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Abstract—Is the temporal dimension alone sufficient to charac-
terize contacts in opportunistic networks? Several studig analyze
the temporal aspect of contacts with significant results carerning
contact and inter-contact distributions. Nevertheless, oly the
temporal dimension does not give a complete overview of caantt
characterization. In this paper, we propose thesurround indicator
as a metric to exhibit the contact’'s surrounding environmern in
opportunistic networks. We evaluate the surround indicata on
two existing datasets and show that contacts have too hetero
geneous and too unstable surrounds to be considered only in
terms of duration. Besides a large variability of the surrounding
environment within the duration of a single contact, it is frequent
to observe contacts of identical duration that exhibit differences
in their surrounds of more than a hundred times.
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(a) Contact in a dense zone. (b) Contact in a sparse zone.

Fig. 1. The same duration. Two situations.

|. CONTEXT AND PROBLEM DEFINITION that additional information providing simple indication the
Important advances in the area of opportunistic networkgntact surrounding conditions can bring a complementary
have been achieved these latest years, including the mbpdgowledge for a better understanding of contact capacity.
of routing and forwarding algorithms [1], [2], [3], [4], [5the We propose thesurround indicator as a metric to exhibit
investigation of social relationships [6], [7], [8], [9]nd the the spatial dimension of contacts. The surround indicatt@sy
conception of applications to enable content sharing amog@gplicit information about nearby contacts that @aential
users on the move [10], [11], [12]. The common point in aBources of interference with the contact under considerati
these contexts is that they rely on a thorough understandifige surround indicator is computed from a directed graph
of the properties governing contact patterns among uséis. Trepresentation of the network. Note that, although the pseg
is a crucial step, as contacts in opportunistic networks mapproach is merely indicative, such an estimation of thdityua
be characterized by a limited capacity due to, among othe@$,a contact can be useful in a number of research problems.
user mobility, signal range, obstacles, and surrounditgy-in For example, to design more appropriate routing algorithms
ferences. Providing fine characterization of contact caypacto identify popular nodes, and to understand the network
is however a difficult task, as it inherently depends on ttRvolution through graph-related metrics, to cite a few.His t
physical conditions of the network and on the traffic demangaper, we focus on both the characterization of opportienist
A contact has two dimensions: temporal and spatial. TH€tworks based on our metric and on the dynamics of the
temporal dimension concerns the contact and interconté@@ology derived from this characterization.
distributions and has been the subject of several studijs [1 We use the surround indicator to characterize the spatial
[14], [15], [16], [17]. The spatial dimension of contacts iglimension of contacts of two datasets collected in real-
related to the contact surrounding environment. Althouggh tworld experiments. First, we investigate the distributioh
surrounding environment has a direct impact on the contact &€ surround indicator on a per-contact basis. Second, we
pacity, it has been surprisingly underexplored in the ditere. €xamine the dynamics of the surrounding environment within
The few works that investigate this issue restrain theneselvthe duration of a contact. Our idea here is to evaluate the
to the forwarding path characterization [18]. common assumption that the topology remains static while
In this paper, we provide elements to the intuition thd¥0 nodes meet. Our analyses reveal that:
contacts should not be considered only in terms of duration.e Opportunistic networking is much more dynamic than
Fig. 1 illustrates two completely different situations we it is traditionally handled as. Besides the intermittent
contacts last for the same duration. If we consider only characteristic of connectivity, nodes also observe huge
the temporal dimension, both contacts are then of course surround instability.
identical. Nevertheless, although the contacts have theesa « Most of the time, we observe a high variability of the
duration, the one in Fig. 1(a) is clearly much more prone surround indicator within the same contact.
to interference as it happens in a denser zone. We argue In many cases, the surround indicator is expressed by
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O Q Q?O O Q QO sources of interference (i.e., co-located contaoight have
. O* O an influence on the reception quality of the target contact. |

- the worse case, where the destination is the neighbor of all

nodes and all the destination neighbors have outgoing link
(a) Destination node in a dense (b) Destination node in a sparsetg g|l nodes (in a complete graph for examm%(t) _

zone. zone.

