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Delay-tolerant networks are characterized by ommistic connectivity and long
delays. A certain field of delay-tolerant netwoidifocuses on sparsely populated
ad hoc networks, where packets are routed in &-stiod-forward manner. Many
aspects of real world movement are not capturadbiglin the simple movement
models that are often used in delay-tolerant nédtvgonulations. Thus, approache
to create more realistic movement models are jadtif

This master's thesis presents a movement modegragbiusing a submode
approach. The model present the everyday life efaaye people that go to work in
the morning, spend their day at work, do some #ygtiwith their friends in the
evening and finally commute back to their homesv&toent takes place on a rea
world map, where nodes can move along roads. Intiaddo walking, public
transportation and cars introduce more diverse mew patterns.

The model is validated by simulation and the diatis features of the model are
compared to real world traces. Additional experiteesre conducted to show the
configurability of the model and the impact of tharameters. Again, statistical
features are used for comparisons while simulatiche Epidemic routing protocol
provides a ground for sensitivity analysis.
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Fordrojningstoleranta natverk karaktariseras avodppistisk konnektivitet och
lAnga fordrojningar. Ett delomrade inom fordrojrétmjeranta natverk ar glest
befolkade ad hoc natverk dar paket vidarebefordnad hjalp av rérelsebasera
kommunikation. Ofta anvands mycket enkla rorelseslied i samband med
simuleringar av dessa natverk. Dessa enkla roreldelter |amnar obeaktat et
flertal egenskaper som forekommer inom riktiga miskors rérelsemonster. De
finns ett behov av en mera verklighetsnara roretsksih

| det har diplomarbetet presenteras en rorelserhateh bygger pad mindre
undermodeller. Modellen beskriver vardagligt liv f@nliga manniskor som gar till
sitt arbete pa morgonen, arbetar hela dagen,itiir tid med sina bekanta eftefr
arbetet och till sist tar sig tillbaka hem. Alltitginder pa en riktig karta dar node
kan rora sig langs med vagar. Noder kan ta sigdt@stalle till ett annat genom at
ga, aka hil eller anvanda sig av offentliga tramspedel, vilket ger upphov till
mangsidigare rorelsemaonster.

Modellens riktighet verifierades genom simuleringhogenom att jamfora
modellens statistiska egenskaper med motsvarandésskgper hos verkliga
rorelsemonster. Rorelsemodellens konfigurerbarld@isps genom att undersok
olika parametrars inverkan. Detta gors ocksa geattnjamfoéra andringar inom
statistiska egenskaper. Dessutom simuleras vagpral®kollet Epidemic for att
visa hur sensitiv modellen ar for &ndringar i olparametrar.
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1 Introduction

The number of wireless devices has increased dadlgtiduring the last decade. Most
of the devices are only using existing networkasfructure for communication, even
though in some scenarios the current technolodiesv dor direct communication
between nearby devices. Ad hoc networks — formeshly used in military
applications — are infrastructure-less networks mhself-configuring devices are
acting as routers and forming a network themsel¥Végse devices and the entities
carrying them are generally referred to as noddisariterature.

Delay-Tolerant Networks (DTN) are more extreme emuwnents, where lack of end-to-
end connectivity requires nodes to carry packetsrtain time before the packets can
be forwarded to other nodes closer to the destinatdeas for using ad hoc networks
and DTN technologies for various consumer appliceti or in hope of extending the
connectivity to areas where no network infrastreeiexists, have recently gained more
popularity among researchers.

The design of applications and protocols for theseironments often involves

simulation. Various studies [1] have shown thatrusevement patterns are affecting
the performance of protocols and applications lyigltherefore, in order to get

meaningful results, it is important to accuratelpdal real usage scenarios with a
model depicting movement at the level of individdaVices.

Currently, too simple models are often used dueedse of implementation and
configuration. Some of these models are able todywre statistically accurate

distributions of events in terms of a few selecteetrics. However, by looking at a
lower level of abstraction, it is possible to Seattcertain real world characteristics are
missing. It is not obvious which details are vifak acceptable results in DTN

simulations and with which degree of abstractiom dletails can be modeled. Hence,
there is a need for a movement model covering aéwbiferent details that can in

addition to simulation be used for studying the acip of different movement

properties.
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1.1 Aims and scope of this work

We present a new movement model to be used in DifiNIgtions, called th&/orking
Day Movement Modellhe model presents the everyday life of averagmple that go
to work in the morning and, spend their day at warkd commute back to their homes
at evenings. The model intuitively depicts the mmeat pattern of people.

The two objectives are:

I. The main objective of this thesis is to design amglement an extendable,
configurable and well parameterized movement mddelcity scenarios. The
model is verified by simulating it and comparingtae statistical features of the
model to real world data.

II. The second objective is to study the impact ofgaemeters and determine how
well the model can be configured for specific eamiments.

The scope of this work is limited to modeling ofeusmovement within a city.
Additionally, the movement model is limited to DTNs the sense that the model is
designed and validated against DTN specific cateri

1.2 The structure of the thesis

The structure of the remaining thesis is as folto@hapter 2 provides some
background information of ad hoc and delay-toleraetworks. Existing routing
protocols, and development and simulation of neasare discussed briefly. Chapter 3
discusses different approaches of modeling useement in simulations.

Chapter 4 introduces our movement model. Firstrdgpiirements of the model are
presented, following with a description of the attmodel in detail, and finally the
implementation of the model is explained. ChapteleScribes the experimental setup
for the simulations, in addition to measurementhmdblogies and collected metrics.

Chapter 6 compares results from simulations ofroodel to real world measurements.
Additionally, the impact of different parameters tbhe model is studied. Chapter 7
discusses the most important results, followinghwite limitations of the model and
the limitations of the experiments. Finally, chap@econcludes the thesis and suggests
ideas for future work.
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2 Ad hoc networks and simulation

In this chapter, we describe ad hoc and delaydaternetworks in general.
Additionally, we give some insight into routing delay-tolerant networks, and finally
discuss simulation of new applications and protacol

2.1 Ad hoc and Delay-tolerant networks

Ad hoc networks are infrastructure-less networksngm by self-configurable nodes
where each node can act as a router itself. Adnedworks have been common in
military applications where vehicles or other treqpeed to be able to communicate
with each other in the battlefield. Other applioas include different sensor networks
where nodes have very limited resources, but atelimited to small low-capacity
devices. Packets are delivered from the source twdlee destination node through a
link formed by intermediary nodes. Different rogfiprotocols have been developed for
finding the optimal route.

In some more extreme environments, end to end ctinitg does not exist at all times.
In these situations packets need to be routed stose and forwardway, i.e.
intermediary nodes need to carry packets until tietyan opportunity to forward them.
These networks are often called opportunistic ngisv@r Delay-Tolerant Networks
(DTN), and require a different set of solutionsatidress the problem of lack of end to
end connectivity.

Different types of DTNs exist in different enviroents. Jones et al [2] characterize
DTNs by contact schedules, contact capacity, busfgace, processing power and
energy. Contact schedules can either be predictablmpredictable. A good example
of a DTN with predictable contact schedules is ades in deep space where the routes
of satellites or other spacecraft are predetermih@dnany other environments the
contact schedules are unpredictable, for exampletans moving while carrying their
mobile devices. Many environments are somethingetween, where only statistical
information about the schedules is available. Toetact capacity, together with the
duration of the contact between two nodes, detexsnthe amount of data that can be
exchanged. Similarly, the amount of buffer spacetd the amount of data that can be
stored and carried by devices. When dealing witteless devices, processing power
and energy consumption must almost always be tateraccount.

-3-
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Common networking technology practices cannot adaagy applied directly to DTNs.
Conversational protocols with many round trips megfli for message transfers to
complete are usually not suitable for DTNs. In DTiNis better to design protocols to
require as few transactions as possible betweersdbece and the destinations. An
architecture for DTNs is proposed in [3], where sages are transferred in bundles,
above the transport layer.

2.2 Routing protocols

Protocols such as OLSR (Optimized Link State R@)t[d] and AODV (Ad hoc On-
Demand Distance Vector) [5] are commonly usedaditional ad hoc networks, where
end to end connectivity is assumed at all timesséhprotocols fail in DTNs due to
connectivity problems [6]. Therefore, new routingptpcols are needed which can
operate in environments where nodes have to cackats.

Jones et al. [2] classifies routing strategies o tproperties; replication and
knowledge. The former stands for making multiplepies of a messages and
transferring them along different paths to increttse chance that the message gets
through. This is a tradeoff between overhead amayd@he latter stands for how much
knowledge about the network is required by the ingutstrategy. The paper
distinguishes between two major strategies usediriding the destination; flooding
strategies and forwarding strategies.

Flooding strategies are based on nodes distribpi@ogets in tree-like way through the
network. Different approaches exist to limit theetrsize by depth, breadth or total
number of replicas allowed to be made of the oabmessage. The Epidemic routing
protocol is an extreme example of a flooding sggteEach time two nodes are in
contact with each other they exchange all the ngessatored in their buffers unless
prevented by bandwidth- or buffer capacity constsaiThis approach consumes a lot
of resources since the network gets quickly fulhjler copies of old packets that have
already been delivered to their target continugraeel in the network. Different ideas
to limit the resource consumption exist, for exanfiie use of death certificates to
inform nodes which packets have reached the déstinand use of intelligent buffer
management algorithms.

Forwarding strategies use network topology inforomatto select the best path.
Typically, one message is sent through this patihout replication, requiring some
knowledge for the protocols to operate. Locatiorsdoarouting is an idea to use
geographical coordinates or some other topologyrimétion to determine which nodes
are more likely to be closer to the destinatioradint routing is an approach to assign
weights to each node, where the weights are caynepg to a node’s suitability to
deliver a message. Some knowledge must be proghtyatdl nodes in the beginning
so that the weights can be calculated; otherwidgylarid approach using random
forwarding in the beginning must be used. With ctetg knowledge about the
schedules of the contacts between nodes, a mod#iesion of Dijkstra’s shortest path
algorithm can be used [7], which takes into accdinet time varying connectivity
graph.

The most suitable routing algorithm depends onnidteire of the applications, the use
cases and the environment it is designed for. Ilicaesider a DTN network of buses,

-4 -
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having huge buffers and a high transmission spdestevonly small messages are sent
very rarely, we might want to choose the Epidenaiating approach. On the other
hand, in a city scenario where people have DTN rezdan their mobile phones, the
Epidemic routing protocol may fail due to limitedspurces on phones. Instead one
may be able to utilize information about the soosédtionships between people (some
people meet more often) or common locations whemple spend most of their time.
The movement of people is also different betwedies;i which can also affect the
choice of algorithm. Different applications mighgé avell have different criteria for
latency, delivery ratio, etc.

When developing new protocols, it is rarely possibt affordable to try them out in

practice immediately. Therefore, we usually wansitaulate our idea to better be able
to determine whether it is an idea worth to try autpractice. The next chapter
discusses DTN simulations in more detail.

2.3 Simulation

Simulations can rarely replace real experimentdaoted in the target environment,
but are usually the best way to try out new ideaani affordable way. This is especially
true in the case of DTNs with mobile phones in @tenarios. Purchasing enough
phones and recruiting enough people to achieveddséred nodal density within a
sufficiently large area is out of the question. Heer, it is possible to simulate a
scenario like this with some statistical data alibatmovement of people.

There are plenty of both free and commercial sititatools available for all kinds of
different networks. The NS2 simulatds a general purpose simulator that can be used
to some extent for DTN simulations, too. It haodieen common within universities
and other research institutes to develop own sitorddor experiments. A Java based
simulator, DTNSiM has been developed at the University of Waterldbe
Networking Laboratory at Helsinki University of Tewlogy has also developed an
own GUI based simulator, the ONE (Opportunisticvidek Environment) [8].

Like in all simulations, we want to model the targavironment as closely as possible.
However, we must create an abstraction, where rdatgils have been disregarded, to
maintain the complexity at a tolerable level. Whidbtails to focus on depends
completely on what we are simulating. A mobile natwoperator simulating a 3G
network deployed in a new area might be mostlyrggted in how many devices are
going to be connected to each cell during diffetemirs. Therefore, it is important to
model the amount of people within certain areas thedterrain which attenuates the
signals. Hence, it may not be as important to mau#vidual users and their lives in
detail. However, for DTN simulations we are moreerasted to know about how nodes
get in contact with each other, since it is durthgse contacts that packets get
forwarded. The contacts are highly related to tieations nodes visit; therefore it is
very important to model movement of nodes. In asitto the 3G network simulations,
it makes a difference where the nodes have beemebfey move to new areas.

! http://www.isi.edu/nsnam/ns/
2 http://watwire.uwaterloo.ca/DTN/sim/
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The contacts are also affected by other propettieas mobility. The transmission range
of the used technology determines how close nodest fve to each other to be in
contact. Transmission speed and setup times wwiit khe amount of data that can be
sent, and walls and other obstacles will attentlaesignal. Many nodes close to each
other will also interfere.

It is common to create an abstraction encapsulatiagy of the details of the physical
layer. One idea is to directly use data, contairtingestamps and durations for all
contacts between two nodes. This contact datasuslly referred to as theontact
trace The contact trace can be synthetically generatedbtained from real world
measurements. In either case, when a contactisas®ed as input for the simulator, it
Is assumed that the contact trace constitutes ffieet eof walls and other details.
However, the perceived bandwidth is usually nobreéed in the trace, and a constant
bandwidth is used later in the actual simulations.

Most of the protocols can be simulated with a proetact trace; however, there are a
few exceptions. Some protocols using GPS datahar &dhowledge to predict where to
forward packets cannot be simulated without infdromeabout node locations. In these
cases we need to remove one level of abstractidrcapture node locations at given
timestamps instead, which we call tlmeovement trace The modeling of user
movement in simulations is more common, since tbetact trace can always be
derived from it.

2.4 Summary

In this chapter we presented in brief how packats lee routed in a store and forward
way in delay-tolerant networks. We discussed sitraaof new protocols and
modeling of the target environment. We concluded the user movement patterns and
the contacts between users are important to captarately in a model used for DTN
simulations.
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3 Mobility models

As stated in the previous chapter, movement ofnétevork nodes is essential for the
performance of sparsely populated delay-tolerantwaorks, since end-to-end
connectivity does not always exist and packetsdailevered in a store and forward
manner. Capturing movement accurately in the reafje scenarios is thus needed for a
reliable assessment of a new protocol. Movementbsacaptured in simulations by
either using real movement traces or synthetietaenerated by a movement model.
This chapter describes both approaches.

3.1 Characterization of contacts

When we simulate a new protocol, we can as welehast the contacts between nodes
as input data instead of the movement of nodesoOxse this does not apply to routing
protocols utilizing geographical location data, lbubst of the other protocols can be
simulated with pure contact data. Therefore, itdgy common to characterize mobility

by the contacts, which are in fact connection opputies. We have chosen to use two
parametersinter-contact timesndcontact timesto characterize the contacts, and we
use the same definitions as in [9].

3.1.1 Inter-contact times

An inter-contact time, or sometimes referred toaasinter-meeting time, is the time
interval between contacts for a node pair. In otherds, the time interval a node pair
is not in contact. Inter-contact times correspoadhbw often nodes will have an
opportunity to send packets to other nodes. We walik with distributions of inter-
contact times, since the nature of the distributias an impact on the performance of
different routing protocols.

Chaintreau et al. [10] show that if the distribatiof inter-contact times is power-law
distributed with an exponent less than one, aniptes routing algorithm in a delay
tolerant network will produce an infinite averagday for packet delivery. In the same
paper they have analyzed four different traceseaf people moving, and concluded
that the inter-contact times are power-law disteuwith an exponent less than one.
This is bad in scenarios where we assume that dhemeinicating node pairs are
arbitrarily selected from the set of all nodes, aesituation where each node is equally
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likely to send a message to any other specific nBdéin practice it is likely that the
communication need between nodes is distributezuain a way that it reflects social
networks in real life or other aspects; therefarénite average delay is still possible.

Other studies [11] show that the inter-contact §imaee only power-law distributed up

to 12 hours, and follow an exponential distributafter that. A possible cause for the
phenomenon is the daily routines people have. Inyn@ases it is not easy to say
whether there is an exponential decay or if its gystematic error that comes from the
way inter-contact times were measured in the erpenis.

3.1.2 Contact times

The contact time or contact duration is the timeoatact lasts. The contact durations
correspond to the limit of data can be sent duangontact. In sparsely populated
networks, the interference of other nearby nodel$ vd insignificant; hence, the
duration of the contact determines the amount tf tteat can be sent. We also measure
the contact time distribution.

3.2 Real user traces

The most realistic user movement or contact pattere the ones that happen in the
real world. Therefore, several studies have focusedracking user movement to be

able to use the traces later directly for simulaioor to learn more about which

characteristics are common in real user behaviwerd are two types of user traces that
have been collected in different experiments — &cintraces containing timestamps
when node pairs have been in contact and movemaa@st containing the locations of

nodes at given timestamps.

3.21 Sources of real user traces

Movement traces have usually been obtained by aingyWVWLAN access point data or
having users carry around devices equipped with @&@8ules. Contact traces have
mostly been collected from real world experimentsere users have been carrying
around Bluetooth devices tracking other devicesiwitange.

Chaintreau et al. [9] analyzed WLAN access poinladsets from UCSD [12] and
Dartmouth [13] and recreated movement traces frioemt They assumed that two
nodes connected to the same access point at the tam are in contact with each
other. Additionally, they conducted their own expemts with small Bluetooth
devices calledMotes. In these experiments, a group of people were icaynpotes,
which scanned for other devices every two minuBasing the period between the
scans, the devices were able to respond to inquireem other devices. The iMote
devices recorded contacts both with other iMoteia=s and any other Bluetooth
devices. The result was a contact trace. We usesdinee contact trace [14] for
validation of our model later in this study.

