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Abstract— Connectivity is an important requirement for  the ones whose motion we can control and those we cannot.
wireless sensor networks especially in real-time monitoring |n the rest of the paper, we will call controllable nodes as
and data transfer applications. However, node movements and pqt5 and uncontrollable nodes as mobile nodes. Our goal is

failures change the structure of the initial deployed network, - . . .
which can result in partitioning of the communication graph. to improve connectivity of the system with the help of mobile

We are proposing a method for maintaining and repairing the ~ robots. Our approach is based on in-network computing, in
communication network of a dynamic wireless sensor network. which the robots do not know the intentions of the mobile
We assume there are robots whose motion we can control and nodes, but mobile nodes direct them to locations to provide
there are nodes whose motion we cannot control. At the heart better connectivity.

f our method i novel metric, k-redundancy, which is a - T . . .
?ne(;Zure eof ?r?e i?nspgrta%ci ofea r?ode (ta(c)juthgacgr{necti\fity of a Our main Contr'bu“or_] is the '”"0‘_’““_'0” of a new .m_etrlc,
network. We show that this metric can also be used to estimate k-redundancy, to determine communication characteristics of
the repair time for a network. Finally, we show the effectiveness a dynamic wireless sensor network. This metric provides a
of our method with extensive simulations and its feasibility with ool to identify low-connectivity parts of a communication
experiments on real robots and motes. graph and means to reinforce the network structure before
disconnection happens. We defikegedundancy of a node
as the minimum number of node removals required to
Connectivity is a fundamental requirement for wirelesglisconnect any two neighbors of that node. This provides
sensor networks for effective use of such systems. Far measure to represent the importance of a node in con-
example, in an urban rescue scenario, we would like to haveecting its neighborsK-redundancy is also important for
continuous communication with each team to get real-timhe throughput of the network because as the redundancy
updates and send them directives. However, as the teaofsnodes increase, the routes between neighboring nodes
move in and out of communication range, we may losencreases. We introduce two approaches, reactive repdir an
connection with them. Similarly in an environmental digast proactive repair methods, to maintain connectivity and dis
where there is oil spilled over water, we can deploy sensotsiss how to usé&-redundancy information for improvement
to direct cleaning robots towards the poluted area. Howeven repair performance. Using simulations with a realistic
the inital deployment may change as the ocean currentgtwork simulator (NS-2 [4]), we show that by usirg
drift away the sensors. Such currents may cause severatiundancy, we can reduce the disconnections in a dynamic
disconnected and small network which may not directlynobile network. We also provide the real hardware exper-
communicate with cleaning robots. Another example is iiments with several mobile robots and motes to show the
habitat monitoring. If wireless sensors are attached tal wilapplicability of our algorithm to real systems. The videds o
animals [1], an external agent may use the information frorour simulations and real hardware experiments can be found
sensors to make intelligent decisions to move the animals & http://www.cse.wustl.edu/~bayazit/icra08-sn
desired locations. However, once again, the individualenov We define connectivity as a requirement of both radio
ments of animals may cause the network be disconnectedmmunication range and line of sight. One advantage of
and fail to send the information to external agent. Thesadding line of sight is that the network graph also serves as
examples can easily be extended to broader areas. Henaeollision-free roadmap for the robots, so that in casetsobo
providing improved connectivity is an important requirethe need to be relocated, they can find a path on the roadmap.
or wireless sensor networks. In fact, the importance ofnother advantage is that radio communication is known
connectivity has been observed by several researchers swehbe more reliable when there are no physical obstacles
as [2], [3] where local communication improved the systenbetween the communicating nodes.
performance in multi-robot applications. We believe our system is very flexible with very few
In this paper, we are proposing a new method to providend realistic assumptions. Our only assumption is that each
connectivity in a wireless sensor network which consists afode or robot can determine its direction and distance to its
mobile nodes (without loss of generality, we assume statireighbors, and there is no global localization. Please note
nodes can also be present and treated as non-moving moltilat even though this could make localization possible for
nodes). In this system, there are two groups of mobile nodea] nodes in a local frame, we do not need any localization
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at all. Also, if the directional information is not avail&hl no obstacles. However, this analysis is not valid when there
its is still possible to localize the nodes using triandlima are obstacles. Another approach [20] aims to provide radio
to find directions [5]. Also we do not rely on an idealconnectivity and line of sight while moving a swarm from
communication range as such ranges could vary accordioge configuration to another. In this approach, initial $ink
to the physical conditions [6]. Instead, our algorithm jusbetween swarm members are constant and do not change
verifies the ability to communicate with a neighbor. to maintain connectivity. In both papers, there are explici
The rest of the paper is organized as follows. The nextssumptions on the communication range which can be