(N —1)(N —2) with N = |V|.
Fig. 2. Two directions. Different surrounds. o .
Interest. The surround indicator can be useful in a number of

situations. A straightforward case is routing. For example

extreme values, indicating zones that are inherently proﬂgss'bled poél_cy twouldhbe Kl)t 'gnclre Sm?:]l cor}t?c;\s with Ial rge
to strong interference. This observation has fundamenty' 04N 'B 'C(‘; OrS.W_GfT a eI:jnféNe pa:c IsfeX|s ' Sei ot
practical impact, as for example in routing protocolﬁ?nCernS undie siz€, 1t could be usetul for example to tune

based on the notion of node centrality (which might b e size of a bundle in function of the surround indicators.
in fact unfeasible in many situations) he bundle is expected to find throughout the network. As a

contact with a large surround indicator is much more prone
_These results highlight the importance of the spatial dimefy competitive flows, it could be better to try to transfer #ima

sion of contacts in opportunistic networks. messages to fairly share the bandwidth between co-located
The remainder of the paper is structured as follows. In Segontacts. A third application is the detection of link poguitly

tion Il, we present our proposal for the surround indicatmt a (as a complement to the notion of node popularity) based on
discuss the practical utilization of this metric. We invgate the link’s surround.

then in Sections Il and IV the surround and dynamics of . o o )
contacts of two datasets collected in real-world experimenDy”am'CS-The surround indicator is likely to vary during the

Finally, we conclude the paper in Section V and give sonf@ntact intervalty, t2], as some neighbors appear while others
directions for future work. leave during the contact. We propose to decompose the ¢ontac

into as many necessary sub-contacts with a stable surround
indicator. Each sub-contact represents a different teaipor
view of a surround. We define thexpansion as the number

Principles. We refer to the situation represented in Fig. 1(a) t8f su_b-lntervals as;omated o the same ongma_\I _contagt.
This representation allows not only characterizing negghb

explain how the surround indicator is computed. We suppol.:,e d densitv th h th d indicator. but also teeh
that all contacts are bidirectional. In one hand, If node ood density throug € surround indicator, but aiso teehav

tries to send data to nodg the co-located contacts that ma)fal clue on the netv;/o;k dyna:m(;]s. Indee?,tha high Vallcﬁ %f. the
interfere withy reception are the ingoing contactsoénd also ex:oansm(? suﬂggis S retzquten ¢ ange:s?[ b_lgtsurroun adica
all their outgoing contacts, because of the omnidirectipna vaiue and refiects contact surround InStabiity.

of wireless links. These contacts are represented withwarro q Tht(_e cre?tmntof ;ut_)-ln(;_er_\éalj .'St illustrated in E'g'ts' Tlhe
in Fig 2(a). Similarly, ify tries to send data to, the contacts uration ot contactryy 1S divided Into as many sub-intervais

that may interfere with the reception are the ingoing contact*> the lnurrf1bFe_r o;c?ﬁnges tm E[he ne|gh(;)0rho|0?. Thus, in :he
of x and all their outgoing contacts (cf., Fig. 2(b)). We can Se;gargple.o Ifg.th ' d € ?_on(?clssqrrtoun_ ev%q '?n ngera es
through this example that the surround indicator reflects t e division of the duratiorio, 1] into six sub-intervals as

II. EXHIBITING THE SPATIAL DIMENSION OF CONTACTS

receiver surround. Moreover, the value corresponding ti egollows :
direction of contact can be very different if the surrourgdin [x,y,0,1] ;[0]
environment of the involved nodes are heterogeneous. In : [x,v,1,3] ;[1]
the following, we give a formal definition of the surround ’ [x,v,3,5] ;2]
indicator [x,y,0.18]  —

- | [x.y.5,10] ; [3]
Formal definition. Let V be the set of nodes in the network [x.y,10,14] ;2]

[x,7,14,15] ;[1]

and 2y be the directional contact betweanand y during
the interval [t1,t2], with 2,y € V. We refer to it as the Therefore, the expansion is equal to six in this example.
target contact. N, (¢) and N, (¢) are respectively the sets ofBy investigating the dynamics within a contact, we somehow
out-neighbors and in-neighbors of nodeat timet. Loosely indirectly estimate the evolution of the contact capadain,

speaking, we define theerround indicator S, (t) of the target it is important to make it clear that our proposal is not a
contactzy at timet € [t1,t2] as the number of outgoing computation of the capacity, but an indication of the candg

contacts of ally’s in-neighbors except : under which a contact operates. We show in the following that
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(b) Highly unstable contact surround.
(b) Contact decomposition
Fig. 4. The surround indicator values associated to cantatiitrarily chosen
Fig. 3. Dissecting a contact according to the surround atdic In this from Infocom dataset.
example, the original contaafy is decomposed into six sub-intervals.