3.2.2 Insights from studying traces

Studying traces can reveal new characteristicsséattstical properties of mobility that
can be used in the development of new DTN routireggeols and applications. Data
from these analyses is also important when moddirspecific environment. As we
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already mentioned, the nature of the distributidninter-contact times and contact
durations play a huge role in the performance otquols. Therefore it is of great
interest for protocol developers to have statistizda about both of these. Moreover,
simulations need mobility models unless real usaress are used. To be able to develop
better mobility models it is crucial to have a gagwlerstanding of what realistic user
movement is.

3.2.3 Extracting a model from traces

A common approach in development of new mobilitydels is to extract a synthetic
model from real user traces. The idea is to comwitipa model and then estimate the
parameters from the traces. For example, it isiplest statistically determine various
parameters and their distributions, like the pdimse, speed, etc.

Kim et al [15] extracted various parameters sucBpezd and pause time distributions
from real user traces. These parameters were theghin a synthetic mobility model.
Their model is validated based on the number oeraglithin different regions on the
map at different hours. This might not be a suéiiticriterion alone to determine the
suitability of a model, since the performance daftpcols and applications in DTN is
highly related to the nature of the contacts.

3.24 Limitations of real user traces

The idea of directly using the collected tracesimulations sounds very tempting at
fist, but there are, however, a few drawbacks. ffaees are usually from very specific
environments like campus areas so they do not mapteovement within other
environments like cities. Movement patterns withinampus area can be very different
than in the center of a city. The collected dates s#so have certain limitations,
explained in the following sections.

Movement traces

Movement traces are often measured in places wirdyecertain areas have WLAN
coverage; hence, nodes meeting outside access plaimot get recorded. Additionally,
the approach is not so accurate because nodes\lidisame access point might not
be in reach of each other.

When the locations of users are derived from acpes# data, the result is roughly
building level granularity [16]. This is becausesissare not always connected to the
closest access point and the movement betweensaooesds is difficult to capture.

Most of the devices connecting to WLAN access point these experiments are
laptops and PDAs which are not always carried &y ubkers and are not necessarily
always turned on. Whether this characteristic iste@ in the simulations depends on
what is modeled and simulated. Paper [10] argusgstiie on/off times are an important
characteristic of wireless users that needs toakent into account and modeled for
simulations. In our experiments we are more inteckso model a city environment
where users are carrying always-on wireless dewidee all are supporting the same
routing protocols. Whether this is practical anchtacally feasible due to short battery
lifetime and other issues is a topic for anothscdssion.
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Even though we accept these weaknesses, we stédl thadeal with nodes leaving the
simulation area. Nodes entering the simulation aneg be carrying arbitrary packets
depending on their movement and connections outhigel@rea. This introduces other
problems.

Contact traces

We mentioned earlier that contact traces are wedya sufficient because they do not
contain any location data. Location data is usuafly necessary in simulations but a
bigger problem with most contact traces is the fiaett only certain parts of the
connectivity graph are recorded. For example, tMoté traces only contain
connections between two iMote devices and connesti@tween an iMote and anoter
Bluetooth device. Connections between any two otlesices can obviously not get
recorded. This limited connectivity graph is noffisient for reliable simulations.

Other considerations

It is also practical to have a model with confiduea parameters to work with.
Sometimes a protocol or an application developentsvéo test how the protocol or
application performs when certain parameters chatmdetter be able to find out
weaknesses and strengths. Sometimes researchersegld a very simple model to
work with, to be able to use it in mathematicalgdsofor various theorems.

3.3 Synthetic models

Synthetic models are often preferred since theyeaster to work with than real user
traces. Moreover, real user traces are rarely a@bail for the environment to be
modeled. Additionally, researchers want to do defityi analysis to find out how
protocols and applications perform under differesnditions. This is not possible with
real user traces unless a parameterized model d&s $uccessfully extracted. Pure
mathematical models are also necessary for sdernisbe able to prove various
concepts [17].

There are two types of synthetic movement modeds lthve been proposed for these
analyses — generic high level models that aim twipce movement accurate enough
with statistical measures, and models that desdnibidental scenarios, hoping for a
more accurate depiction of single devices.

While efficient to use in simulations, the highééwnodels, such as Random Waypoint
[18], often imply that the scenarios for which theotocols are simulated have huge
numbers of nodes, so that the relevant protocalifea are given statistically realistic
distributions of events. For scenarios with fewdes, the differences between different
usage scenarios become more significant. Thus, mewe models that depict more
precisely some specific types of movement are reeede

Traditionally, the approach to create a movementehbas been to identify a certain
characteristic of mobility and to create a mathérahimodel describing the movement
at a high level. Such characteristics can be sphsmibution, social relationships

between nodes or favorite locations nodes willtviEhese types of movement have
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very few details and the movement is homogeneoubensense that every node is
moving according to the same rule.

Another approach is to increase the realism byrapthit's of details, with the belief
that all small details will together add up as ist&l movement. With an approach like
this, the movement will be more heterogeneous siacg, buses and pedestrians move
differently. The increasing complexity introducesisk of overfitting the model, i.e.
fitting a model more complex than there is datalalte to verify it. If we only verify a
model by comparing the inter-contact times to meafld measurements, we will see
that several completely different models exist fraduce the exact same distribution
of inter-contact times.

Before we go any further, we introduce two new terocality andheterogeneityBy
locality we mean the tendency of nodes spending ofdbeir time within a small area.
Thus, a movement model where each node’s moverseastiricted to a small area has
high locality. By heterogeneity, we mean differembvement patterns and properties
between nodes. Measuring heterogeneity in a speaifintext is not straightforward,
but in our experiments we will later on talk abalifferences in contact patterns in
terms of how often a node encounters new nodes a@dpo the fraction of earlier
encountered nodes.

3.3.1 Random walk

The Random Walk (Brownian motion) is one of the gest movement models

available, where every node follows the same rldeicide its next move, in a totally
memory-less manner. The idea is that every noddoraly chooses an angle and a
speed, and walks in that direction either a constiame or a constant distance. A
variation with variable distance is also common.

Interesting with the random walk is that it hastaer real-world properties, even
though the movement is far from the way humanswaing in the real world. One
interesting property is the locality of the nodedtions. A node is less likely to walk
longer ways from the starting location. This ch&sdstic results in power-law
distributed inter-contact times on a boundless ktman area [11]. Generally for
models, Han Cai et al. [19] show that simple modelsa boundless area can produce a
power-law distribution of inter-contact times. Atdnally, they show that the
exponential cut-off is in many cases a side-eftédhe bounded area. The motivation
behind this is that nodes that would move overeitiges on an infinite area are forced
to stay within the area, thereby meeting other s@d®ner than they otherwise would
and the number of long inter-contact times willsSbealler.

We simulated the Random Walk movement in a scenaitb 1000 nodes on a
8300x7300m sized plane for a time of 7-3€ The nodes where moving with speeds
0.5-1.5m/2 uniformly distributed. The transmit rangias set to 10m, which is
relatively common for Bluetooth devices. Immediatathen two nodes were within
10m of each other they were considered to be irtaconno delay in terms of
connection setup and scanning of devices). Therliss were uniformly selected
between 0-50m. Nodes did not pause between movem&nte pausing is not a
property of the model. Figure 1 shows that the RantlValk generates a distribution of
inter-contact times much closer to a power-law tti Random Waypoint, which is
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described in the next section. A power-law app@ara straight line on a graph with
log-log scale.

3.3.2 Random waypoint

In the Random waypoint (RWP) movement model nodte®se a random location on
the simulation area and walk there with the spemgvid from a uniform distribution
with a minimum and maximum value. When the nodedresed, it will wait a random
amount of time, and then continue with the samémeu

One feature of the RWP model is that when it hashed a steady state, the nodes are
not uniformly distributed on the simulation are&isTmust be taken into account either

by using a warmup time sufficient length for thedebto reach a steady state, or place
nodes on the simulation area on locations folloviiregyappropriate distribution.

A shortcoming with the model is that it takes aywkmg time for the nodal average
speed to stabilize. If we have set the minimum gdped®, the model will never reach a
steady state since the average speed is constiatigasing [20].

We simulated the RWP movement with the same pammets the Random Walk,
except that the wait times were uniformly distrdmlitin [1, 3600]s. The speeds were
uniformly distributed between 0.5 and 5m/s, to cengate for the lost time in pauses.
Figure 1 shows the inter-contact times distributtmmpared to the Random Walk
model.
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Figure 1: Inter-contact times for Random Walk and RWP
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3.3.3 Levy-Walk

Rhee et al. [21] studied several real world treaed concluded that the movement of
real people from various outdoor settings and aaiedl that the movement follows a
Levy-walk. The Levy-walk is an extension of the dam walk, where the travelled
distances follow a power law. The Levy-walk produ@e power-law distribution of
inter-contact times. However, it is arguable thas inot the Levy-walk that is behind
the power-law distribution because random walk auithbounds already produces such
a distribution. It might be so that the Levy-walls{ limits the movement even further,
thereby minimizing the effect of the bounds. Inestlvords; the world appears to be
larger.

3.34 Map Based Movement

The Map Based Movement (MBM) model is a mobility debincluded in the first
release of the ONE. This movement model gets astiapmap in the WKT (Well
Known Text) format. The map consists of map poaasnected by links. All crossings
are map points, and all curves in the roads arstaated by several links and map
points.

The Map Based Movement works as follows: A mobibelen moves by walking from

one map node to the other by always randomly setgcne of the directly connected
map nodes. In the first release of ONE, a mobileéenwas not allowed to choose the
same map node it came from as its next waypoint.ciaged it to be configurable
since it plays a vital role in the shape of therdistion of the inter-contact times graph.

We conducted an experiment where we simulated MBMmnodes were allowed to
move back and when they were not. We used the gamsmeters as we did in the
RWP and Random Walk experiments in the previousiser No pause times were
used. The inter-contact times distribution is shoimn Figure 2. An interesting

observation from this experiment is that the leg&ely nodes are to travel long
distances, the more power-law like will the disiitibn be.
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Figure 2: Inter-contact times for Map Based Movemeh
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Another interesting observation is the effect aid® on the contact times. Because the
space in which nodes are allowed to move in igiotstl, it is more likely that two
nodes walk along the same path for a longer tinoeb&tter understand the effect of the
restricted space, we compared the distributiorontact durations from the MBM and
Random Walk models. The result is shown in FigureA@ observe that the map
creates longer contacts. There are fewer choieesdtles can make when they come to
a crossing, so two nodes are more likely to mogagthe same path.

10

P[X > x]

-2

10

10

Time [s]
Figure 3: Contact-durations for MBM and RW

3.3.5 Shortest Path Map Based Movement

The Shortest Path Map Based Movement (SPMBM) maldel makes use of map data.
The SPMBM and RWP models have certain similaritidedes select their next
destination on the map by randomly selecting a pw@pt on the map. The nodes will
calculate the shortest path to the destinationguBiijkstra’s algorithm. It is worth to
note that the map points may not be uniformly dsted over the map. The number of
map points depends on the construction of the Wa@rea where the roads have been
constructed with many map points will more easitfragt nodes. Therefore, it is
possible that two maps of the exact same city, Wiéhexact same streets, but obtained
from different places, will produce different movent.

We conducted a similar experiment as we did for M#&M model in the previous

section, with the same parameters except for teedspnd wait time which were set to
the same values as for RWP; 1-5m/s and 1-3600seatdgely. The inter-contacts
times are presented in Figure 4. An interestingenladion is that the inter-contact
times are exponentially distributed like for the RW
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Figure 4: The inter-contact times of ShortestPathMpaBasedMovement.

An interesting idea for future research is to tmt ahe existing SPMBM model

combined with Levy-walks. The idea is to have nodeeose the next destination,
which is a map point, based on either the Euclidémtance or the shortest path
distance. The Euclidean distance is probably meadistic since [21] showed that the
Euclidean distance followed a power-law.

3.3.6 Community based model

The community based mobility model [17] is basedlmnidea that the simulation area
is divided into small areas called squares. Nodesnaoving between these squares
based on a parameter, specific for each squardedcsdcial attractivity. Nodes favor
squares with higher social attractivity, which @aulated from the number of friends
that are currently within the square. Each nodeahpsedefined list of other nodes that
are the friends of the node. The list changes d#ipgron the time of day, which results
in periodic patterns like for example people meagtimeir work colleagues in the day
and their family in the evening. This model lacksup movement and the movement is
relatively homogeneous. The paper does not showntiee-contact time distribution
behavior for more than up to roughly one third alay.

3.3.7 Time-variant mobility model

The time-variant mobility model [22] is somewhamgar to the community based
model. Nodes prefer different squares at differemtes of day, thereby moving
between them in a periodic manner. This correspémgseople going to the office to
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work, to a restaurant to eat and home to sleepnideel is heterogeneous in both time
and space. Nodes do not move in groups and the mmeeis homogeneous in the
sense that every node follows the same instructions

3.3.8 Indoor movement

Little work has been made on indoor movement, eafppccombined with outdoor
movement. Most of them are in a context not reatbctical for delay tolerant network
simulations. Minder et al. [23] present a model foeetings where organization
structure is taken into account. Nodes meet ealsér oh team meetings of different
lengths. The model is not so practical for DTN dettions because in practice people
meet in corridors, work in the same room, etc. Hadet al. [24] used a more detailed
office movement model, where employees are movimgoms and corridors. A model
like this can produce accurate results if the efii modeled in detail with walls and
rooms on their correct places.

3.3.9 Group movement

Various group mobility models exist [25], for exdemphe Reference Point Group
Mobility model and the Overlap Mobility model. Ayais of the impact of people
moving in groups has been made. However, to thé desur knowledge, group
mobility has never been used in conjunction wittothar model. For example a
community based model where nodes occasionally imadkgroup together.

3.3.10 Problems and limitations

Hsu and Helmy [26] show by studying real user tsdb@at nodes are very often turned
on/off and only visit a small portion of the WLANc@ess points in campus areas.
Moreover, they find that node mobility while usingtwork is very low and one node
only meets a small portion of all other nodes i éinea. These types of characteristics
are usually not captured in movement models. Furthee, they reveal repetitive
patterns with a period of one day and heterogenaityong nodes. Although
heterogeneity and repetitiveness has been modalest, simple movement models do
not. According to Hsu and Helmy, the biggest issith most synthetic models is that
they are not capturing such characteristics asrdgg@eous behavior, switching
devices on/off or relationships between users.

We noticed that even though most of the known festwof movement have been
modeled, no model exist where all or many of thefiees have been combined. Our
approach is to combine these different elementsdate a new movement model.

3.4 Summary

We presented two metrics to characterize contaes,the inter-contact times and
contact durations. Moreover, we discussed real dvtrdces and their limitations.
Finally, we described the most common movement fsddem previous research and
provided some discussion about limitations of aurraovement models.
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4 Developing a synthetic model

We have created a synthetic model with many realdacharacteristics. We will first
present the requirements of the model, i.e. prasethat we believe are important to
capture in the model. After that we will take aKkoat the model itself and provide a
detailed explanation of its functionality. Finallye go through the design and
implementation of the model.

4.1 Requirements

To keep complexity at a decent level, it is impotte distinguish between more and
less relevant mobility characteristics in a DTN t@oa. It is not possible to know for
sure which properties are important to capture;esive do not yet know how future
DTN routing protocols are going to work and whidiaracteristics have an impact on
their performance; Therefore, we have based ouriregents on combined ides from
previous research with some own ideas includede@@dy, our main requirement was
to create a model with as many configurable realdvproperties as possible, so that
the model can be used to derive almost any typeeaf world city scenario
environment.

4.1.1 Group movement and contact durations

In the real world, people often walk in groups asha various activities together,

resulting in longer contact durations. Additionalthere are places where complete
strangers are near each other for longer times, rilstaurants, public transportation,
etc. In simple models, such as the RWP, longeraobsitonly originate from situations

where two nodes happen to pause near each otheraezig when two nodes at the

same spot have chosen the same next waypoint a®dl.sp/e decided to have one
degree more of node clustering and group movenmeatii model, by covering nodes

that intentionally cluster and move together. Tihpartance to model group mobility is

that some routing protocols may utilize informatiabout which nodes belong to a
certain group by making sure that nodes in onegiare not all carrying the duplicate

packets, thereby using buffer space more effigrentl
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4.1.2 Inter-contact times

As we already mentioned, the distribution of intentact times is important to model
because it correlates with how well packets canlhré¢heir destinations. It is important
to keep in mind that the distribution of inter-cacittimes is not sufficient to validate a
model, even though it may be enough to invalidateame cases. For example, if we
have a model with many islands of connected nodesewmnodes from one island never
get in touch with nodes from another island. Depggnan the movement patterns of
the nodes on the islands, this could result in #xalce same inter-contact times (and
contact durations) as some other scenario whereoalkes eventually get connected.
Applications and routing protocols perform diffetlgnin these two scenarios, since
packets from nodes living on one island can neeach destination nodes living at
another island.

Despite all the shortcomings, the nature of thdritigion of inter-contact times is
essential to have as a requirement. According 1¢ fde distribution of inter-contact
times is power-law distributed up to 12h, after ethian exponential decay follows.
Hence, we also choose to have the power-law digiobb up to half a day as a
requirement and that it must be possible to vagy ¢befficient by changing some
parameters.

41.3 Routines

As stated earlier, people follow certain routingghich have an impact on the
distribution of inter-contact times as well. We bBas a requirement the model must be
partially repetitive with a period of 24h.

41.4 Heterogeneity and Isolation

In contrast to most synthetic models, real userenwnt is heterogeneous and nodes
only meet a fraction of all other. Our model is eleped from a requirement that there
must be a mechanism to restrict user movementdeusgiecific areas, thereby reducing
encounters between nodes.

4.1.5 Social relationships

In many synthetic models, like the RWP model fostamce, there are no clear
relationships between nodes. Over a longer perididne, each node is equally likely
to meet any other node an equal number of timeshénRandom Walk movement
model, nearby nodes are more likely to get in adntaowever, there are no clear
relationships between nodes in most of the simuldets.

