

This relationship implies we can generate mobility patern
with varying degrees of diffusive behaviors, with ranging
from 1 to 2 by controlling the step-length expongntNote
that 02 = oo for any u < 3, while u = 3.0 corresponds to

B. Super-Diffusion Brownian motion with finite step-length variance.

When the step-length has infinite varianeg (= co), the
mobile node tends to quickly spread out since longer step-
lengths are generated more often. This behavior is caliper-
diffusion [8], [16], while for 0?2 < oo it is called normal
diffusion. To quantify the degree of diffusive properties o
mobile nodes, we investigate the slopg ¢f M (¢) in alog-log A metrics

scale (i.e.,M(t) ~ t7). For a normal diffusive casey = 1, . .
while we havey > 1 for super-diffusive case. In particular, 1) Contact-based metricdn the performance evaluation of

‘ballistic’ movement corresponds tp = 2. Figure 1(b) shows DTN routing protocols,Contsct is the most importa}n.t factor
typical sample trajectories of two nodes with differenfutiive S nodes have an opportunity of sending and receiving packet
properties (different). While both nodes have the same spee%nly when they are within the transmission range with other

(1.34 m/s) and run over the same duration (10000 sec), fhdes. We say that there is a ‘contact’ or they ‘meet’ when
super-diffusive node~ = 1.5) spreads out from the originthe distance between two nodes is less than their common

much further than the normal-diffusive node £ 1.0). transmission range. Among many contact-related metrics,
we first consider the number of contacts (over a given time

C. Super-diffusive Property in Real Traces duration) and contact duration as used in [6]. We distirtyuis
Super-diffusive property of mobile nodes has been obser/g@fween the number of new contacts and total contacts among

in numerous GPS traces as well as AP-sampled traces [7], [#9des. Specifically, we also observe how the number of new

Table | summarizes the super-diffusive properties, in gegh CONtacts increases as time goes on. Below are the threeemetri

the slope of MSDy, observed in several mobility traces. Fotinder our consideration.

more details, see [7], [9].

In this section, we first explain the contact-based metmck a
other metrics used in the performance evaluation of routing
protocols. We also provide details on simulation setup.

M ETRICS AND SIMULATION SETUP



« The total number of new contacts Whenever a pair of IV. NUMERICAL RESULTS
nodes meet for the first time, this metric is incremented by Impact of Different Diffusive Behavior

one. Future contacts after the first meeting between thisI thi . . tiqate the | ¢ of diffusi
pair of nodes are not counted. We consider this metric as n this section, we investigate the impact of diifusive prop

new contacts are more likely to contribute to successfaf €S of mobile nodes on the contact-based metrics among

message delivery than the repeated contacts to the saﬂﬂge_s as proposed in Section Ill-A. All the mobile no_d_es inde
nodes. consideration are assumed to follow the same mobility model

. The total number of contacts Whenever any pair of of our choice. We will consider heterogeneous mix of moypilit

nodes meet, this metric is incremented by one. models for nodes later in this paper.

e The total contact duration: This metric sums all the

contact durations among nodes. For example, if node
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is in contact with node B fot0 minutes and with node C ﬁmo G =15 §700 -0 =15
for 20, the total contact duration &0 minutes regardless ‘51000 Ay F 5 oo Aokl
L . o =20 o ||+4-p=20
of the case that node A is in contact with node B and = | 4 s 2 500)| ¢ 25 .
at the same time. E 8001 130 x__-—"fi 5400 =230 Ki'g'k“
2) Metrics for the performance of routing protocolVe § / 2 o 8 a0 ﬁgjj

consider the epidemic routing protocol [15] in our study.i\&h £ sg” .-*" E R‘ﬁ»xx
there are a number of other routing protocols developed 1; 0 X E A J A A ERRE
DTNSs [5], most of them are variants of the epidemic routin® 4 -----"X" 7" __.g----"~ 1R PO S AR
protocol with several tuning knobs for performance trafleot % 10 150 200 0 000 2000 3000 4000
Epidemic routing uses a store-carry-forward strategy nulsey Transmission Range (m) Time (sec)

and receiving a packet. When two nodes come into conta&®) The number of new contacts (b) New contacts with time
each node copies a message to other (‘infect’) if the oth 2w s

node doesn't have it already. After exchange of messagé, e.¢ 'gﬁ"ﬁ 25 'gﬁvﬁ
node will get all the messages it has not received so far [1!%3 ssool| AL ol A

We use the following key metrics to assess the performar,; 25 fﬁgg
of epidemic routing protocol [1]. | -0

1000

number

o Message delivery ratio: This metric indicates the per-
centage of packets that are delivered to the destinatig
after they are sent from the source.