2005. The RollerNet dataset has been collected during a

this captures well the conditions under which a contactgakgllerblading tour in Paris. iMotes were distributed to 62
place. participants and the total duration of the tour was abowgehr

Note that there are other possibilities to characterize haurs. These datasets are publicly available to the contgnuni
surrounding environment of a contact. An alternative woulghrough the Crawdad repository [19].
be to simply consider the degree of a node. We do not userirst, we wonder whether the two situations shown in
this representation because it does not take into accoent Hig. 1 can really happen in a real setup. Fig. 4 shows
increase in the interference probability with the increa$e the surround indicator associated to four contacts arbjtra
the number of outgoing links. Another possibility would loe tchosen from the Infocom dataset. We observe in Fig. 4(a)
consider a contact as indivisible and use the average suirothree distinct surrounding environments for contacts mgvi
indicator value computed during the entire contact dumatiothe same duration. The first contact has a stable surround
However, we would not be able to have an estimation @idicator around very low values (between 1 and 3). This
the surround stability with this solution. Yet other altatines situation represents a contact happening in a sparse zone. |
exist and all of them have pros and cons. As discussing tbentrast, the second contact has a stable surround indicato
particularities of each proposal is not the goal of this paperound large values (around 50) characterizing a much dense
we leave such a comparative study for future work. zone. Note that the two situations were observed in the same
network. Furthermore, we could also observe in the same
dataset contacts that are extremely dynamic through tise, a

We use the surround indicator to characterize the spatialthe third plot of Fig. 4(a). We observe this dynamics more
dimension of contacts issue from the Infocom [13] and Relleclearly in longest contacts, as in the example shown in Fig. 4
Net [16] datasets. Both datasets have been generated kthromgthe remainder of this section, we will study the propartio
contact logs between Intel iMote nodes (equipped with & each situation in both the Infocom and Rollernet datasets
Bluetooth interface). Each iMote performs regular scars an We study the distribution of the surround indicator by
registers the MAC addresses of the responding devices @drowonsidering the sub-intervals generated by changes in the
In the Infocom dataset, iMotes were distributed to 41 sttelemeighborhood. Fig. 5 shows the cumulative distributioncfun
participating in the four-day Infocom student workshop ition of sub-contacts according to the surround indicator. F

IIl. THE SURROUND INDICATOR IN REAL SCENARIOS
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both datasets, the percentage of contacts with a null sodrou
indicator does not exceed 0.55% for RollerNet and 0.59% for
Infocom. Therefore, it is very rare that a contact happens in
an isolated environment. Moreover, in extreme cases, the su
round indicator reaches 212 in RollerNet and 378 in Infocom.
Even if the surround indicator is just an indication of pdigin
parallel communications, such a large number of surrogndin
contacts clearly shows that some zones are likely to have a
limited number of working contacts, if any, due to mutual
interference generated from exchanged control messages. Surround Indicator

- ] (b) Infocom
Let us focus now on the repartition of contact durations _ _ o
according to the surround indicator. Fig. 6 shows that, for Fig- 6. Duration of contacts according to the surround iattic
both datasets, contact durations decrease when the sdrroun

0 100 200 300 400

Sub-contact duration (seconds §)L0
N
o

-
0

100 200 300 400

indicator increases. We can explain this result by the sundo 1

evolution probability. Indeed, a contact has a small prdtab c

to observe a change of its surround in a sparse zone. As a con- % 0.8 1
sequence, this contact has less probability to be decordpose 3

On the other hand, in a dense environment, a contact has a g 0.6 |
larger probability to see one of its surrounding neighboosen 5 04 |
during the contact time. Although it is not a surprising tgsu 2 s

it has a major impact. By isolating a specific class of small 3] 0.2 H |
contacts characterized by large surround indicator, welale Infocom

to compare contacts without any particular informationwtbo 0 ‘ _ RollerNet -
the medium characteristics. For example, a straightfaiwar 0 100 200 300 400
policy for a routing protocol would be to ignore the smallest Surround Indicator

contacts with large surround indicator when alternativéhpa rig. 7. Cumulative duration of contacts according to theand indicator.
exist.