In the real world, nodes have a lot of differeratienships between each other. Many
activities are done with the same people over arat, dike working with colleagues
and staying at home with family. We set as a regqoént that the model must allow
nodes to do certain daily activities with specdtber nodes.

4.1.6 Synchronization

It is common that the movement of nodes is trigddrg some event. For example
when a bus stops people walk out of the bus, omvehkecture ends. Everywhere we
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see that some events forces people to move intaircavay. This phenomenon can
have a similar effect as group mobility. People milge forced to walk close to each
other just because there is not enough room to. Jdss is especially true for cars,
when there is a lot of traffic, even though trafficnot covered in our model. In that
case the traffic lights are providing some kind syinchronization. We set as a
requirement that there must be bus stops and bigsssver basic synchronization.
These busses should represent public transportatiageneral, for example trams,
trains, etc.

4.1.7 Less movement

In most of the simple synthetic models, nodes aoeing all the time. There are of
course some pause times every now and then, buateedesigned to be used in a way
where nodes are moving a lot. In reality, the mosehof the nodes is limited to
specific areas and nodes stay still most of thee.tiModes are travelling between
locations, but most of the time they are doingvéttis that does not require much
movement. The Levy-Walk [21] is actually one of tfew simple models which
manage to cover this feature. Our requirementas ttere must be a way to limit the
movement.

4.1.8 Overcome the boundary effect

Most models cannot be simulated on a sufficierdalgé area, to make the boundary
effect completely negligible. Nodes moving with @tter speed will easily travel
through the whole area and get in contact with yeveher node after a short time,
which is not realistic. We set as a requirement tth@re must be a way to minimize the
boundary effect of our model.

One idea to overcome this issue is to allow noggsearing and disappearing at the
edges of the map. The idea seems realistic froore pobility point of view; either so
that nodes disappearing at one side appears abppesite side, or so that nodes
disappearing are temporarily removed from the satnorh. However, this is not so
practical for DTN simulations, since nodes entetimg simulation area from one edge
should also be carrying packets. Not only the spackets that were in the buffer at the
time the node left the simulation area, but packetkected during the time the node
was away. In the real world, some of these packetisdestined for some other node
within the simulation area, while other packets @estined for nodes that will never
enter the simulation area. These packets are iaamtart simulations, since they fill the
buffers.

An idea to artificially create junk packets in theffers of nodes outside the simulation
area fails for two reasons. First of all, it is tie@ mobility models responsibility to care
about these packets. The second reason is thatah#ity model cannot know or guess
when and where these packets should appear, sidepends entirely on the protocols
used. Coming up with an abstraction, taking bothriobility model and the protocol
along with all the parameters as input, is far neodemanding task than just extending
the simulation area and focus on a small groupsifdubjects. Finally, it is not possible
to determine how the generation of these extra patdkets should adopt to changes of
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routing protocols used. From a software engineepgomt of view, the model will
become a maintenance hurdle.

A similar problem appears to be with all ideas rteate abstractions for nodes moving
outside the simulation area. Since a larger sinaraarea implies longer simulation
time, the idea to create an abstraction of the argside the simulation area sounds
tempting. However, creating an abstraction thaficelly generates contacts between
nodes outside the area is probably not much fasi@n just extending the map.
Additionally, coming up with the right abstractieprobably difficult. It is difficult to
create an abstraction that is more realistic tharalpstraction at all, i.e. the normal
simulation area with hard bounds. A successfulrabson has to make use of some
map data and somehow simulate movement or takereliff properties of the
movement models into account. Even if the abstvactinly worked for one specific
model, it would be hard to parameterize it in ailsimway as the original model.
Therefore, it seems as if the best way to overcthraéhorizontal effect is to extend the
simulation area and choose a smaller group withispecific area as test subjects
depending on the simulation scenario.

4.2 Working Day Movement Model

We have developed a new mobility model by combirdiféerent movement model
elements together. These models are called sublsnodee model consists of three
different major activities that the nodes can bmgoThey are being at home, working
and some evening activity with friends. On a moeéated level, the activities differ
from each other. These submodels repeat everyrdaylting in periodic repetitive
movement. Their parameterization and adding furthdmodels as needed allows
fine-tuning the model to meet the needs of theetasgenarios.

Communities and social relationships are formednwaeset of nodes are doing the
same activity in the same location. For examplelesowith the same home are family
members, while nodes with the same office locati@colleagues from work.

Nodes are doing the activities on a daily basidistafrom home in the morning. Each
node is assigned a wakeup time, which determinemnvthe node should start from
home. This value is drawn from a normal distribntiwith mean 0 and configurable
standard deviation. The node uses the same wak®aepevery morning during the
whole simulation. The variance in the wakeup tmmadels the differences in rhythms
in real life.

At the wakeup time, nodes leave their homes, amddiféerent transport methods to
travel to work. Nodes travel between activitiethei by car or by bus, which are both
different submodels. The working time is configueabAfter the working hours, the

nodes decide, by drawing, whether they go outHeravening activity, or return home.
Again, different submodels are used for transitibeswveen the locations. Different
user groups have different locations where thevidiets take place.

4.2.1 Home activity submodel

The home activity submodel is used for the evenargs nights. Each node is initially
assigned a map point as its home location. Haweaghed this location, the node walks
a short distance away and stays still until the eupktime.We do not model any
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movement inside homes. Node activities at homecoarsist of the device lying on
some table until the next day, people watching &dfking, sleeping etc., where the
movements within the house are not relevant.

4.2.2 Office activity submodel

The office activity submodel is a 2-dimensional mlofbr movement inside an office
where the employee has a desk and sometimes needslit to other places for
meetings or just to quickly talk to someone. Min@gral. [23] present a model for
meetings where organization structure is taken adocount. We do not use such a
model because we are actually interested in theactsof nodes, due to the application
to delay tolerant networking. Habetha et al. [24¢dia more detailed office movement
model, where employees are moving in rooms anddoe. The walls will have a
significant effect on the path-loss. For a simphedelling, we do not model the signal
attenuation on walls.

The model adopted is as follows. The office is sddrom a specific map point, called
a door. The office is a square where the uppehbaid corner is the door. Each node is
assigned a coordinate inside the building wherentdue's desk is located.

The movement inside the office starts immediatdhgmwthe node reaches the door; the
node starts walking towards the desk with the vmglkspeed defined in the settings.
When it reaches its desk, it stops for an amoume tidrawn from a Pareto distribution.
When the node wakes up from the pause, it selemesvarandom coordinate inside the
office, walks there and waits for an amount of tish@wn from the same Pareto
distribution. The movement between the desk andiaity selected coordinates
repeats until the work day is over.

Earlier research suggests that the length of ng=tt an office follow a log-normal
distribution [23]. However, the study covers onBamn meetings, which does not
necessarily correlate with pause times in movem&ntuncated Pareto distribution is
suggested in [21] for general movement inside Ingsl We choose the Pareto
distribution for our pause times inside the offig¢e also added parameters to turn off
the pausing completely and to have an infinite paime, in which case nodes stay at
their desk for the whole workday.

4.2.3 Evening activity submodel

The evening activity submodel models the activitiest nodes can do in the evening,
i.e. after work. This activity is done in groupsherl evening activity model can be
interpreted as shopping, walking around the streetgoing to a restaurant or a bar.
Each node is in the beginning of the simulationigmexi a favorite meeting spot.
Immediately when a node ends its working day, #&ssigned to a group based on its
favorite meeting spot. If all groups for a givendate meeting spot are full, a new one
is created with a randomly selected and uniformsgridhuted size with minimum and
maximum values defined in settings. The node thees uhe transport submodel to
move to the meeting spot. The node waits at theingespot until all the nodes of the
group are present. Then they start moving accorttinghe map based movement
model, which is actually a random walk on stre€ltey all walk in a group along roads
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a certain distance defined in settings, and theg pause for a longer time defined in
settings, and finally split up and walk back toithmmes.

4.2.4 Transport submodel

Nodes move between home, office and evening agtissing the transport submodel.
During the initialization, a configurable percergagf nodes in each group are set to use
a car for transportation between activities. Nagesmoving by car will use the bus or
walking submodel. Nodes moving by car use the usam®del for all transportations
and never go by bus or on foot. Supporting diffetgpes of transport models adds
additional heterogeneity and has impact on theop@dince of routing protocols, since
quicker nodes, like cars for instance, can transéekets longer distances quickly.

Walking submodel

Nodes that walk use streets to advance with a anhspeed towards the
destination. Dijkstra's algorithm is used for fingithe shortest path to the
destination.

Car submodel

Nodes owning a car can travel at a higher speedeeet different locations.
Otherwise it does not differ from walking. Withim activity submodel, car
owners behave the same way as the other nodes.

Bus submodel

Nodes not owning a car can use buses for travellitiy a higher speed. There
are pre-defined bus routes on the city map. Thedum these routes according
to a schedule. Buses can carry more than one nalgnae.

Each node that does not own a car knows one bs. ibcan use any bus driving that
route. The nodes make the decision of taking tteeifoilhe Euclidean distance from the
node's location to the nearest bus stop summed tha&tEuclidean distance from the
destination to the nearest bus stop is shorter tharEuclidean distance between the
node's location and the destination. Otherwiseaiks the whole distance. If the node
decides to take the bus, it uses the walking suleintodthe closest bus stop and waits
for the bus. When the bus arrives, the node eittersd travels until the bus comes to
the bus stop nearest the destination. Then it bestdack to the walking submodel to
reach the destination.

Another option for modeling buses in a simulatioowd be that the nodes spend
random amounts of time in buses. This can be aetidy letting nodes use Markov

chains to determine whether they should get ofgav@n stop. The probabilities can be
configured to favor certain lengths of bus tripshil this scheme also allows the nodes
in the bus meeting each other and exchanging messtgs easily leads to situations,
where using a bus actually makes travelling tinoegér. On a large map, this can even
lead to the nodes falling behind in their daily ethles. On the other hand, the
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difference is not so huge on a small map, wherebtleeonly serves as a place where
nodes meet.

4.2.5 The map

All nodes move on a map. The map defines the spadeoutes in which the nodes can
move; it contains all the information of the locaus of the houses, offices and meeting
spots, as well as the bus routes with bus stops.d&sign of the map is an important
part of the mobility model. Since all the movementthe nodes is determined by

activities with specific locations, the placemehthese locations define how nodes are
moving on a larger scale, i.e., in which areashefrmap nodes will be doing different

activities. The positions of these locations cambee group specific, which makes it

possible to create small districts within the mBperefore, the map can be used to limit
node movement to small areas, which we refer tma®asing the locality, On one

hand, houses, offices and meeting spots can badspamdomly on the map, thereby,
having very little locality and nodes meeting easdn the other hand, it is possible to
restrict node movement to very small areas by irgdots of small districts, thereby

increasing the locality.

There is also an option to have different sizeridist overlapping each other. This
approach allows having high locality among mosttleé nodes, but also some
movement between districts. In the real world, sqmeple need to travel longer
distances to work or meet their friends. A largetrett overlapping small districts will
create this effect when a node’s home is in theétdey of one smaller district and the
office is in the territory of another smaller distr Nodes moving between small
districts, not located next to each other, will @aw pass through other small districts,
thereby appearing as drive through traffic in theals intermediary districts. Figure 5
shows an example setup. The most suitable configaraf districts is environment
specific.

D2 D3

=

=i =
f =y

Figure 5: City districts

D1

In the figure, every district is like a small cityjth homes, offices and meeting spots.
Every district has its own bus route that the ndaglsnging to the district use. In the
example we have divided the map into 6 districtstriat 1 covers the whole map,
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districts 2-5 cover one quarter of the map eachfemadly we have district 6 which
covers the center. All except D1 have a circulas ute. The bus routes are marked
with thin lines on the map.

A setup like this will minimize the boundary effeof our simulation area. When

simulating a routing protocol, we can think of 6 area as the real simulation area,
and the rest is just to make the bounds of the aneaother. The idea is that the
movement inside D6 should be as realistic as plesstbne idea is to only collect

measurements from D6 nodes when simulating pratcaadl applications, and think of
the rest of the nodes working as background traffic

4.3 Implementation into the ONE

The Working Day Movement model was added to the @GNE combination of many
mobility models. One main movement model is resfi@sfor the main logic and
delegation of the responsibility to appropriateraobdels depending on the state. Before
describing the implementation of our model, wetdtgrexplaining how the movement
model interface is specified and how the movemeatleh module is used by the
simulator. The movement model interface was nohghd for our new model.

The ONE is a discrete time driven simulator, i.&inee variable is incremented in fixed

steps and after each step the simulation worlgégated and the occurrence of different
events is checked for. During each update cyclaabi@s such as the locations of all
nodes and the messages in all nodes’ buffers atategh In ONE, the World class is an
abstraction of the simulation world and it contanisst of all the nodes. Each node is a
DTNHost object, which has an own instance of a Mo#etModel class.

The MovementModel object has a responsibility obviling its corresponding
DTNHost with a path to be followed next, wheneveked. The path is given as a Path
object, which is a list of waypoints (coordinatem)d the speeds to be used for
movement between the waypoints. The MovementMoldaslscmust remember where
the last path it provided ends, in order to knowerehthe next path starts. The
MovementModel also provides the DTNHost with a gatisie whenever asked.

The DTNHost class handles the actual movement dafiode, by updating the
coordinates of the node after each time step. WthenDTNHost has followed the
whole path it has obtained from the MovementModeNill ask the MovementModel

for a pause time. After pausing, the DTNHost asksafnew path. The DTNHost class
is also responsible for handling sending of messagéh the help of other routing
modules together with network- and physical layasses.

Figure 6 shows the sequence diagram of situatioerevh few update cycles are run.
The diagram is a simplification only focusing oretmovement part where several
details have been removed.
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Figure 6: Sequence diagram of a few update cyclelBaving how the movement model fits into the
big picture.

When the World receives a call to the update meth@alls the move method for each
DTNHost. If a DTNHost does not have a path to fellget, either because it has
completed the previous path or it is a newly ins&ed object, it will call its
MovementModel to get a new Path object. The DTNHast then use this object to
obtain the first waypoint and the speed and use itiformation to update the node
location. It calculates and updates the nodes itmtdiased on the direction, update
time interval and the speed, after which it retutres control back to the World object
which in its turn will return the control back tieet main application.

During the next update cycle, the same methodsalled until the DTNHost’s move
method. Here, since the node is still moving towaadvaypoint, there is no reason to
obtain the next waypoint or path. Hence, the nedaaved towards the next waypoint
in a similar manner as during the previous updgtéec This goes on until the node has
reached the next waypoint. After this, during tlextrupdate cycle, the DTNHost will
obtain a new waypoint and speed from the Path objécstill has any waypoints left.
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This will go on until the DTNHost has followed theéhole Path. After this, the Path
object is no longer needed and it can be released.

An interface design like the one described abougs ertain limitations on the
movement model. A movement model cannot changedbealinates of a node. It can
only provide a path to be followed ending at a #pmecoordinate. Therefore, a simple
random walk on the surface of a torus or spheraaiabe implemented. Neither can
any boundless model be implemented allowing nodegleport to the other side by
crossing the edge of the map. Additionally, theeiifsice to the MovementModel
assumes that node movement is independent of tites. To overcome the problems
without changing the interface, we had to desigtaae special mechanisms to be able
to implement our Working Day Movement model.

4.3.1 ExtendedMovement class

The ExtendedMovement class is an extension of theelwhentModel abstract class. It
serves as a generic base on which movement motilésig other movement models
can be built. It provides basic functionality tdefgate the responsibility of providing a
path to other movement models. It has methods dtiing and getting the current
movement model used, which are to be used by daskwived from the
ExtendedMovement class.

Each movement model used by the ExtendedMovemenlelndass is required to
implement the SwitchableMovement interface. Figoiidustrates the basic idea. The
interface has methods to set and get the coordimagee the implementing movement
model class assumes its corresponding node iselbcdthese methods are needed
because there must be a way to update this cotedthaing switching of models,
since the next path must start from the coordindttere the previous path ended.

ExtendedMovement <<SwitchableMovement>>
1
T 1
DTNHost uses WorkingDayMovement| ... [EveningActivity

Figure 7: Basic idea of how the ExtendedMovement ahSwitchableMovement are used

The SwitchableMovement interface also has an isiggadethod to check whether the
movement model has finished its task and is readgttsome other model take over.
The method is required to return true when the taskady, for example if the task is
to work in an office for 8h, then the method shodtirn true when the model has been
in use for 8h. The isReady() method is used byEtktendedMovement class. When the
DTNHost class calls the getPath() method, which imherited from the
ExtendedMovement class, the getPath() method heeisReady() method to check if
the current SwitchableMovement object is readit. i ready, the newOrders() method
is called.
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Classes extending the ExtendedMovement abstrags ataist implement one abstract
method: newOrders(). The method is automaticalliledaimmediately after the
iIsSReady() call has returned true. The newOrdergthod is responsible for updating
any possible state information and setting the @xitchableMovement object to be
used with the help of the setMovementModel() method

4.3.2 WorkingDayMovement and aggregate classes

The WorkingDayMovement class is an extension ofgkeendedMovement class. This
is the main movement model class controlling whedes go to work, go home, etc.
Each submodel is a derivative of the MovementModaks and implements the
required SwitchableMovement interface.