« Delay of delivered messageshis metric shows the time ~
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The total contact duration (sec)
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taken from the source to destination after packet is se % 0 150 m % 0 T 0
We only take into account packets that are successfu.. Transmission Range (m) Transmission Range (m)
delivered to their destination, as we cannot calculate th@ The total number of contacts (d) The total contact duration
delay of undelivered messages. Fig. 2. Impact of diffusive properties on several contaasdd metrics: (a)

total number of new contacts among all nodes after simulatine ¢ = 4000

. . seconds; (b) total number of new contacts during time iafety (c) total

B. Simulation setup number of contacts (including those among the same pair désjoafter
. . . . t = 4000 seconds; (d) total contact duration aftee= 4000 seconds. Metrics
Our ns-2 simulation setup is as follow$0 mobile nodes that do not capture new contacts ((c) and (d)) perform theeseegardless

move around according to a given mobility model of our choic# the different diffusive behaviors, while metrics based‘oew contact' are
with constant speed (34 m/s) in an area (1500x1500n). SSPSHVE lo Vg cesrenof ifushe bevviors. Wnen ' smal noces
We assume that nodes continuously move around and do safew contacts with other nodes.

pause, as our main focus lies in the impact of mobility patter

(super-diffusive) on routing protocol performance. 45t(ofi 1) Contact-based MetricsFigure 2 shows how different
50) nodes are selected as message source/destination natiffgsive properties make an impact on contact-based oetri
and each ofd5 nodes sends out one message (packet)dto Note that the number of total contacts in (c) and the total
other nodes, i.e., a total of5 x 44 = 1980 messages are contact duration in (d) are almost the same for all class of
sent out for delivery during the simulation. We set the totalevy walk models with different diffusive behaviors underr
simulation time to4000 seconds and the maximum buffer sizeonsideration+{ ranges from 2 to 1, as increases from 1.5

of each node to 500 messages. The maximum number of htps3.0), except RWP model for the same transmission range
a message can travel is set to 5 hops. We gradually increasélowever, the number of new contacts in Figure 2(a) shows
the ‘density’ of node coverage by changing their transrarssi the considerable differences with different diffusive pedies.
ranger from 25n to 200n. For the underlying mobility model, This means that the number of new contacts is more relevant
as mentioned before, we use a set of Lévy walk models withetric to capture the varying degree of diffusive behavitims
different i for the step-length distribution to reflect differentaddition, Figure 2(a) also reveals that (i) when mobile sode
degrees of diffusive behaviors. We also use RWP as a refereddfuse faster (smalleg;, or equivalently, largery), they are
model and for comparison purpose. All simulation resules amore successful in encountering new nodes, and (ii) for laobi
shown by averaging over0 independent trials. nodes with larger: (diffuse slower), most of their contacts



are with the same nodes nearby (since the total number

w —
H -0 U(15),u(2.5)(50,0) —6—|I(1.5),4(2.5)(50, 0) s -
contacts are .the same from (c)). _Flgure 2(b)_ furt.her SUBPO o, |I“A i sesumin § o 19O Tasmsn Rarge= 0o
this observation; mobile nodes with faster diffusive pmpe £ iuﬁ-gvugggzjg HAS252)
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keep reaching out and meet more new nodes as time goes anlL =& L4250 50 ) timit}z;} ‘ ;

The number of new contacts for faster-diffusive nodes iases
sharply, while nodes with slower-diffusive behavior (e;g=
3.0) rarely meet new nodes during the simulation time=(

4000 seconds).
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Fig. 4. Impact of diffusive properties on contact-based rivetunder a
heterogenous mix of mobility models. Mobile nodes follogvihévy walk
. . . . model with x = 1.5 and that withy = 2.5 coexist. We vary the fraction
2) Performance of Epidemic Routing Protocdtigure 3(a) of nodes following Lévy walk model withy = 1.5 from 0 to 50, while

shows the average message delivery ratio of a class of Léggping the total number of nodes the same (50 total). Fangle legend
walk models with differeny; and RWP model. As can be seen#{!-5): £(2:5)(40,10)" means that there are 40 nodes following Lévy walk
. . . . . with ¢ = 1.5 and 10 nodes withy = 2.5.

clearly, varying degrees of diffusive behavior (paramieest by
1) result in widely different network performance. In pautir,
we see that faster diffusive behavior of mobile nodes (snall
1) gives higher delivery ratio under the same transmissic -
range. This is largely due to the increase in the number
new contacts with other mobile nodes for smaller valueg,of
as nodes tend to reach out more aggressively. Note that
ordering of message delivery ratio in Figure 3(a) is exact
the same as that of the number of new contacts shown
Figure 2(a).