Finally, we investigate the cumulative distribution of the
contact duration according to the surround indicator, asvsh IV. DYNAMICS WITHIN CONTACTS
in Fig. 7. Although the two curves show similar results ambun We investigate now the expansion distribution to have a
a surround indicator of 50, they behave quite differently falue on the network dynamics. Recall that a large expansion
other values. Initially, the duration of the contact with &orresponds to frequent changes of the surround indicator
surround indicator equal to zero represents 18% of the totald reflects contact surround instability. Conversely, alsm
contact duration in Infocom dataset when it represents 2y expansion corresponds to a stable environment. Fig. 8 shows
in RollerNet. Consider a simple routing protocol that woulthe distribution of the contacts according to the expandion
ignore contacts whose surround indicator is larger than sByllerNet, about 50% of the contacts have an expansionrlarge
25. In this case, links would be idle for more than 55% of thihan 12. Similarly, in Infocom, about 50% of the contacts
time in the RollerNet case while for only 35% of the time irhave an expansion larger than 16. Furthermore, althougie the
Infocom. This result suggests that communication strategivalues are relative as the datasets have different dusatibe
must consider the specificities of each environment. expansion reaches extreme values in both cases. In RotlerNe
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the most instable contact surround has an expansion equal to © 200t )
173, while it reaches 1,436 in Infocom. = m‘%w
It is important however to check whether the surround o 150} . M.ff“
instability causing a high expansion reflects a minor change 5 . 0¥ ‘
of the contact environment or if it is due to a significant = 100 ¢ 0 40 80
neighborhood modification. Minor changes can be, for ex- £ i
ample, the consequence of a node that joins and leaves the 50 ¢
contact neighborhood periodically causing a high expansio 0
without real change in the surround. We compute, for each 0 400 800 1200 1600
initial contact, the interquartile range of the surroundidator. Expansion
The interquartile range is equal to the difference betwaen t (b) Infocom.

third quartile (75%) and the first quartile (25%) of the vaue_. g o . . .
L . . Fig. 9. Repartition of the surround indicator interquartiange according to
taken by the surround indicator during the contact durafibn e expansion.
represents the dispersion of the surround indicator vallles
interquartile range expresses the variability of the sumtb
indicator associated to the same initial contact. Fig. 9vshoRollerNet dataset explains in part this result [16]. Indeed
the distribution of the average interquartile range adogrtob  such a phenomenon indicates a periodic evolution of contact
the expansion. In both datasets, when the expansion is bewrounds. When the contact surround radically changesgiur
60, the average interquartile range grows with the incredsethe characteristic period, the longer the contact, the more
the expansion value. In other words, the instability exgeds varying the surround (in particular when the periodic time
by the expansion is due to noticeable changes in the contagérval is much smaller than the contact average time). The
environment during the interval [0, 60]. Note that 99% o§ame observation is not straightforward in the case of rfoc
contacts in RollerNet and 85% of contacts in Infocom havef., Fig.10(b)), where the contact duration has a differen
an expansion value less than 60. distribution showing long contacts with few surround chesg

It is also interesting to observe the extreme cases. Inde®tis observation can be also explained by the dataset's
the most unstable contact surround in RollerNet (expansigpecificities. The Infocom experimentation records sttden
equals to 173), which has an interquartile range of 19, showsnnectivity during the four days of a conference. The sttgle
the same average interquartile range as the contacts withwaste attending to the same presentations during the day. In
expansion of 26. Also, the most unstable contact surrouttls context, we can understand the contact surround gyabil
in Infocom (expansion equals to 1,436) has an interquartiiforeover, we note some isolated contacts (with an expansion
range of 25, which is lower than the average interquartitgea equal to 1), which last more than 5 hours. These contacts
of contacts with an expansion value of 53. In these casesost likely represent roommates during night. This suggest
instability is due to minor but frequent changes in the contathat environment properties can have a real impact on contac
surround. characterization.

Finally, we focus on the contact duration distribution ac-
cording to the expansion values. Fig. 10 shows the durations
of contacts having a particular expansion. The darker theThe main contribution of this paper is the introduction af th
point in the plot, the most representative the duration. Burround indicator as a metric to exhibit the spatial din@ms
RollerNet, when we focus on the most representative value$,contacts in opportunistic networks. The surround inttica
we found that the expansion value increases with the contpecbvides explicit information of the environment in which
duration. The accordion phenomenon that characterizes tumtact takes place. We use two different datasets withfgpec

V. CONCLUSION AND FUTURE WORK
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contact environment to study the density and the expangion @8] P. Hui, J. Crowcroft, and E. Yoneki, “Bubble rap: socimsed forward-
the contact surround. Our analyses show that the surrogndin
environment of a contgct IS more U!Ynam'c t_han 'ndlcat_efb] N. Sarafijanovic-Djukic, M. Piorkowski, and M. Grossgker, “Island
by solely contact and intercontact times. This observation Hopping: Efficient Mobility-Assisted Forwarding in Paitibed Net-

highlights the use of the proposed surround indicator as
useful yet simple metric to point out the evolution of a canta

surrounding environment.

Future work includes investigating a dissemination sghate
based on the surround indicator so that the next-hop sefect

i)

1)

mechanism depend on both its surrounding environment and
the traffic demand in the network. The objective is to udé?l
central nodes to disseminate data when the traffic demand is
low and prefer edge nodes when it is high. To this end, wes]

intend to study the surround indicator predictability amsl i

computation on the fly.
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