Transport submodels handling the movement betwéden dctivities additionally
implement the TransportMovement interface. The WumRayMovement class
maintains the state of which activity is currerplgrformed and switches the state and
the used SwitchableMovement class when newOrdersifiod is called. Always when
an activity is ready, the WorkingDayMovement classwvitches to the
TransportMovement defined for the class, which nedther be CarMovement or
BusTravellerMovement depending on the settings dfe t node. The
WorkingDayMovement class switches to the next &gtiv when the
TransportMovement class is ready. The three Swhleihovement classes
corresponding to the three activities done by nodksing the day are
HomeActivityMovement, OfficeActivityMovement and ERringActivityMovement.
All these three activity models have a feature tinakes the nodes walk along the
shortest path to the destination where the actisiperformed if control is passed to the
model when the node is not in its right locatiomeTfollowing subsections will go
through the classes used in the model. Figure 8vshbe inheritances in a class
diagram, and Figure 9 shows the most importantciestions between classes.

MovementModel <<SwitchableMovement>>

| - |
1
MapBasedMovement 1 <<TransportMovement>>
1
AN 4 1 A
1 il L
| R F*---- .

EveningActivityMovement HomeActivityMovement CarMovement

ExtendedMovementModel

MapRouteMovement

L

BusMovement BusTravellerMovement

OfficeActivityMovement

WorkingDayMovement

Figure 8: Class diagram showing inheritance
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WorkingDayMovement

1 1
EveningActivityMovement BusTravellerMovement

* E3 *

1 1

—‘ OfficeActivityMovement | | HomeActivityMovement
1

1

EveningActivityControlSystem BusControlSystem
Path T
1 ’*J +1 *
EveningTrip BusMovement

Figure 9: Associations between classes

HomeActivityMovement class

The HomeActivityMovement class is an extension dfe t ONE’'s default
MapBasedMovement class. The benefit of extendiegMapBasedMovement class is
to have access to the map data and other mapdatksses with methods such as
calculation of the shortest path with Dijkstra’g@ithm and methods for reading WKT
files containing coordinate data about locationthefhomes.

The HomeActivityMovement class is also responsiblemaking sure that nodes are
waking up the right time. This is handled by delimg a pause time of the equivalent
length to the DTNHost.

OfficeActivityMovement class

Similarly as the HomeActivityMovement class, thefiGdActivityMovement class is
also an extension of the MapBasedMovement clase Tlass provides the
WorkingDayMovement class with short one-hop patid \&ait times when asked. The
class uses the ParetoRNG class to get the wais firam a Pareto distribution.

EveningActivityMovement class

The EveningActivityMovement class is somewhat défe to the other activity classes,
even though it is an extension of the MapBasedM@remas well. The fact that nodes
need to interwork with each other to be able tokwal groups and set up meetings
requires some special means.

The problem is solved with a mediator class EvehatiyityControlSystem, which is
responsible for tying EveningActivityMovement oligctogether so that each
EveningActivityMovement object does not need to Wwnabout other objects of the
same type or communicate with them directly. EaganiihgActivityMovement object
gets the path the group will move from the congyatem.
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Each instance of the EveningActivityControlSystel@ss maintains a list of evening
activity groups (EveningTrip objects) that stillMearoom for more members. The
EveningActivityControlSystem also has a list of allbodes belonging to the
EveningActivityControlSystem and all coordinateatthre valid meeting spots.

Each node group in settings is defined an id namwhgh control system to use.
Recall that each node has a favorite meeting sglath will not change during the
simulation. A node uses the control system to obtkita about a currently available
group where all nodes have the same favorite ngepnt as the node. The group data
is encapsulated by the EveningTrip class. FigursHdvs the sequence diagram of a
situation where a node has finished the officevagtand the newOrders() method is
called.

WorkingDayMovement EveningActivityMovement EveningActivityControlSystem EveningTrip TransportMovement

newOrdeEi)

|

|

Call superclass to |
switch to the transport |
|

|

|

model

»
getEveningLocation()

»
getEveninglnstruction()™

new EveningTrip():
i i
| —ee
addNode()
- - - - - =
-+ - - TEm T T T
getLocatjor()
- megtingdpdt ~ = T T T T 77
* T&ethgspot~
setNextRoute(currentLocatiot, fneetingSpot)) -
= - - = = = - = ;e e e e == = == o F - = - o — - -, === -
- - - -
T T - = e

Figure 10: Sequence diagram of a situation right &&r a node has finished the office activity. The
call drawn in red color is only made by the fist nde in the group.

Immediately when the WorkingDayMovement model’s @eders() method is called,
WorkingDayMovement switches directly to the Trangplmvement used by the node,
which may either be car or bus movement. After,ttie WorkingDayMovement
informs the TransportMovement where it wants to Tus is achieved by first calling
the EveningActivityMovement class’ getEveningLooathndGetReady() method,
which  in  turn calls the getEveninginstruction() ted in its
EveningActivityControlSystem. The EveningActivity@molSystem then checks if
there are any EveningTrip objects with the sameriter meeting spot as the node has.
Otherwise a new instance of an EveningTrip is exatith a randomly chosen size as
explained in chapter 4.2.3 (marked as red in thgurd). The node
(EveningActivityMovement object) is then added ke tEveningTrip, which is then
returned to the EveningActivityMovement so that EeningActivityMovement can
obtain the location where the group is going to tn&he location is returned to the
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WorkingDayMovement class, which passes all cootdm#o the TransportMovement

class with the help of the setNextRoute() methdterAhis, the transport module takes
care that all nodes find to the meeting spot. FEglit shows the sequence diagram
when a node arrives to the meeting spot.

EveningActivityMovement EveningTrip MapBasedMovement
T T T
preeley predy preeley

etPathB

9 aIIMembersPresent()>

-
flase
5T
getPathH
aIIMembersPresent()>
*--fE~- """
. -
gefPdth()
- - £1 (Sl

5t

a n a
| 1 1

Figure 11: Sequence diagram of a situation wherelatodes are present at a meeting spot and they
can start walking in a group. The calls marked in he red color are only made by the first node,
while the calls marked in blue color are made by ta rest of the nodes.

When the transport model is ready, the control issspd to the
EveningActivityMovement (With the help of the isRig& and newOrders() methods
as described earlier).

As one of the three activities, the EveningActidMiyvement can find to the meeting
spot if it is located somewhere else when congglassed to it. In this case the first call
to the getPath() method will return a path to theting spot. This step is not included
in the figure, which assumes that the node is &xtat the meeting spot place from the
beginning.

Every time the EveingActivityMovement's getPath()ettmod is called, the method
checks whether the EveningTrip object associatéd thie node is full, i.e. all members
are gathered at the meeting spot. Since the EvEnmdias a list of all nodes
(EveningActivityMovement objects) belonging to it,can check the state of all of
them. To keep the figure readable, this part ism@uded.

During the time when all members are not preseogea wait by having the
EveningActivityMovement return a null path when edkWhen finally all members
are present, the first EveningActivityMovement abjeo realize this will set the
instructions which all nodes in the group will foN (red color in figure). It will
determine the path all nodes will walk along by lingl its superclass’
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(MapBasedMovement) getPath() method. The wait taheghe end of the path is

calculated from the parameters provided in settiBggh of these values are stored in
the EveningTrip object. All other nodes within teame group will obtain their path

and wait time directly from the EveningTrip objébtue color in figure). In either case,

the path is returned by the EveningActivityMovement

BusTravellerMovement class

The implementation of nodes travelling with buseas hsimilarities with the
implementation of the group movement in the everaotyvity. Buses and passengers
share a BusControlSystem which acts as a mediatwelen BusMovement and
BusTravellerMovement objects. It knows all bus stapa bus route and has lists of all
buses and passengers that use the route. Figwteo®s the sequence diagram where a
node waits for a bus at the stop, and when a busesy it rides two stops and exits the
bus.

BusTravellerMovement BusControlSystem BusMovement DTNHost

I I | I
—— - ——

-t - - - - - abusHasStopped(followPath) *
Returns null when =
getPath() the node is waiting | | T =T~~~ === <% >
| B for a bus ____pa.tm__>
-t - - - - -
l@——oetPath() |
generateWaitTime() | ghusHasStopped(followPath)
0 |l @-cnterBus(followPath) |
________ -
- wkn || | f---------- - - e -
— < getPath()
qenerate\éValtTlme() :hl|<Ha<§rnnnpd(fnllnwparh\
lg-enterBus(followPath) |
________ -
- dwpa o |- - - ean -
- | @—ogetPath) |
r1enerateV(;laItTImP() <ghusHasStopped(fallowpath)
lgcnterBus(followPath) |
________ _>
— isReady) g |——™m@m™™— | |[F--"="=-"=~"==---- > ath
-4 - B Set the state to ready - - =P -
and return true next
L4 time isReady is called e - -
| | |

Figure 12: Sequence diagram when a node is traveilj by bus

The instance of BusTravellerMovement representiegriode keeps returning null for
all getPath() calls while a node is waiting for tes. The bus is a normal DTNHost
asking for Path objects from its controlling BusMawent object. When the bus has
stopped and getPath() is called after that, thevBwement object belonging to the bus
calls its BusControlSystem’s busHasStopped() metipadsing the Path object as a
parameter. The BusControlSystem then calls therBas€) method, giving the Path
object as a parameter, for all the BusTravellerMo®et objects belonging to the same
control system and staying at the same location tlas bus stop. The
BusTravellerMovement object then stores the Pathecbband updates state
information.
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The next time getPath() is called for the BusTrav®lovement object, it will return
the path it obtained from the BusControlSystem. BusTravellerMovement object
will use the path to be able to move exactly theessvay as the bus, thereby appearing
to travel on it. When the node has travelled thelwtpath, the generateWaitTime()
method is called by the superclass (MovementModedike usual. In
BusTravellerMovement class, the method has beerridden to instead update state
information so that the node is ready to accepewa Rath object from the control
system when the bus is ready to move again. Thea tmae returned by the
BusTravellerMovement object is always zero. Not thihile the bus stands still at the
stop, the BusTravellerMovement returns null togattPath() requestes, hence, it stands
still like the bus. An interesting detail is thahie the bus stands still, the system does
not distinguish between nodes that are going tereghe bus and nodes already staying
inside the bus. They all have the same state aadlamated at the exact same
coordinates.

The BusTravellerMovement object continues to rezaad use Path objects from the
BusControlSystem until it reaches the end stop. fdwd time the BusControlSystem
calls the BusTravellerMovement  object’s enterBus()method, the
BusTravellerMovement notices that it is at the stap and switches the state to ready,
so that when the isReady() method is called, theTBavellerMovement can return
true. Recall that the isReady() method is callenvben getPath() calls for all classes
implementing the SwitchableMovement interface. Fmplicity, only the last
isReady() call is shown in the figure. When the BasellerMovement is ready, the
following activity knows how to find to its destitian from the bus stop.

CarMovement class

The CarMovement class representing the car moversabimodel inherits the
MapBasedMovement model and implements the Trangjpogment interface. It
returns the shortest path between the current itotadnd the destination when
getPath() is called. Its isReady() method will rettrue after that.

4.3.3 BusMovement class

The BusMovement is an extension of the MapRouteMuré class, which in turn is

an extension of the MapBasedMovement class. TheRdafeMovement class is one
of the classes included in the ONE’s default paekdgmoves a node according to a
route defined in a WKT file in settings. The rousea list of checkpoints and the
MapRouteMovement’'s getPath() method always retuhes shortest path from the

current checkpoint to the next checkpoint. Dijkstralgorithm is used for calculation

of shortest paths.

The MapRouteMovement class takes care of the maveaweording to a route. The
BusMovement only needs to implement the commurnati with the
BusControlSystem, i.e. inform the BusControlSystéhat it has stopped. The
BusMovement class communicates solely to the BusGi&@ystem class and is not
aware of any passengers.
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4.4 Summary

In this chapter we presented our movement modelbrking Day Movement model.
We started from the requirements of the model aidwwed with the design of the
model and explained how the requirements were Wietdescribed each submodel and
the use of the map in detail. Finally, we explaihed the model was implemented into
the ONE simulator.
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5 Experimental setup

This chapter describes the settings we used irsiooulations and the measurements
done. We begin by explaining the different metraféer which we describe the default
scenario.

51 Recorded Metrics

For each simulation run, we measured 7 differenbilitp metrics. Additionally, we
simulated the Epidemic routing protocol and used performance metrics for
sensitivity analysis. In the following subsectiom® present details about each metric
and in some cases more information about measutgmactices and how the results
should be interpreted.

511 Inter-contact times and contact durations

We estimated the inter-contact and contact timé&ibligions by sampling them from
simulation runs of lengtif = 7 - 10s. Due to the finite simulation time, the longer
events are less likely to get observed. This abse a larger fraction of them has the
beginning or end outside the simulation time. Teals to a systematic error so that it
is not easy to say whether there is an exponeadiedy in an empirical distribution or
just this systematic error. To avoid this uncetiginve adjust the experimental
distributions as follows.

We assume that the events are uniformly distribotedt a longer period of time. Then,
consider the probability of an event of lengtip(x). Only events that begin during the
time interval[O, T-x] will get recorded. To compensate this, the eseghgirobability
density functiorp(x) is

_T
pOY == P'()

wherep'(x) denotes the measured density. We use p(x) fotiegetne Complementary
Cumulative Density Functions (CCDF, P[X¥» The same method was used also on
the experimental data used as a reference. Thieakas the effect caused by different
length of the measurement period between differerdsurements.
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Inter-contact times or contact durations longemtliiae simulation time cannot be
observed. This results in a cutoff in the tailleé tistribution. The lost probability mass
from the end of the tail is shifted to the othetesibecause the total probability density
mass is always equal to 1.ti§tands for the probability mass of the lost pathe tail,
then the probability density function will be mplied by 1/(1-t). This increase will
cumulate in the CCDF leading to faster declinehef CCDF curve. In our experiments,
a longer measurement period will lead to a smalkbaver-law exponent for the fist 12h
of the distribution. This systematic error is nadrrected by the aforementioned
correction procedure. An option to correct thigsasassume the longer inter-contact
times follow the same distribution, calculate thet|probability mass in the tail and
adjust the probability density function accordingbowever, we have already seen that
the distribution of inter-contact times changesnfra power-law to an exponential
distribution after 12h and there is no guarantes ithstays exponential for even longer
inter-contact times.

5.1.2 Unique encounters, total encounters and their comparison

The unique encounters stand for the number of réffte other nodes a node has
encountered during the simulation. By dividing t@que encounters with the total
number of nodes, we get the fraction of the us@ufadion encountered by a node. We
calculate a CCDF that shows the probability that fraction for a randomly selected
node is larger than or equal to x. This metric elates with locality; Nodes moving

within a small area will less likely meet many atm®des. From the distribution it is

also possible to see differences among nodes;ftinerghe previously defined CCDF

also shows heterogeneity among nodes.

The total encounters stands for the number of timasde has encountered any other
node. We calculate a CCDF that shows the probwltiiéit a randomly selected node
has a number of total encounters greater thanualeg x. Since active nodes are more
likely to encounter other nodes, this metric shafvthere are different degrees of
activity among nodes.

Finally, we plot a dot for each node on a scattaghm where the x-axis stands for the
total encounters and the y-axis stands for theuenigncounters for each node. This
illustrates differences between contact pattern®ngmodes. We are interested in
differences between nodes in terms of the ratiotatél- to unique encounters.
Additionally, we are interested in differences bed¢w scenarios in terms of the ratio of
the largest value to the smallest for both totall anique encounters. We use a log-log
scale to spot these differences in ratios. In otherds, a specific distance and angle
between two dots should always indicate the samgqgptional difference.

One can argue that with homogeneous movement, rezad will encounter the same
number of other nodes in total and a same sizéidraof all the other nodes during a
longer simulation. If nodes move according to défg patterns and speeds within
different sized areas, nodes will meet a differamnber of other nodes. Additionally, a
node restricted to a small area will keep meetivegdame nodes over and over, while a
scout node exploring the simulation area will mpstieet new nodes. Therefore, the
scatter diagram can be used to measure heterogeHetierogeneous movement will
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result in dots all over the figure; while complgtilomogeneous movement will result
in a group of dots all on the same spot.

51.3 Number of contacts between two contacts with a node

The number of contacts during an inter-contact timmetric is similar to the inter-

contact times metric, except that instead of meaguthe time until a node meets
again, we count the number of other nodes bothhefrtodes meet separately. In
contrast to the inter-contact times, the numbesaitacts during an inter-contact is not
symmetric, i.e. during an inter-contact both nodest the exact same time but will
meet a different number of nodes.

This metric has practical meaning. Some protocageruse of variables for message
delivery likelihood. Each node has a variable facteother node corresponding to how
good chance the node has to deliver a message tthier node. Some protocols, like
MaxProp [27], adjust these variables based on ctmtalrhe predictabilities are
normalized in MaxProp; therefore, a contact witepecific node decreases all other
predictabilities. It is necessary to have an urtdeding of how many contacts with
other nodes happen between two contacts with time seode, when developing this
kind of protocols. The value is different in diféat environments, and may
additionally be distributed differently. Thereforee want to see if different mobility
characteristics have an impact on it and whethecait be controlled by some
parameters in our movement model.

514 Hourly activity

Song et al. [28] used the CRAWDAD trace [29] andrded for each hour of the day
the total number of contacts between all users.rébelts were summed across all days
of the trace period. They assumed that networkfidrafnd usage of applications
correlate with the contacts per hour, and therefizied the contacts to trigger sending
of messages in their simulations. We think thatdbetacts per hour can be used as a
metric itself for comparisons. We normalize the taots counts so that they can be
compared to contact counts from other scenarios.

We call the metric hourly activity. We measure hpactivity over a longer period of
time and do not sum the contacts across all d&gguse not every model has the exact
same day length or is periodic. We compare our lijpcactivity to the one from the
CRAWDAD trace which we obtained by manually takisgmples from a picture in
[28].

5.1.5 Performance of the Epidemic routing protocol

We measure latency, average hop count and packeenyeratio for the Epidemic
routing protocol to get an understanding of hoviedént properties of our model affect
routing protocols and how well packets can be eedid through the network. The
metric correlates with the overall connectivitytbé network and additionally serves as
a metric for sensitivity analysis when experimegtivith different parameters.