Figure 3(b) shows the delay of successfully delivered me
sages under different diffusive mobility patterns. For Bema 0 ‘ ‘ ‘ i ‘ ‘
transmission ranges (say, = 25 ~ 50), we have ‘noisy’ ’ Transnission Range(ﬁf)o m ' Transmisson Range(rlns)0
measurement values as the number of successfully deliverega) Message Delivery Ratio (b) Delay of Delivered Messages
message is small in this range (see Figure 3(a)). For larggf 5 impact of diffusive properties on the performancepitiemic routing
transmission range with reasonable message delivery ve¢io under a heterogenous mix of mobility models.
again note that similar ordering relationship with respgedhe
degree of diffusive behaviop§ holds in general.

In addition to the impact of diffusive behavior on routingneasuring routing protocol performanté&Ve expect that our
performance, we point out again that Figures 2 and 3 togetimeetric based on new contacts is more relevant for other types
indicate the importance of the metric ‘the number of newf DTN routing protocols such as spray and wait [14], where
contacts’ especially for DTN routing protocols. Note thiat, message delivery/transfer among nodes are based on contact
order to make a successful message delivery upon encourgeents.
the other node upon encounter should be either (i) a new node
or (ii) one of the previously-encountered nodes but now with
different set of messages in its buffer. Our simulation itesu _“This is analogous to epidemic process of diseases in whitakéts very

long to recover once gets infected (takes long to meet otbéesto get/dump

in Figures 2 and 3 show that the Ca_Se (') plays "_’m impo_rta({é messages). Thus, most successful message transéeti@inf would take
role and the number of new contacts is very effective metric place when they meet for the first time.

200 200

Fig. 3. Impact of diffusive properties on the performancepfiemic routing. 50
As the nodes tend to diffuse faster (smalley, the message delivery ratio
becomes larger and the delay for the successfully delivaressage becomes

also smaller in general.
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B. Scenarios with Heterogenous Mobility Models

In this section, we consider a scenario in which differen{ll

mobile nodes may follow different mobility patterns (with
different diffusive behaviors). This type of scenario maydfi [2]
some application where mobility pattern of some fraction
of mobile nodes are controllable (e.g., data MULE [11]).
Specifically, in such a situation, one first needs to specif{ﬁ]
what type of mobility models the data MULEs should follow 4
for optimal performance, in the presence of other ‘usual’
(uncontrollable) mobile nodes that are already followirgain  [5]
mobility patterns. [6]

In our scenario, we have tota0 mobile nodes with two
different mobility models. One group of nodes follow Lévy
walk mobility model with iz = 1.5, while the rest of them
follow that with = 2.5. We gradually change the fraction
of the first group of nodes from 0 to 50, to see the eﬁecfs]
of different mix of mobility patterns on contact-based restr
as well as the two performance metrics for epidemic routingg]
protocol.

Figures 4 and 5 show how contact-based metrics and the
performance of epidemic routing are affected when we change
the fraction of mobile nodes of two different models. Wheﬂ1
we increase the fraction of higher diffusive nodes (moreasod
follow Lévy walk model withy, = 1.5), the overall diffusive
nature as a whole from total of 50 nodes becomes stronger, N
as Figures 4(a) and (b) show, this leads to larger numbenef ng3a)
contacts and the faster increase of the number of new cantact
with time ¢. In the epidemic routing performance evaIuatior{,M]
this tendency still holds. When there are more nodes with
higher diffusive properties, message delivery ratio insgs [15]
while the delay of delivered messages decreases.

(7]

[16]

V. SUMMARY AND CONCLUSION

In this paper, we have investigated the impact of differ-
ent degrees of super-diffusive behavior of mobile nodes tha
were previously found in real mobility traces on the routing
protocol performance in DTN. Our findings in this paper
can be summarized as follows: (i) Super-diffusive property
in mobility patterns makes significant impact on epidemic
routing protocol performance. In particular, we have found
that routing performance generally improves as the degfee o
diffusive behaviors increases. (ii) In order to correctapture
the dependency on the diffusive behaviors, we propose to use
the number of new contacts as a key metric that is in direct
ordering relationship with message delivery ratio and ylela
Our study also indicates that the traditional contact based
metrics that do not distinguish old and new contacts are lenab
to predict performance difference induced by differenfudifve
mobility patterns. The main intuition behind our findingoisr
observation that more diffusive mobility patterns tend to-p
mote new contacts among nodes. Our finding in this paper also
suggest that the diffusive behavior of mobile nodes shoeld b
correctly taken into account for the design and the perfocea
evaluation of routing protocols, since otherwise the desig
guidelines from traditional mobility models (Brownian riaot
or RWP) could be either overly pessimistic or optimistic.
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