In our experiments, 0.7 messages are sent penwitia a simulation time of 7 - F8.
This corresponds to 3—-4 new messages sent eachThmusimulation time consists of
a workweek plus additional warmup time for the buffjueues to stabilize as we will
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explain soon. The messages are uniformly distribateer this time interval and the
senders and receivers are two randomly and indepégdselected nodes. Another idea
would have been to concentrate the sending of rgesda times where there is more
activity, like Song et al. [28] did. This is necasswhen we simulate a new protocol
and want the conditions to be more realistic; havewe are simulating our mobility
model and not a routing protocol. So we want tecetuch parameters that the results
depends on as many mobility characteristics asilpesbut as few other aspects as
possible. Triggering sends based on contacts weaalde the number of sent packets to
depend on the mobility model, which makes analg§ithe results hard. Additionally
we want to see the impact of nights when theress hctivity.

The message sizes are uniformly distributed betwgehyte and 1MB and the
transmission speed is 100KB/s. The time to livel()Tparameter was set to one 24h
and the buffer size large enough to never get ik values were chosen to that nodes
are not able to exchange all their messages dshog contacts.

Like inter-contact times, contact durations and a&wents which durations are not
significantly smaller than the simulation time, tlomger events are less likely to get
observed. This is true for messages as well, whemm&asure latencies, hop counts,
etc. But in our experiments, we have a finite Thence we can use a warmup period
instead of an artificial correction procedure. Thisrmup period should not be
confused with the one used for the mobility modeldach a steady state. This warmup
period has two purposes. First of all, we wantrtegvork to be in a steady state in the
sense of buffer queues in nodes and age of messagesndly, we want to allow
recorded events to start during the warmup permdhat longer packets get a fair
treatment as well. We are not recording packetswvieae received during the warmup
time and packets that are still being forwardedh® destination when the simulation
ends. These together imply that a minimum warmopetof 2 - TTL is needed. One
TTL is needed for the network to reach a steadie stad one TTL is needed to make
sure that none of the packets that were creataddltive unsteady state get recorded.
Our TTL is 24h and we use a warmup period of 2°s1@hich is roughly 2.3 - TTL.

There are two ways to measure packet delivery.fiféieone is to count the number of
sent packets and the number of received packeisgdtire real simulation time after
the warmup. Statistically this will produce accera¢sults if the events are uniformly
distributed over a longer period of time. The secapproach is to track all the packets
that were created during the real simulation timeept during the last TTL of the
simulation time, and then count the number of thasekets that were received. The
last TTL makes sure that every packet gets an emadrtunity to get delivered. We
use the second approach, since we have a shorfasionutime and a periodic
movement model. The first approach works if theetimterval during which we track
created and received packets is a multiple of #m@ogd. But we want to be able to
compare the model to other models with differemtqais or no periods at all. For each
scenario we run 5 simulations with different seedugs for the random number
generator and calculate the average with a 95%dwnde interval.
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5.2 Scenario settings

In this section we describe the settings and cardigons used during the simulations.
Whenever we refer to the default values or theudeszenario, we mean the simulation
scenario run with these settings. The default seeveas used for validation of the
model, and the configuration file is presentedppendix A.

We used a map of the Helsinki center area withstireounding districts. The size of
the map was roughly 7000 x 8506nThe area was divided into 4 main districts: A, B,
C and D, see Figure 13. The districts are artifiarad do not have any correlation to
any real districts or areas within the Helsinkycidditionally 3 districts were created
to simulate movements between the center and disieicts. Nodes belonging to these
districts correspond to people working and livimg different districts. Finally, we
created one district to cover the whole simulatioga. It has the same purpose as the 3
overlapping districts, except that the movemerthefnodes in this large district is less
local.

B || A

Figure 13: Map of Helsinki city with four artificia | districts used in the simulation

We used a population of 1000 nodes working in 26i0es and using 24 meeting spots
for their evening activities. This numbers correagpdo an average number of 5
employees per office and 40 persons per meeting $pgractice, because of the
overlapping districts, we will in some cases hawve bffices so close to each other that
the nodes will meet so often during the workdayt thaseems as if the nodes are
working in the same office. Table 1 shows the assagnt of the nodes to the different
districts.
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Table 1: The assignment of nodes, offices and mawispots to the different districts

Meeting
District Nodes Offices spots
A 150 30 4
B 50 10 1
C 100 20 2
D 100 20 2
E (A and B) 100 20 2
F (Aand C) 150 30 4
G (A and D) 150 30 4
H (Whole map) 200 40 5

Each district was assigned one bus route. DistAetS were assigned 2 busses each,
and district H was assigned 4 busses. Since thestHcts is so large compared to the

other districts, it makes sense to have more &sésat the waiting times would not be

unnecessary long.
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Figure 14: Bus routes used in the simulations. Thieft figure shows the bus routes for districts A—
D, while the right figure shows for E-H (yellow roue is for H).

Half of all the nodes were set to travel by catead of bus. The speed of the cars was
set to 20m/s to make it a clearly faster way to enbetween locations. The walking
speed for nodes was set to 0.8-1.4m/s, which & @ded for all indoor movement.
Buses were moving with speed 7-10m/s with a 10-88ging at each stop. The
probability to do some evening activity after wavias set to 0.5 with the group sizes
uniformly distributed between 1 and 3.

A working day length of 28800s was chosen. It cgpomds to 8 hours and is a typical
length of a work day in most professions. The padumses inside the office were drawn
from a Pareto distribution with coefficient 0.5 amthimum value 10s. The office size
was set to a 100m x 100m square. The size of timeafas chosen so that it would
compensate for the lack of floors, walls, etc. Alreffice has rooms and corridors,
hence, geographically close nodes are not neclssarcontact. The differences in
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schedules of nodes were drawn from a normal digidh with a standard deviation of
7200s. This corresponds to a situation where 68%hefpopulation goes to work
between 7 and 11 in the morning. For the backgramedement, corresponding to
taxies, delivery of goods, etc, we had 10 nodegs&hwere moving according to the
SPMBM described earlier.

The transmit range of all nodes was set to 10mchviié common for Bluetooth
devices. Since we have not modeled walls or othstatles, the nodes were considered
to be in contact when they were closer to eachrdbia the transmit range. In the real
world, there is usually a connection setup delay the frequency of scanning for other
devices is usually limited to keep energy consuomptow, leading to detection delay.
It is worth to note that this phenomenon has pribatiected real world contact traces
used for comparison. A study about optimal prolmhgontacts can be found in [30].

We used a warmup period of half a day for the mamnmodel, which is sufficient
due to the periodic nature of the movement modef. d@mparison, we simulated a
RWP scenario on a same sized simulation area vi@® hodes, moving with speed
0.5-5m/s and pause time 1-3600s, both uniformiyibiged. When we refer to RWP
in the comparisons, we refer to this scenario.
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6 Results

We validated our movement model by comparing it data from real world
measurement experiments. We used the inter-comnitaets, contact durations and
hourly activity as metrics, since data from reamsaces is available for these metrics.
Additionally, we explore the impact of different rameters and determine how
customizable the model is.

6.1 Validation of the model

We ran the simulation with the default settingscdiégd in the previous chapter, and
measured inter-contact times, contact durationstlhactivity and total encounters vs.
unigue encounters for each node.

Figure 15 shows the inter-contact time distributbérour model compared to RWP and
the iMote trace. In both our model and the iMotact, we have a power-law
distribution up to roughly half a day (~43200s)teafwhich an exponential decay
follows.

10°

iMotes
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- — RWP
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Figure 15: Inter-contact times of Working Day Movenent compared to RWP and iMote trace
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Our model has not been configured to produce a ptawe with the exact same

exponent as the one in the iMote traces, sincecthefficient can vary between

environments. Power-law exponents were calculaiedifferent traces in [10], and the

exponents ranged from 0.4 to 0.9 when no corregtimeedures had been applied to
the results. In our model, it is possible to vang power-law exponent by altering
different parameters to better match a specifigGrenment.

Figure 16 shows that the contact durations follogirailar curve as the iMote trace.
However, it is worth to note that many simple madean be configured to produce
almost any kind of distribution of contact durasoifhe easiest way is to just configure
pause times to follow such a distribution that tbgulting distribution of the time two

nodes pause near each other follows the desir&tbdison.
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Figure 16: Contact durations of the Working Day Movement model compared to the RWP model
and the iMote trace

In Figure 17, we have plotted the hourly activitgri a three day period of time. The
Dartmouth trace is shown for comparison. We cantlsaethere are two peeks during
each day in our model like in the Dartmouth trathe Dartmouth trace is from a

campus area, therefore the movement can be difféham in the center of a city.

Hence, as a metric for validation of a model, wa caly say that our model is

heterogeneous in time like the Dartmouth trace.fi@oring our model to produce

peaks at the exact same locations as the Dartmadé is not necessarily any more
realistic, instead just more specific to the Dammthoenvironment. In addition, it is

worth to note that the contacts in the Dartmoudicdrwere derived from access point
data and may only constitute a portion of all cotsa
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Figure 17: Hourly activity of the Working Day Movement model compared to RWP and

Dartmouth trace

Figure 18 shows a scatter diagram where the tggalunique encounters have been
plotted for each node in our model. The resulimpared to the RWP model, and it is
possible to see that there are clear differencésedesm nodes in our model and the
unique encounters are not proportional to the &nabunters.

In section 5.1.2 we stated that realistic user mwrd is heterogeneous and that the
scatter diagram with each node’s total- and unigueounters is one way to measure
heterogeneity. We do not have any good data to acenpur scatter diagram to. In [26]
they plotted a similar diagram but on a linear sdal the USC trace. Since nodes were
often switched off in the trace, their diagram candirectly be compared to our
diagram. If the length of the total time during wiia device is switched on is
uniformly distributed between nodes, the resutha more of the dots will be closer to
the origin. In this case, the RWP results in a tme from the origin to the last spot
which is a node having the longest on-time. A cungtead of a line is a sign of a long
simulation time and bounded simulation area. Ndtas have been switched on for a
longer time have already met most of the other aade are less likely to encounter
new nodes. The total encounter count will increakée the unique encounter count
will not as fast as in the beginning. Hence, witiadf times modeled, a line or curve is
not a sign of heterogeneity. The USC trace wasarimte or curve, and it is possible to
see that the unique encounters are not directlggstional to the total encounters, like
with our model.
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Figure 18: Total encounters vs. unique encounter®f each node plotted on a scatter diagram for
both the Working Day Movement model and RWP

6.2 Exploring the parameter space

To investigate and to get a better understandinefmpact of different parameters of
the model, we simulated scenarios where each pasameas set to extreme values. It
is essential to have an understanding of the senhgiof the parameters in order to
model a specific environment. Finally, we want potsparameters and properties that
do not have an impact and can be removed from tbdemin future versions.
Dependencies between parameters have not beenletsin most scenarios.

6.2.1 Density of nodes

First of all, we want to find out the impact of tdensity of nodes. In this experiment
we only consider the number of nodes moving acogrdd the WDM model and not

bus nodes or SPMBM nodes. Neither do we changentineber of offices, meeting

spots, etc. Another option would have been to adhesnumber of offices and meeting
spots to keep the nodes per office and nodes petimgespot ratio intact.

We simulated 4 scenarios with different amountaaxfes; 100 nodes, 500 nodes, 1000
nodes and 2000 nodes. For ease of configuratiorsinvelated the scenarios without

any districts. The scenario with 100 nodes wasimdtided in the graphs because the
error ratio was too high. Simulations with more esgroduce more events; therefore
the results are more reliable as well. Furthermtre,systematic errors from groups

having to wait too long to be full and other degelobecame too big in the scenario with
100 nodes.

The impact of the density did not become fully clatter these experiments. Figure 19
shows the inter-contact times distribution of theee scenarios.
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Figure 19: Inter-contact times with different nodedensities

The small drop around 2000s is a result from the tmute. The map used when
districts are disabled only has one cyclic bus@pabvering the whole area. Since it
takes about 2000s for a bus to drive one roundjlitkeep encountering with nodes
having their desk or home within radio reach of Ituis route. This will result in many
inter-contact times of length 2000s. With fewer esdthis drop becomes more
significant. This is because the number of offiaed meeting spots are constant, which
results in a situation with fewer nodes per offexeéd meeting spot, which in turn
generates fewer events. The events resulting frose grow linearly in response to
the number of nodes, while the events from offigesw by the number of nodes
squared.

The motivation behind this assumption is that oogenhas a certain probability to have
its home or office located at the bus route. If oioele will generate inter-contacts
with a certain number of busses, then n nodesgeitieratenx inter-contacts with the
same buses. While in an office, if 2 nodes resuk inter-contacts, then nodes can
result in n(n-1)/2 inter-contacts. The inter-contact times from thesds are all
approximately of the same length, while other caistérom offices are not. Thus, we
have a small drop or step in the curve.

Even though one would expect that the density ofeschas a huge impact, it does not
become clear from our results. The number of emtsrs with other nodes for each

node is almost twice as high when the number ofesad doubled. Other than that,

only the routing protocol simulations revealed féedence.

Figure 20 shows the results from the epidemic ngutprotocol simulation. The

performance does not seem to change drastically wieenumber of nodes increases.
At first one would also assume that the performainceeases when there are more
nodes. This is true, but in our case also more agessare sent. More nodes result in
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more potential routes for packets to travel. Whiilss improves the performance, the
bandwidth still sets a limit at some point sincpagket cannot be copied to an infinite
number of nodes within a short contact, so all pidé routes are not valid.
Additionally, in our scenarios, more nodes implyrmpackets to be transferred during
a contact.

Latency HopCount Delivery ratio

50000 12 100.0%
—E

40000 - 10 80.0%
30000 —F— 60.0%

8
20000 6 40.0%
10000 4 20.0%
0 2 0.0%
Density 500 Defauft-no Density 2000 0 Density 500 Defautt-no Density 2000

districts Density 500 Default-no districts Density 2000 districts

Figure 20: Performance of the Epidemic routing probcol with different node densities

6.2.2 Use of buses or cars

The purpose of this experiment is to find out imakes any difference whether nodes
travel by car or by bus. We simulate one scenahere all the nodes travel by bus and
another one where all of them travel by car. Busesowere left running empty on their

routes in the scenario where all nodes travellea¢dy In these experiments we used
the default scenario with districts.

Figure 21 shows the inter-contact time distributionall three scenarios compared to
the iMote trace. An interesting observation isdiféerence in the power-law exponent,
which is generally considered to characterize gasibility of routing.
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Figure 21: Inter-contact times when nodes travel bygar, by bus and 50/50 car/bus
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In the scenario with no buses, nodes move quickéhave fewer chances to encounter
other nodes on their way home or to work. Thereforest of the contacts are contacts
with colleagues from the same office, neighbors atier people that the nodes meet
between shorter time intervals than half a day.ddethere are more short inter-contact
times than long ones. On the other hand, buses swakethat people doing activities
geographically near each other have good chanaes¢b on the bus stop if they do not
have huge differences between their schedulesllimeople can meet in the bus if
they do not live in completely different districtsigure 22 shows that when all the
nodes use buses, they meet roughly twice as largacton of all the other nodes
compared to when they travel by car.
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Figure 22: Fraction of user population encounteredvhen all nodes travel by car, all travel by bus
and 50/50 car/bus

The result of the meeting opportunities at bus stapd in the bus is that many node
pairs meet between longer time intervals, for edamgnce a day on their way to work
or sometimes on the bus stop on their way home fr@evening activity. In this case
there are more long inter-contact times. The hugehber of contact events happening
at bus stops or inside the bus is also visibldnehourly activity graph, see Figure 23.
We have two clear peeks resulting from nodes thageby bus to and from work. The
travelling to the meeting spot for evening activitges not result in a peek for two
reasons. First, only half of the nodes do evenrtyisy. Second, different groups of
nodes end their evening activity at different timéserefore, there will be less
clustering nodes at the bus stops. Remembemnthatles meeting at a bus stop results
in n(n-1)/2contacts.
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Figure 23: Hourly activity when all nodes travel bycar, all travel by bus and 50/50 car/bus

We observed that even though the bus movement ig cmmplex and nodes meet
different number of people in the bus dependingheroute they need to travel, still, it
is not more heterogeneous if measured on the schdigram (see Figure 24). Instead it
seems as if the car movement is more heterogeneous.

One reason for this is that the bus routes aralleirand at each stop there enters a
certain group of nodes in the bus and a certainmieaves the bus. Some small
differences are caused by randomness, especialtheébgvening activity. Still, some
nodes travel longer routes in general than othetsich results in some nodes
encountering more nodes. If a node encoumemsdes each day in the bus, the result is
aboutn unique encounters arid total encounters resulting from the bus tripsrafte
days. Both are proportional t9 which explains the nature of the figure wheredbés
are in a thin oval area.
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Figure 24: Unique- vs. total encounters when noddgavel only by bus (left), 50/50 car/bus (middle)
and only by car (right)
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The car movement on the other hand generates fewaaunters, thereby not affecting
the outcome so much itself. Thereby the heterogemeiaffected more by the other
activities.

Figure 25 shows how the epidemic routing protoaifggmed under both conditions
compared to the default scenario. The impact of tta@sport movement on the
performance is remarkable. Bus stops and busesxaellent places to exchange
packets between nodes. There is plenty of timeatosfer large messages and nodes
which otherwise do not have anything in common méats on the other hand move
fast and no large messages can be exchanged. trcases they will only encounter a
few other nodes on their way.
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Figure 25: Performance of the Epidemic routing probcol when all nodes travel by car, all travel by
bus and 50/50 car/bus

The conclusion is that the way nodes move betweénitees has a significant impact
on mobility and how routing protocols will perforfiherefore, much effort should be
put on modeling movement between activities colyect

6.2.3 Use of districts

We ran a simulation where no districts were used,with one group of nodes having
their homes, offices and meeting spots uniformbtridbuted over the whole map. All
nodes in the group not owning a car used a bu® rawmtering the whole map (yellow
route in Figure 14). The bus route starts fronrdisB and ends in C.

The inter-contact times were not affected by didribut the contact durations were
slightly affected. Figure 26 shows that there amrar?0-10000s long contacts in the
scenario without districts. This is a result of tbeg bus route. A long bus route leads
to more people travelling together a longer timehea bus, which implies more long
contact durations. Additionally, when homes, offiGd meeting spots are uniformly
distributed over the map, nodes have to travel dordjstances; therefore, it is less
likely that nodes choose to walk between activitigéthin a small district, the
distances between a node’s office, home and mespog are likely to be shorter.
Hence, more nodes will choose to walk instead ofgua bus.
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Figure 26: Contact durations when districts are use and not used

Figure 27 shows the CCDF of the fraction of usgoytation encountered by a node.
As expected, the use of districts reduced sigmfigathe fraction of user population
encountered by nodes, and therefore is a good meschao control locality of node

movement.
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Figure 27: Fraction of user population encounteredvhen districts are used and not used
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Figure 28 shows the total- vs. unique encounteottgd on a scatter diagram. An

interesting observation is that districts seemnimoduce more heterogeneity among
nodes. Different sized districts with different modensities and different bus routes are
likely to result in a variety of different propastis between unique and total

encounters.

* * W
**
e

Unique encounters
Unique encounters

4 5

10° 10
Total encounters Total encounters

10

Figure 28: Total- vs. unique encounters when distcits are used (left) and not used (right)

The use of districts has a clear impact on thamgufigure 29 shows the results of the
epidemic routing protocol. The protocol performexdtér when there were no districts
restricting node movement.
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Figure 29: Performance of the Epidemic routing probcol when districts are used and not used

6.2.4 Use of a specific map

With the following experiment, we wanted to detarenthe impact of the road net. We
simulate a scenario where we have the exact samweruof nodes moving on a
Manhattan like map of the same size as the Helsidp. One block on the Manhattan
map is a square with the side 180m. The same nuaibd@mes, offices and meeting
spots were used in the Manhattan scenario. To nErirthe differences in other
characteristics we did not use any districts amdillethe homes, offices and meeting
spots be uniformly distributed over the map. Hernwe,compared the results to the
default scenario without districts.
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A different map did not have an impact on the hu@ntact times. Figure 30 shows that
the contact durations were slightly affected in ¢skase that there were less 10-10000s
long contacts in the Manhattan scenario. Theselilkedy to originate from nodes
travelling inside buses and waiting at bus stogse Bus routes were different. The
Manhattan map had a circular bus route, while tlesiHki map had a long route
starting from district B, going through A and D,dafinally ending in C. A longer bus
route, which is not circular, results in a situatiwhere several nodes enter the bus
when it goes in the wrong direction, thereby takamgextra ride to one end of the bus
route before reaching the final destination. Ii$ ttase, buses will be more crowded and
there will be more long contacts.

iMotes v
No Districts i
- —Manhattan '
107 L L L L

10 10" 10° 10° 10 10
Time [s]

Figure 30: Contact durations on different maps

Figure 31 illustrates that in the Helsinki scenatie nodes moving by bus encountered
both a larger fraction of all other nodes and muodes in total. The graphs show that
roughly around 50% of the nodes, which is the peege of nodes moving by bus,
have more encounters. This is due to the factiththe Helsinki scenario, any node can
potentially meet any other node inside the bus,adtet a simulation with infinite time,
all nodes moving by bus have eventually met ealsroOn the contrary, this is not the
case for the Manhattan scenario, due to the cirtwisa route.
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Figure 31: Total encounters (left) and the fractionof user population encountered by nodes (right)
on different maps

It seems as if the small differences are all altedithe bus routes. The details of the
road net itself have a minimal impact. However, anaiscontinuities in the road net
coming from obstacles such as sea and mountainkad® an impact on bus routes.
The road net can have a dramatic impact in moreega scenarios. An extreme
scenario would be when the road net is completedgomtinuous due to islands, in
which case some nodes are never able to communightethers.

For sensitivity analysis, Figure 32 shows the tssfitom the simulation of the
epidemic routing protocol. When taking into accotir@ error margins, we cannot say
that the map has an impact.
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Figure 32: Performance of the Epidemic routing probcol on different maps

6.2.5 Number of offices

The parameter controlling the number of offices &asmpact on two things; the node
density within an office and the clustering of nedkiring the work time. The situation
where many nodes meet at an office introduces a ggportunity for a node to
distribute its packets to all other nodes at thmesaffice which will all carry the
packets to different places after work. On the otrend, nodes are less likely to meet
nodes from other offices since the offices willdparsely located on the map.

A scenario with many offices with few nodes each atheory cover the map in such
a way that offices are partially overlapping anidoffices are connected to each other.
In this case messages can better be routed diméngdrk day, but an individual office
will not be such a good central distribution pastin a scenario with fewer offices.
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To get a better understanding of the parameter weilated two scenarios with
different numbers of offices; one with 50 offic&0(nodes per office in average) and
one with 1000 offices (one node per office in age)a To make the experiment less
dependent on the positioning of offices, we did ns¢ districts and the offices were
uniformly distributed over the map.

Figure 33 shows the inter-contact time distributadrboth the scenarios compared to
the default scenario without districts. There am@renshort inter-contact times in the
scenario with 50 offices. This is because the intettact times within an office are
most often short due to the nature of the Parettriblition of the wait times. A node
will quickly move away from its desk and return ameet its nearby nodes again,
resulting in short inter-contact times. Finally, evhthere are more nodes inside an
office, there are more possible node pairs, whaeltl$ to more inter-contact times.
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Figure 33: Inter-contact times with different number of offices

Figure 34 shows the performance of the Epidemidimguprotocol. Fewer offices
directly imply more nodes at an office. It seemstlas type of meetings are greatly
improving the connectivity of the network.
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Figure 34: Performance of the Epidemic routing probcol with different numbers of offices
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6.2.6 Office Size

We studied how the office size affects our metrimssimulating two scenarios. In the
first scenario we used 10mx10m office spaces anthenother 500mx500m office
spaces. Figure 35 shows the inter-contact timeilolision compared to the default
scenario with 2100mx100m offices.

The power-law exponent has an interesting tendémdye smaller both for the small

and the large office compared to the default sifieen It appears to be so that the
exponent decreases when nodes within the officename often in contact with other

nodes passing by at nearby roads. In the scenatoaw office size of 10mx10m, all

nodes inside offices were in contact with otheresmgassing by, while in the scenario
with 500m x 500m offices, many streets were insidebounds of the office, thereby
resulting in many contacts.
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Figure 35: Inter-contact times with different office sizes

The impact of the office size on the inter-contiaictes was additionally studied with
five additional scenarios with different office s& (side lengths: 10m, 50m, 150m,
200m and 300m) on the Manhattan map. The block wae 180m x 180m in all
scenarios. The Manhattan map was selected becacdsé®ck on the map is the same
size. Figure 36 shows the inter-contact times itistion. The power-law exponent is
indeed similar with a large and a small office size
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Figure 36: Inter-contact times of additional officesize experiments on the Manhattan map

Figure 37 shows the distribution of contact duratidn the scenario with small offices,
nodes within an office were most of the time in te@h with each other; therefore, we
have so many long contact durations.
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Figure 37: Contact durations with different office sizes

Figure 38 shows that only the scenario with oftees of a square with the side 10m
differs from the other two when the performancehs Epidemic routing protocol is
compared. The performance gain is a result fronesadside the office being so close
to the road; therefore they meet all other nodasipg by.
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Figure 38: Performance of the Epidemic routing probcol with different office sizes

Even if our previous experiments do not show that geometry of the map has an
impact, this experiment shows that the block size€anjunction with the office size

has. This experiment shows the shortcomings of an@del where no attenuation of
walls is modeled.

6.2.7 Wait times inside office

The office activity submodel is a first level alastiion of movement inside offices in
general. In the real world there are several @fiebuildings and the movement inside
them may differ a lot between them. We experimetth @ifferent pause times, since
our model has a parameter to control the pausing.

We conducted two experiments with different pauses. In the fist one, nodes were
not pausing at all, resulting in continuous movementhe second scenario, the pause
time was set to infinite, thereby forcing nodessib still on their desk the whole
workday.

The most important observation of this experimenthe impact of the pause time on
the inter-contact time distribution. Figure 39 slsdvow the power-law exponent of the
inter-contact time distribution changes. The cuovehe scenario with no wait times
clearly goes below the curve of the iMote tracee Tontinuous movement leads to
nodes meeting each other between shorter timevaltgrleading to more short inter-
contact times. This shifts a portion of the probgbdensity mass to the left.
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Figure 39: Inter-contact times with different pausetimes inside offices

Figure 40 illustrates that the distribution of camett durations was also affected.

Obviously, when nodes are pausing less, therebgilmore contacts in total and the
contacts will be shorter.
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Figure 40: Contact durations with different pause imes inside offices

Another interesting observation is the impact oa thstribution of the number of

contacts between two contacts with the same ndaesyrsin Figure 41. The pause time
parameter seems to be the only one able to madewant change in this metric, i.e. a
change in the nature of the distribution. Of copesgy parameter or feature resulting in
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more contacts in general, like the density of nqosmmeter, will have an impact, but
the nature of the distribution in all other casesstill exponential. However, by
changing the pause time parameter, we were abiett@ power-law tendency up to
roughly 1000 contacts. When working with protocsleh as MaxProp, scenarios with
different values for this parameter can be useful.
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Figure 41: Number of contacts during an inter-contat time for different pause times inside offices

The hourly activity diagram is shown in Figure #44s possible to see that most of the
contacts originate from the office movement subrmhoBee to normalization of the
results, the contacts from the evening activitpases get drowned in the huge amount
of contacts from the fast office movement.
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Hourly activity

Figure 43 compares the two extreme scenarios amdiéfault scenario in terms of
total- vs. unique encounters. The figure shows rheterogeneity for the scenario with
no pausing inside the office. This is due to the fhat the office movement dominates
in the generation of encounters. The nature ofdfiee movement is such that it
generates few unique encounters, at most the nuaibedes within the building and

some occasional nodes passing near the office.efidrer each node gets its unique
encounters from other activities.

The more nodes there are within the same officarea where several offices are co-
located, the more total encounters there will lem& nodes will work in offices with
few nodes while others in offices with more nod&dditionally there is a chance that
office spaces are overlapping. The more nodes nvitie same office or area of co-
located offices, the more total encounters will tiogles have. Hence, more movement
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Figure 42: Hourly activity for different pause times inside offices

implies more scattering in the total encountersaion.
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Figure 43: Total- vs. unique encounters for differat pause times inside offices. No waiting (left),
default (middle) and infinite wait (right)
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Figure 44 shows that the Epidemic routing protqgeaforms better when nodes are not
pausing in the office movement submodel. This iseeted, since more contacts mean
more opportunities to forward packets. However, Itk of long pauses leads to short
contact durations. The transfer of bigger packetgiires longer contact durations, so
the results would look different if all the sentssages were considerably bigger. The
increase of 35% in the delivery ratio and decredssbout 8000s of latency shows that
this parameter is one of the most important.

Latency HopCount Delivery ratio

60000 12 100.0%
50000 10

80.0% =

40000 8 0.0%
30000 6
400%
20000 4
10000 2 200%
0 0

0.0%
Pause Os Default Pause inf Pause Os Default Pause inf Pause 0s Default Pause inf

Figure 44: Performance of the Epidemic routing probcol for different pause times inside offices

We have shown that the pause times inside theeo$iibmodel play a role in various
movement metrics and the performance of the epemiting protocol. This means
that the used office movement submodel, not limteegust pause times, has an even
greater impact. Hence, modeling indoor movementrately is important and it is
worthwhile researching the topic more by developimgre specific extensions of the
office submodel.

6.2.8 Probability to do evening activity

We conducted experiments with different values #oe parameter controlling the

probability for a node to do evening activity, atl of going directly home after work.

We simulated scenarios with 0% and 100% probadsliand compared them to the
default scenario. The fraction of user populatiocceintered was naturally increased
with a higher probability, since the more actistimodes are doing in different

locations the more chances they get to meet nepi@ebhe most significant change is
in the hourly activity, shown in Figure 45. In tlseenario where nodes always did
evening activity, we have a huge peak during theetmost nodes are doing their
evening activity, while in the other scenario thexelmost as little activity as during

night. We concluded that the parameter can be tesédlance the amount of activity

between day and night. For example, in some saentrere might be more night life.
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Figure 45: Hourly activity for different probabilit ies to do evening activity

Figure 46 shows that the evening activity decredisesheterogeneity. The reason for
this phenomenon is that the evening activity is taene for all nodes. The only
difference between nodes is the meeting spot. Geig and the decision to do the
activity are randomly drawn in an equal way forreaode every time. The evening
activity movement follows the MBM model which idhhamogeneous movement model.

Total encounters

Figure 46: Total- vs. unique encounter for No evenig activity (left), 50% (middle) and 100%
(right)

The performance of the Epidemic routing protocol sensitive to the parameter
controlling the probability to do evening activitgee Figure 47. This does not
necessarily mean that the details of the eveningyvigc itself constitute the

performance gain in the epidemic routing protocgdeziment. It is likely that the cause
of this phenomenon is the decrease in localitypdenmoves between three activities
instead of two. The remarkable impact on the rgutiesults shows not only the
importance of the parameter, but the importanamadeling right activities. In the real

world, many people do various activities in diffierdocations during the day. Some
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have jobs requiring movement between offices, wbiileers are part time employees at
some company while still attending some lecturesainuniversity. Hence, this
experiment shows the importance of modeling thiet @gtivities.
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Figure 47: Performance of the Epidemic routing probcol for different evening activity
probabilities

6.2.9

Evening activity group size

We also experimented with different evening acgigtoup sizes. In the first scenario
we did not have any group movement. This was aelidy configuring the group size
to one. In the second scenario, the group sizes weiformly distributed between 1
and 10.

The inter-contact times distribution was not aféectbut on the other hand we got more
long contact durations, see Figure 48. In many casmay take a long time for all
nodes in a large group to be present at the mespog Therefore, we will have
unrealistically many long contact durations. In ienidation with many nodes in
proportion to meeting spots, this will not be sfgrant.
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The group size does not seem to have a clear inopaany other measurements. Figure
49 shows that the routing results were similarlirireee scenarios. The scenario with
group sizes between 1 and 10 differs a bit fromatther two, but not significantly. We
believe that the difference is mostly due to thelescy of big groups not getting full as
fast. However, the small impact of this parametdsas the question whether the
parameter is needed at all. Moreover, there isgilybnot a need to have additional
group movement, when buses already cover group mewe

Latency HopCount Delivery ratio

60000 10

100.0%
—E— 80.0% =

50000

40000

60.0%
30000

20000

40.0%

10000

20.0%

o N » o ®

0.0%
Group size 1 Default Group size 1-10 Group size 1 Default Group size 1-10 Group size 1 Default

Group size 1-10

Figure 49: Performance of the Epidemic routing probcol for different group sizes

6.2.10 Evening activity pause time

The impact of the length of the pause times foreening activity was also explored.
It was set to Os in the first scenario and 2—4thesecond one. No significant changes
were observed. However, Figure 50 shows that tleege small improvement in the
performance of the epidemic routing protocol whea pause times are longer. This is
reasonable, since the longer nodes are doingekiening activity, the shorter time they
will spend home. Nodes at home will not very likdédg in contact with many other
nodes; hence, many packets will be dropped.
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Figure 50: Performance of the Epidemic routing proocol for different evening activity wait times

This parameter may be useful if we want to modet¢@avironment where the night life
is delayed until later hours. However, we wereatae to make a clear difference in the

hourly activity graph (Figure 51). Additionally, psing happens by default when nodes
are waiting at the meeting spot for their friends.
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Figure 51: Hourly activity for different evening activity wait times

6.2.11 Use of SPMBM

We experimented with three scenarios with differamnbers of background SPMBM
nodes to better understand how the mixing of défiérmovement models affects the
results. We ran three scenarios and compared tleer@ath other; one with no
background movement, one with 100 SPMBM nodes aedwth 500 SPMBM nodes.
The total number of nodes was not kept constanthesmode density did also increase
when more SPMBM nodes were added. Figure 52 shbatsmhore SPMBM nodes
smoothen the inter-contact times distribution dreléxponential cutoff gets less sharp.
This is due to the exponential nature of the SPMBMement.

P[X>x]
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0 SPMBM nodes
— — 100 SPMBM nodes
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Figure 52: Inter-contact times for different numbers of background SPMBM nodes
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There are a lot more short contact durations witienSPMBM nodes, see Figure 53.
Many short contacts are set up between SPMBM nadésther nodes when SPMBM
nodes are passing by.

0
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iMotes .
0 SPMBM nodes \
— =100 SPMBM nodes \
500 SPMBM nodes N
10'4 0 I - I . \3 I EN I
10 10 10 10 10 10
Time [s]

Figure 53: Contact durations for different numbersof background SPMBM nodes

The additional SPMBM nodes have a remarkable impacthe distributions of total
encounters and the fraction of user population entsyed, shown in Figure 54. It is
possible to see how the direction of both curveenge in the end, due to the fact that
the SPMBM nodes encounter almost all other nodesraktimes and therefore turns
the curve in another direction. The more SPMBM rsodiee higher it will be. Even the
version with no SPMBM nodes has a similar shapeesthere are a few buses moving
around the whole simulation area meeting a largetisn of all the nodes.

Unfortunately, the shape of the curve in the end iha correlation with real world
measurements analyzed in [26]. The measurements taken from several campus
areas, by analyzing access point data. If theramyduses within the campus area, it is
unlikely that they are moving and used in a simit@nner as within a city. It is also
unlikely that buses are driving within areas with AN coverage.

We cannot conclude whether this tendency has amglaton with the real world. It is
unlikely that a node meets near 100% of all otleetes on a larger area. Additionally,
the percentage depends also on the experimentiatui@d measurement method. If
we count all nodes that have shown up within aagerarea during a certain time
interval, the result will be considerably differ¢atwhat it would be if we only counted
nodes that stayed inside the area during the whaiation of the experiment.
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Figure 54: Total encounters (left) and the fractionof user population encountered (right) for
different numbers of background SPMBM nodes

The SPMBM movement is homogeneous in time; theeetbe additional nodes will

even up the gaps in the hourly activity (Figure. ¥5)wever, we want to point out that
there is a risk of overfitting when using this pasder.
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Figure 55: Hourly activity for different numbers of background SPMBM nodes

Figure 56 shows the total- vs. unique encountareeSalmost all nodes encounter the
SPMBM nodes, the difference between nodes in tesmsinique encounters gets

smaller the more SPMBM nodes we add. Surprisifgbyyever, the total encounters do
not follow the same pattern.

The reason for the phenomenon is that the spastlition of SPMBM nodes on the
simulation area is non-uniform. Like in the RWP rament model, nodes are
concentrated in the middle of the simulation akedditionally in the case of SPMBM

movement, some map points are more likely to beamhortest path between two
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arbitrarily selected map points. Hence, nodes sigepvorking and meeting their
friends at map points with more traffic will natllyagencounter more SPMBM nodes.

By only looking at the differences between nodeserms of the proportion between
uniqgue and total encounter, the movement looksrbgémeous. Nevertheless, the
SPMBM movement is a homogeneous model and it ig tthvd combined effect that

introduces heterogeneity. In other words, we canclemle that a hybrid model,

combining a model having a non-uniform spatial ristion of nodes with another

model with node movement restricted to differemtaar can increase heterogeneity.

Total encounters Total encounters Total en

Figure 56: Total vs. unique encounters for 0 SPMBModes (left), 100 SPMBM nodes (middle) and
500 SPMBM nodes (right)

To give an idea of the sensitivity of the perforrmaro this parameter, we show the
results of the epidemic routing protocol simulatom Figure 57. Part of the

performance gain in the scenarios with more SPMBMue to a higher node density.
However, the performance is better in the scenaitio 500 SPMBM nodes than in the
density experiment with 2000 nodes, so the SPMBNEsalo have a clear impact.
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Figure 57: Performance of the Epidemic routing probcol for different numbers of background

SPMBM nodes

The most important question still remains: Do tllitonal SPMBM background

nodes increase the realism of the model. In thiewedd, there is not any background
movement. All movement originates from people’sdseavhich are complicated and
not possible to model in detail. Therefore, an r@otibn is necessary. But the SPMBM
model may be too simple for this use.

6.2.12 Differences in schedules

To get an understanding of the impact of the diffiees in schedules people have, we
conducted the following experiment. We ran two sc&rs: one where all nodes woke
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up the same time in the morning and one where iffierehce in schedules between
nodes was uniformly distributed between 0 and 24h.

The power-law exponent of the inter-contact tim&rdiution was slightly decreased in
the case of same schedules, but not significaiitigre was also some more contact
durations of the length of bus trips. An importabservation is that the fraction of the
user population encountered increased when allstide by the same schedules, see
Figure 58. The reason behind this is that nodegusie same routes or doing the same
activities in the same places will meet, when they forced to do the activities at the
same hours of the day. With different schedules)ynat the nodes doing activities in
the same locations will not meet each other bectheseare doing them at a different
time of the day. This also explains that there rage contact durations originating
from nodes meeting others inside the bus or astoyss.

1 T T T

STD 2h (Default)

— - — Same schedule
Evenly distributed | |

0.9+ N

0.8F \ 4

0.71 b

0.6 \ i

05 S E

P[X>X]

04r \, 4
0.3F " i
0.2+ : i

0.1r . b

0 I I I I 1 T T T T
0 10 20 30 40 50 60 70 80 90 100

Fraction of user population [%]

Figure 58: Fraction of user population encounteredvith differences in schedules

Another important observation supporting this erptéon is the hourly activity graph

in Figure 59. We see that in the scenario, whdnmecales have the same schedule, most
of the contacts are clustered at the two peaks wiogles take the bus to work and
leaves work. There is no third peak for nodes legthe evening activity, since it ends
at a different time for each group. This indicatiest there are many nodes waiting at
the bus stops and taking the bus at the same time.
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Figure 59: Hourly activity with differences in schelules

80

Figure 60 shows the results from the simulationthe epidemic routing protocol.
Surprisingly, this parameter did not have an immacthe performance. However, this
does not indicate that the parameter is useless. TOU was set to so high in the
scenario, where all nodes have the same schetatgdckets sent during the night can
get delivered during the next day. With a short Trlost of the packets sent during the
night are lost since there is no movement whenales are sleeping.
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6.2.13 Work times

Figure 60: Performance of the Epidemic routing probcol for differences in schedules

We conducted experiments with different lengthsvofk time. The two scenarios have

12h workday length and 4h workday length, whichceenpare to the default scenario
which has 8h workday length.

The impact on the inter-contact times, contact tiloma, total- and unique encounters
was negligible. Figure 61 shows that long workdaysly longer lasting activity.

-70 -



Mobility Models for Mobile Ad Hoc Network Simulatis

Dartmouth
L Default
0.9‘ ' | = —=-12h
\ 4h
\ \l \
08} ! - i ! 1l h 4
1 \ 1, \ 1R iy |
1 \ ", ! i\ o 1
o7 \ Ak ‘\ ‘ \ i
| \ 1) I‘ . \
: \ \ ! 1 -
06H 1 \ ! \ I
z . : ; \ (I .
g l v ! v | LT
3] Vg : :
© [\ g - \
= 0.5 1 Vil | ~, | i !
=1 | 1
<] v I
I ! \ 1 !
0.4 | ? I
\ \ I
\
o3ff \! \
\v\ \ .
0.2 ! [/ \
0.1f B
0 . . . . . . .
30 40 50 60 70 80 90
Time [h]

Figure 61: Hourly activity with different work time s

Figure 62 illustrates the performance of the epidemuting protocol under the two
conditions and the default scenario. Longer workdayply shorter time spent at home,

which leads to more contacts. Therefore, a perfoo@again is expected when
increasing the workday length.
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Figure 62: Performance of the Epidemic routing probcol for different work times

14400s

6.3 Summary

In this chapter we validated the Working Day Movetraodel by showing that it
produces similar distributions of inter-contactésrand contact durations as the iMote
trace, the contact patterns are heterogeneous bad a similar periodic nature as the
Dartmouth trace. Additionally, we studied the imipaicthe most important parameters.
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7 Discussion

This chapter begins by presenting the most impobftadings, following with advice
how to configure the model and deal with complexially, limitations of the model
and the experiments are discussed.

7.1 Major findings

One important consideration that came up during #tudy is that metrics used in
comparisons should be collected by similar methagies both in simulations and real
world measurements. Real world measurements hasaircdimitations, such as
Bluetooth setup delays, too specific target grotipssen or geographical coordinates
derived from WLAN access point data. When evalgaganmodel or fine-tuning some
parameters to better fit a specific environmerdeagchers should collect metrics from
the simulation in the same manner as they wereaelll in the real world experiments
used for validation. For example, if the node lawat in a real world movement trace
were calculated from access point data, accesdspsiould also be modeled in the
simulation when data is collected.

Regarding the different parameters of the model, faend that in terms of our
collected metrics the geometry of the map has dl smpact on mobility compared to
many other configurable properties of our modelc{®a@ 6.2.4). Therefore, when
modeling a specific environment with our model.egghers should concentrate more
on other characteristics of the environment thartad net.

Additionally, we were also able to demonstrate thaatse times in the office movement
can be used to configure an appropriate power-bgyoment of the fist 12h part of the
inter-contact times distribution (Section 6.2.7urthermore, we showed that the
parameter controlling the probability to do evenegivity (Chapter 6.2.8) together
with the work day length (Chapter 6.2.13) can bedu® vary the level of contact
activity among nodes at each hour. Moreover, wevsklothat the use of districts is a
good way to limit node movement and the fractionttué user population a node
encounters (Chapter 6.2.3). Finally, we observed Home parameters have such a
small impact that they need not be taken into ad®ration when modeling a specific
environment and can probably even be removed urdutersions.
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7.2 Configuration

When running simulations with our movement modelaamup time of 43000s (~12h)

must be used for the mobility model to reach amtaty state. The reason behind this
Is that each node’s initial location is its homdjene it starts in the sleeping mode.
Because nodes are living according to differenedales, the wakeup time for the first
day can vary between —43000 and 43000; hence,impsrtant to give the nodes an

opportunity to wake up at their right time. Withautwarmup time, half of the nodes
would wake up immediately when the simulation stafnother warmup time is also

needed for the network load to reach a stable.stéis depends on the protocols that
are simulated and their settings, and is not cavbeze.

The way to set up the map and choose which nodemreas are included in the
simulation depends completely on the use caseelare interested in knowing how
well a new DTN instant messaging application wonkthin the Helsinki center area,
we might want to create areas for the center aadsthirounding districts and create
some amount of nodes to each area. When measwlay, gpacket delivery ratio and
similar metrics, we only log events from nodes bglag to the Helsinki center group,
or we create another group inside the same areghw¥e monitor. All the other nodes
from other groups will of course send and carrykpétoo, but these are not taken into
account in the results. The alternative, to createparate group for the test subjects, is
preferable since we might want to have differenssage sending patterns for the users
of the instant messaging application. But the semdif messages is not part of the
mobility model and therefore a topic for anothescdission.

To better illustrate the idea of using a specif&tritt for simulations of protocols and
applications, we give an example using Figure 5€P23) again. In this example, we
use nodes belonging to district D6 as our targetigr Most of the nodes belonging to
D1 district can be seen as drive through traffibjlevnodes belonging to D2-D5 have
activities both in D6 and elsewhere. Some nodesihang elsewhere but only coming
to D6 to work or meet friends, others are livingDé but working elsewhere. Some
nodes are never entering D6, but are an importaritq§ the mobility since they will
generate packets that will fill buffer space of esdwithin the D6 district. When
measuring latency, delivery ratio and other perfomoe metrics, we only log packets
sent or received by pure D6 nodes, i.e. nodes belgntio the D6 group that never
leave the D6 district.

Without these extra nodes, even though we only domn a specific group of test
subjects in our simulations, all packets traveliingide the D6 simulation area are sent
from D6 nodes and destined to D6 nodes. Buffer @apes an important constraint in
ad hoc networks; therefore, it is very importanh&ve other packets than the ones sent
or destined to D6 nodes carried around in the nétwoo. Otherwise, simulations
would show that protocols with unrealisticallylktiouffer space allocated for nodes are
successful.

It is important to note that even though one shanity focus on a specific group of
nodes within a specific area during simulationsactual protocols or applications, it is
different when one is validating a model. For exkmp we want to verify that the
inter-contact times in some specific town are pelaer distributed with some
experimentally determined coefficient, we considiémodes. However, one can argue
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that the distribution of inter-contact times in Ir@arld experiments, too, depends on
how the contacts were measured. If we know how ittier-contact times were

measured in the real world experiments, we canaus@milar methodology in the

simulation, too. According to a study [31], the rpaise inter-contact times are very
different between node pairs. Results can be eéiffedepending on how the focus
group is selected, due to this heterogeneity.

7.3 Generating configurations

The downside of a model capturing movement of naddsvel of detail like ours is

that it introduces a certain degree of complexitydarms of configuration. Specifying

where thousands of nodes live and work is not idagio do manually. Even more
challenging is the process of obtaining reliableadar all the different parameters like
people's schedules, where they work and which btiseg use. Therefore, when
researchers model specific environments with the deour model, we advise them to
create settings and other data files with the lélgcripts. These scripts could take
fewer parameters as input, thereby reducing theptsxaty.

A model capturing movement of nodes at a detadedllmust make a tradeoff between
configurability and ease of use. Scripts takingirgait only a few parameters from
which the parameters of the real model can be éérirom are easier to work with and
thus more practical. Some statistical data, likeedential density within different areas
of a city, might be available to researchers; heacgript can place homes and offices
accordingly while randomizing the rest. Currentfyhomes, offices or meeting spots
are not configured by the user, they are all unifgrdistributed over the map.

7.4 Limitations of the model

Like every model, we need to provide an abstractdnreality to maintain the
complexity at an acceptable level. All of the aities are modeled at a high level with
simple abstractions on a two dimensional planeorSlowalls and different obstacles
affect mobility and especially the contacts betweedes, but are not covered in our
model. A real working day exhibits more subtletiesn we currently cover, including,
e.g., lunch breaks and shopping activities. Funtioee, in our experiments, devices are
always turned on. Even though modeling of atteommatnd on/off times is not a
responsibility of the mobility model, it is worthoting that measurements from real
user traces, typically used for validation of mabilmodels, have been affected by
these details.

While these are not included in our current modet amplementation, further
submodels can be added for more fine-grained daptuof daily activities and

parameterization allows further fine-tuning. Simya on/off periods can be added by
revising the corresponding mechanisms availabteerONE.

7.4.1 Buildings and dimensions

The lack of a z-dimension in our model is one @&fltiggest limitations. A real building

with many floors can occupy a very small area @ity but still have plenty of space to
walk in and room for a huge amount of people. passible to increase the office size
to compensate for the lack of floors. However, ¢hatact patterns at a real office will
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still be different due to walls, corridors and fiep restricting nodes from being in
contact with each other.

Another shortcoming with the way movement insidédaugs is modeled is that nodes
moving at the edges of the office will be in contatth nodes moving on the street. It
is also possible that a large building is placethiwia too small block on the map,
resulting in a situation where there goes a roadutjh the office, again generating
unrealistic connections between nodes inside theeodnd nodes walking on streets.
Both of these errors can be avoided if walls areefex.

One idea is to create an abstraction of the bughkliy separating the buildings
completely from the map, so that the nodes insu&lings are temporarily removed

from the map. Some high level algorithm can deteenwhen nodes are in contact, or
the office scenario can be modeled separately mvahother map.

7.4.2 Traffic

We do not model traffic in the sense of queuedficraghts, or speed limits. This is
necessary to model since during the stops at dréiffnts, other nodes have good
chances to transmit data. If cars are moving witiga speed all the time, other nodes
might not get an opportunity to send anything.

Another limitation is that roads do not have angtwiso all nodes are moving along
the same path. Buses and people at the same &tapaateled to be standing at the
exact same location; therefore all of them areadntact with each other. Since bus
frames do not attenuate signals, nodes insideubemil be in contact with other nodes
outside.

The group movement during the evening activity Is anodeled in the way that all
nodes are at the exact same location. This isrdiffefrom reality since groups of
people usually get scattered every now and then.

Finally, nodes are always moving according to thertest path. In the real world,
people are often using certain familiar streets,clooose a specific path for other
reasons. Especially cars are rarely moving accgrthnthe shortest path. Main roads
and highways are preferred due to higher speedslimi first step towards this goal
would be to implement a noisy Dijkstra’s algorithwhich overlooks a specific portion
of the links in the graph.

7.4.3 Implementation

The implementation of the model can also be impiaeeenhance the performance of
the simulation. Even though the movement modeloistine biggest bottleneck at the
time of writing, it may be when several issuesteglao packet forwarding have been
addressed.

Every time a node moves from one location to ttegtDijkstra’s algorithm is used to
calculate the shortest path. One idea is to cadtem @alculated minimal spanning
trees. Most of the paths will either begin or ehé d&us stop, therefore one idea is to
store the minimal spanning tree from each bus stop.

Small improvements can be made to the design bya@kig a generic abstract
ActivityMovement class, encompassing aspects frolin tlree activity classes.
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Likewise, a generic abstract ControlSystem classbeadesigned to make it easier for
new developers to create activities requiring syocization between several different
entities. For example, if traffic is to be modeladnore detail all vehicles like cars and
buses must be aware of each other, in order talma through each other. A control
system for this can be used.

The MovementModel class’ interface to the DTNHastrisplaced. The responsibility
of moving nodes in terms of updating the coordisasbould be at the movement
model. The MovementModel should communicate with BITNHost solely by giving
the new coordinates of the node. The current iaterfivhere paths and wait times are
delivered by the movement model when asked intresiutigh coupling and low
cohesion.

There is a small defect in the group movement @fatte evening activity. With certain
parameters (few nodes, small differences in sclesdahd many meeting spots), a
group may not become full during the day, resulimghe group waiting for the last
member until the next day before it can take off atart walking. This will not occur
normally since nodes are moving according to déffierschedules so there will always
be someone to fill the last slot. A possible fixastrigger group walk after nodes have
waited a certain time.

7.5 Limitations of the results

The real world data used for the validation of owdel is too limited. We had only
access to three different metrics: inter-contastesi, contact durations and hourly
activity. It is possible to create lots of diffetanodels producing similar results when
these metrics are compared; therefore, we cannoif s& are overfitting our model.
Even if the metrics were sufficient, they would bbtained from different traces
(Dartmouth and iMote traces). Additionally, diffatemeasurement practices were used
in both these experiments and the simulation. Heweecan only say that the model
has certain real world characteristics like povaav-distribution of inter-contact times
up to 12h and repetitiveness in time.

We only studied the impact of each parameter seggraA full exploration of the
parameter space would require each combinatioe grbulated, too.

The used metrics are not sufficient to charactemobility. As we saw, there were a
few parameters that can be changed without causangy differences in the metrics,
but still having an impact on the performance ef Bpidemic routing protocol.

Using the Epidemic routing protocol for sensitivapalysis the way we did also has
some drawbacks. We selected our bandwidth and paides so that nodes would not
have time to transfer all their packets during #erter contacts. The idea was to
capture this, together with the overall connectivits one result. However, the problem
is that it is not possible to distinguish betwebese when only measuring packet
delivery ratio and latency. A low packet delivergtio can be a result of bad

connectivity or too short contacts. A better saatis to run two different simulations;

one where the bandwidth and packet size are st#tatanodes can always transfer all
their packets during a short contact, the otherrevipackets are of different sizes. For
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the latter, we can draw a graph with the delivextyor (or latency) as a function of the
packet size.

Finally, comparison of our model to real world ®acin terms of routing protocol
performance would have served as a final test. Hewehis is not possible due to
certain limitations in the traces.

First of all, real user traces are all too limité&kcall that the iMote traces included
contacts between two iMotes and between iMotes atier Bluetooth devices.
Suppose we simulated the Epidemic routing protoicoR scenario where the iMote
nodes are sending packets to other iMote nodeseketvevenly distributed time
intervals. In this case, all the iMote nodes areeaechers of the same group and
therefore their connection patterns to each othervary specific. Even though two
iMote nodes would not meet each other, routing @awdt go through other nodes as
well, since all connections between two non-iMadgides are missing from the trace.

The Dartmouth trace is restricted to a specifi@akénfortunately, many of the nodes
only visit the network on few rare occasions. Thaes message generation in the
simulation must take this to account. For examfg@geus assume that we have been
collecting a trace during the whole January. Wheruge the trace in our simulation, if
node A has only visited the network on tHediy and node B tries to send a message
to A on the 18 day, the message cannot be delivered even thoodgh A would have
been within reach in the real world. This is a tesfi the boundary effect. It is not
much better if we only allow nodes that are indtike simulation area most of the time
to send packets to each other. This is becausshibreest, or in some cases the only,
path of a message is one going outside the siroolatiea. Additionally, nodes coming
into the simulation area should not have empty dysff it is difficult to simulate a
routing protocol with a set of traces so that congoa with the results from a similar
simulation with a synthetic model is meaningful.

Another smaller shortcoming with using the perfonoce of an existing routing

protocol as a metric for comparison is that somarfstic routing protocols can make
use of some mobility characteristics that we do koow about today. Routing

protocols utilizing these characteristics will merh differently if these characteristics
are not captured in the model. However, the intetact times, contact-durations and
the other metrics do not capture the movement aetyeb either, so using the
performance metric as an additional metric is adgdea if there is data to support it.

A final consideration regarding the routing protbsimulations is the sending of
packets. Instead of just having nodes randomlyisgniessages to each other, a better
solution would have been to have nodes sendingdbasa messages and measure the
delivery ratio and latency of a broadcast messéalis. metric correlates better with the
overall connectivity of the network.

7.6 Summary

In this chapter we discussed the major findingsnflmur study. We also gave advice
how to configure the model for different experingerand how to deal with the
complexity of the model. Finally, we discussed timgitations of the model and the
reliability of the results obtained from simulatson
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8 Conclusions

We have developed a new mobility model using a sid@happroach, where each
submodel handles some activity people do; stayttngae, working at an office, going
out with friends in the evening and moving betwaetivities. The new model captures
several different mobility characteristics at a éovlevel of abstraction than many other
models have so far. We have shown that the modettesrogeneous in both time and
space and produces similar distributions of intartact times and contact durations as
real user traces. Additionally, we have explored ladtering parameters of our model
affect mobility by comparison in terms of severidfetent metrics.

The approach to increase the reality by modelinggeneent in more detail has two

shortcomings. The first one is that reliable véimaof the model is not possible due to
lack of available real world data for comparisofse second shortcoming is that many
of the metrics used in comparisons encompass ttharmobility characteristics, too.

In order to increase the reality we must know malseut what realistic movement is

and we must have good procedures for verificatidimerefore, at this early stage of
DTN, research in the field of characterization adwement and measurement of real
user movement may provide better contributionshi research community than the
design of new realistic movement models.

8.1 Future work

Possible next steps are to implement additionatnsalels and further develop the old
ones. Modeling of traffic at a more detailed levelalso an important extension.
Furthermore, we have plans to develop scripts aold to better handle the complexity
and also to conduct experiments to explore thenpeter space in hope of eliminating
redundant parameters. Finally, one idea is to dgvehechanisms to simulate the
recording of a trace with the same procedures asbean used in the real world
experiments; thereby obtaining results more vaki&dn validation of a model.

At the moment, roads do not have any width, andee@d bus stops or moving in group
are at the exact same spot. A possible extensioovéocome this limitation is to
introduce the concept gfhysical-andlogical location Movement models’ getPath()
method could convert each coordinate in the patbrding to some rules depending on
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the model and the current state. For example, vieaieg activity could adjust each
coordinate in the path with a value drawn from sapecific distribution, resulting in
the group being looser. Nodes moving in a bus ceeldct a specific coordinate for the
whole bus trip. The coordinate would corresponth®onode’s seat and is proportional
to the bus’ coordinate. We showed that the way sodeve between activities have a
huge impact and is thus important to model acclyalderefore, we believe that it is
worth to develop more accurate transportation m@reraubmodels in the future.

In addition to accurate modeling of the movemenhades, message sending patterns
and attenuation should be modeled as well. Theoretteey are mentioned here is that
they have certain dependencies to the movementieadersa.

The sending patterns are largely application depetnddowever, people tend to use
certain applications in different areas or durinffedent activities. Additionally, the
node pairs communicating with each other are ugsaitially connected to each other;
they may be friends from work or neighbors. Herecsuccessful message generation
module must be aware of the relationships betweelesiand what activities nodes are
doing.

Walls and other obstacles are both attenuatingithreal and restricting movement, so
the walls cannot be solely encapsulated into ondubeo Walls, buildings and other
obstacles can be encapsulated into a separate wadidile to which other modules
have access to. But the issue with sending patiemst as easily solved. One idea is to
create a node behavior black box constituting baitle movement and sending of
messages.

Further research is needed in the field of charaatg movement. The idea to come up
with one metric characterizing movement is probaiyng to be an endless search;
meanwhile, we can experiment with new metrics diefjrother aspects of mobility.

One topic is to find a good way to measure hetereige If measured with contacts,

one can use the variance of the angle of the lioe forigin to a dot on the log-log

scatter diagram. Another option is to take intocaed other properties than just
contacts. A general improvement of the metric isneasure the number of total and
unigue encounters during a specific time interi@lprder to have more comparable
results.

This suggests future research to come up with aemewnt model characterization and
comparison framework, since one metric is unlikel\be able to describe movement.
Finally, there is a need for more real world datanf different environments for
comparisons.

8.2 Final words

Simulations cannot replace real world experimeatsl the movement of the nodes is
just one property that needs to be modeled. Dudatta of available data for
verification, it is not possible to say how welffdrent environments can be modeled
with our model. However, protocol simulations withe model configured with
different parameters can provide another insighb@iv well the protocol performs
under different conditions.

-79 -



Mobility Models for Mobile Ad Hoc Network Simulatis

Another important question is whether the diffeeshbetween target environments are
so huge that a single model, being the lowest comdenominator of all different
scenarios, differs from each real environment ashras the RWP? If this is the case,

simple models, configured with all extreme values the parameters, can as well be
used for simulations.

At the moment, the best approach for DTN protoca application developers is to
run their simulations with different models configd with different parameters,
keeping in mind that simulations cannot replacéweald experiments.
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Appendix A: The configuration file of
the default scenario

HIHHHHHHH A
### common settings for all groups
Group.movementModel = MapBasedMovement
Group.router = EpidemicRouter
Group.bufferSize = 100M
Group.transmitRange = 10

# transmit speed of 2 Mbps = 250kBps
Group.transmitSpeed = 100k
Group.waitTime =0, 0

# walking speeds

Group.speed = 0.5, 1.5

Group.nrOfOffices = 50
Group.workDayLength = 28800
Group.probGoShoppingAfterWork = 0.5
Group.nrOfMeetingSpots = 10

Group.officeWaitTimeParetoCoeff = 0.5
Group.officeMinWaitTime = 10
Group.officeMaxWaitTime = 100000
Group.officeSize = 100

Group.nrofHosts = 0

Group.timeDiffSTD = 7200
Group.minGroupSize = 1
Group.maxGroupSize = 3
Group.minAfterShoppingStopTime = 3600
Group.maxAfterShoppingStopTime = 7200

HH R R #

Groupl.grouplD =0
Groupl.speed =7, 10
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Groupl.waitTime = 10, 30

Groupl.nrofHosts = 2

Groupl.movementModel = BusMovementModel
Groupl.routeFile = data/HelsinkiMedium/A_bus.wkt
Groupl.routeType = 2
Groupl.busControlSystemNr = 1

Group2.grouplD = A

Group2.waitTime =0, 0

Group2.nrofHosts = 150

Group2.movementModel = DailyRoutinesMovement
Group2.busControlSystemNr = 1

Group2.speed =0.8, 1.4

Group2.ownCarProb = 0.5
Group2.shoppingControlSystemNr = 1

Group2.meetingSpotsFile = data/HelsinkiMedium/A_mee tingspots.wkt
Group?2.officeLocationsFile = data/HelsinkiMedium/A_ offices.wkt
Group2.homeLocationsFile = data/HelsinkiMedium/A_ho mes.wkt

Group3.grouplD = p

Group3.speed = 7, 10

Group3.waitTime = 10, 30

Group3.nrofHosts = 2

Group3.movementModel = BusMovementModel
Group3.routeFile = data/HelsinkiMedium/B_bus.wkt
Group3.routeType = 2
Group3.busControlSystemNr = 2

Group4.grouplD = B

Group4.waitTime =0, 0

Group4.nrofHosts = 50

Group4.movementModel = DailyRoutinesMovement
Group4.busControlSystemNr = 2

Group4.speed =0.8, 1.4

Group4.ownCarProb = 0.5
Group4.shoppingControlSystemNr = 2

Group4.meetingSpotsFile = data/HelsinkiMedium/B_mee tingspots.wkt
Group4.officeLocationsFile = data/HelsinkiMedium/B_ offices.wkt
Group4.homeLocationsFile = data/HelsinkiMedium/B_ho mes.wkt

Group5.grouplD =q

Group5.speed = 7, 10

Group5.waitTime = 10, 30

Group5.nrofHosts = 2

Group5.movementModel = BusMovementModel
Group5.routeFile = data/HelsinkiMedium/C_bus.wkt
Group5.routeType = 2
Group5.busControlSystemNr = 3

Group6.grouplD = C

Group6.waitTime =0, 0

Group6.nrofHosts = 100

Group6.movementModel = DailyRoutinesMovement
Group6.busControlSystemNr = 3

Group6.speed = 0.8, 1.4
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Group6.ownCarProb = 0.5
Group6.shoppingControlSystemNr = 3
Group6.meetingSpotsFile = data/HelsinkiMedium/C_mee
Groupé.officeLocationsFile = data/HelsinkiMedium/C_
Group6.homeLocationsFile = data/HelsinkiMedium/C_ho

Group7.grouplD =r

Group7.speed =7, 10

Group7.waitTime = 10, 30

Group7.nrofHosts = 2

Group7.movementModel = BusMovementModel
Group7.routeFile = data/HelsinkiMedium/D_bus.wkt
Group7.routeType = 2
Group7.busControlSystemNr = 4

Group8.grouplD = D

Group8.waitTime =0, 0

Group8.nrofHosts = 100

Group8.movementModel = DailyRoutinesMovement
Group8.busControlSystemNr = 4

Group8.speed = 0.8, 1.4

Group8.ownCarProb = 0.5
Group8.shoppingControlSystemNr = 4
Group8.meetingSpotsFile = data/HelsinkiMedium/D_mee
Group8.officeLocationsFile = data/HelsinkiMedium/D_
Group8.homeLocationsFile = data/HelsinkiMedium/D_ho

Group9.grouplD ='s

Group9.speed =7, 10

Group9.waitTime = 10, 30

Group9.nrofHosts = 2

Group9.movementModel = BusMovementModel
Group9.routeFile = data/HelsinkiMedium/E_bus.wkt
Group9.routeType = 2
Group9.busControlSystemNr = 5

Group10.grouplD = E

Groupl0.waitTime =0, 0

Groupl0.nrofHosts = 100

Groupl10.movementModel = DailyRoutinesMovement
Group10.busControlSystemNr = 5

Groupl0.speed = 0.8, 1.4

Groupl0.ownCarProb = 0.5
Group10.shoppingControlSystemNr = 5
Groupl0.meetingSpotsFile = data/HelsinkiMedium/E_me
Group10.officeLocationsFile = data/HelsinkiMedium/E
Groupl10.homeLocationsFile = data/HelsinkiMedium/E_h

Groupll1.grouplD =t

Groupll.speed =7, 10

Groupll.waitTime = 10, 30

Groupll.nrofHosts = 2

Groupll.movementModel = BusMovementModel
Groupl1l.routeFile = data/HelsinkiMedium/F_bus.wkt
Groupll.routeType = 2

tingspots.wkt
offices.wkt
mes.wkt

tingspots.wkt
offices.wkt
mes.wkt

etingspots.wkt
_offices.wkt
omes.wkt
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Groupll1.busControlSystemNr = 6

Group12.grouplD = F

Groupl2.waitTime =0, 0

Groupl2.nrofHosts = 150

Groupl2.movementModel = DailyRoutinesMovement
Group12.busControlSystemNr = 6

Groupl2.speed = 0.8, 1.4

Groupl2.ownCarProb = 0.5
Groupl2.shoppingControlSystemNr = 6
Groupl2.meetingSpotsFile = data/HelsinkiMedium/F_me
Groupl2.officeLocationsFile = data/HelsinkiMedium/F
Groupl2.homeLocationsFile = data/HelsinkiMedium/F_h

Group13.grouplD =u

Groupl3.speed =7, 10

Groupl3.waitTime = 10, 30

Groupl3.nrofHosts = 2

Groupl13.movementModel = BusMovementModel
Groupl3.routeFile = data/HelsinkiMedium/G_bus.wkt
Groupl3.routeType = 2
Groupl3.busControlSystemNr = 7

Groupl4.grouplD = G

Groupl4.waitTime =0, 0

Groupl4.nrofHosts = 150

Groupl4.movementModel = DailyRoutinesMovement
Groupl4.busControlSystemNr = 7

Groupl4.speed = 0.8, 1.4

Groupl4.ownCarProb = 0.5
Groupl4.shoppingControlSystemNr = 7
Groupl4.meetingSpotsFile = data/HelsinkiMedium/G_me
Groupl4.officeLocationsFile = data/HelsinkiMedium/G
Groupl4.homeLocationsFile = data/HelsinkiMedium/G_h

Groupl15.grouplD =v

Groupl5.speed =7, 10

Groupl5.waitTime = 10, 30

Groupl5.nrofHosts = 4

Groupl5.movementModel = BusMovementModel
Groupl5.routeFile = data/HelsinkiMedium/H_bus.wkt
Groupl5.routeType = 2
Groupl15.busControlSystemNr = 8

Group16.grouplD = H

Groupl6.waitTime =0, 0

Groupl6.nrofHosts = 200

Groupl6.movementModel = DailyRoutinesMovement
Groupl6.busControlSystemNr = 8

Groupl6.speed = 0.8, 1.4

Groupl6.ownCarProb = 0.5
Groupl6.shoppingControlSystemNr = 8
Groupl6.nrOfOffices = 40
Groupl6.nrOfMeetingSpots = 5

etingspots.wkt
_offices.wkt
omes.wkt

etingspots.wkt
_offices.wkt
omes.wkt
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Groupl7.grouplD = K

Groupl7.movementModel = ShortestPathMapBasedMovemen

Groupl7.waitTime = 100, 300
Groupl7.speed =7, 10
Groupl7.nrofHosts = 10

# max number of external events to preload (default
ExternalEvents.nrofPreload = 500

# path to external events file

ExternalEvents.filePath = ee/700_events_1000_nodes_

# seed for movement models' pseudo random number ge
MovementModel.rngSeed = [2; 8372; 98092; 18293; 777

# World's size for Movement Models without implicit
MovementModel.worldSize = 10000, 8000

# How long time to move hosts in the world before r
MovementModel.warmup = 43000

## Map based movement -movement model specific sett
MapBasedMovement.nrofMapFiles = 1

MapBasedMovement.mapFilel = data/HelsinkiMedium/roa

## Reports - all report names have to be valid repo

# how many reports to load
Report.nrofReports = 8
# default directory of reports (can be overriden pe

Report.reportDir = [reports/ORIGINAL/1; reports/ORI
reports/ORIGINAL/4; reports/ORIGINAL/5]

# Report classes to load

Report.reportl = InterContactTimesReport
Report.report2 = ContactTimesReport

Report.report3 = UniqgueEncountersReport
Report.report4 = TotalEncountersReport

Report.report5 = EncountersVSUniqueEncountersReport
Report.reporté = ContactsDuringAnICTReport
Report.report7 = MessageStatsReport

Report.report8 = ContactsPerHourReport

## Default settings for some routers settings
ProphetRouter.secondsInTimeUnit = 30
SprayAndWaitRouter.nrofCopies = 6
SprayAndWaitRouter.binaryMode = true

## Optimization settings -- these affect the speed
## see World class for details.
Optimization.connectionAlg = 2
Optimization.cellSizeMult = 5
Optimization.randomizeUpdateOrder = true

## GUI settings
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# GUI underlay image settings

GUI.Underlaylmage.fileName = data/helsinki_underlay .png
# Image offset in pixels (x, y)

GUL.Underlaylmage.offset = 64, 20

# Scaling factor for the image

GUIl.Underlaylmage.scale = 4.75

# Image rotation (radians)

GUIl.Underlaylmage.rotate = -0.015

# how many events to show in the log panel (default =30)

GUI.EventLogPanel.nrofEvents = 200

# Regular Expression log filter (see Pattern-class from the Java API for RE-matching
details)

#GUI.EventLogPanel.REfilter = .*p[1-9]<->p[1-9]$
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