section gives a brief summary of the related research awiblated in practice. The advantage of our technigque over
brief comparison to our approach when it is applicable. Wehese methods i$: We assume there can be obstacles in the
introduce problem definition in section Ill. Section IV inotr environment,2: We let links to be canceled and reformed,
duces the concept déredundancy and section V describes 3: We do not have any assumptions on the communication
our solution. In section VI, we present our simulation resul model. In our previous work [3], we proposed a method for
Section VII shows the implementation of our method on reahaintaining connectivity of a group of robots where some
hardware and section VIII concludes the paper. of the robots were expected to perform application specific
tasks. Our method involved using linear programming tech-
nigue to solve connectivity and task allocation problem in
Connectivity is an important requirement for wirelesoone framework. The assumption in that paper is we can
sensor networks. In a network with all static nodes, theontrol motion of all robots. However, in this paper, we
general deployment strategy is using more than necessamopose a method for maintaining connectivity when the
nodes and turning off the ones that are not required fanotion of some mobile nodes are uncontrollable.
communication or sensing. When the network gets discon-
nected, one or more of the nodes can be turned of to repair lll. PROBLEM DEFINITION
connectivity [7], [8]. The problems with these techniques In our problem definition, we have a network of mobile
is the requirement of extra nodes, and when several nodegdes whose motion we cannot control, and we want to
in a limited region fails, the failure to repair network. Inmaintain and repair connectivity of this network. For this
[9], the authors study the problem of adding as few nodeggurpose, we have a group of mobile robots which are capable
as possible to a disconnected static network so that tieé moving to appropriate regions, work as regular nodes
network is connected. They show that the problem is NRand build communication bridges. We assume robots are
Complete and propose some heuristics. These algorithrégntrolled by nodes. Network is monitored by the nodes
require global knowledge of the graph, and they are timeand nodes determine where the robots should be located
consuming which is typically not applicable in real-timethwi to improve connectivity. We assume robots and nodes do
dynamic networks. not have location information, about neither themselves no
Using mobility to maintain connectivity has attracted manyther members of the network. However, each of them is
researchers. The general approach has been using mobiﬂ@pame of measuring distance and determining the directio
for carrying data between disconnected components of th@ @ neighbor if that neighbor is in its line of sight. Each
network [10]-[13], and using mobile vehicles to improvemember of the network is equipped with a low-power radio
data collection by actively using vehicles as data carrfor wireless communication with limited range. Robots and
ers [14]. Another approach is using uncontrollable mobil@odes are holonomic and they have limited speed. There are
nodes as data carriers [15]. In this approach, data is egptic obstacles in the environment which can obstruct line oftsigh
to new carriers as mobile nodes enter the communicatig@nd interrupt communication. We assume nodes and robots
range of each other with the hope that eventually one of tH@n fail anytime. We do not assume any communication
replicas will be transferred to one of the required location model, environment map, or motion prediction of nodes
One other approach is storing data when connectivity ihen deciding robot locations. Our solution is localized an
disrupted, and sending it when connectivity repairs [16]][ We do not use any global information.
The problem with these approaches is the latency in data
transfer for time critical applications. The main advaetad
our approach is that we are using mobile nodes for forming- K-Redundancy
a connected network where data transfer is never interupte K'-connectivity is a metric used to define the minimum
There are also approaches to maintain uninterrupted comdmber of nodes that need to be removed in order to partition
nectivity with dynamic networks. In [18], the authors prepo the graph. If a graph ig<{-connected, the graph remains
a technique for providing radio connectivity while movingconnected if any< — 1 nodes are removed [21]. Our goal is
a group of robots from one configuration to another, whiclo locate robots to regions of the graph whéfeis small.
is an extension to their work in [19]. Initial links do not Although K-connectivity is defined over the whole graph,
have to be preserved and the authors theoretically shame can modify this concept to define the connectivity
that any connected configuration is reachable from anothproperty of individual nodes. For this purpose, we define
connected configuration while obeying predefined 2-hop new metrick-redundancy for each node. We are using
communication constraints between nodes, when there ahés metric to represent the goodness of the connectivity
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among the neighbors of each node. It should be noted that redundant node to its disconnected neighbors. Further-
a node could create a communication bridge between anyore, we callr; the optimal position that the robot needs to
pair of its neighbors, but if there are alternative routesnove to reconnect th&—redundant nodei to its neighbors.
between the neighbors, the importance of that node dDptimality is described as the shortest distance from the
connectivity reduces. We say a nodés k-redundant when it robot’s current location ta;, andr; represents time to reach
is removed from the network, at leadsimore nodes needs to z;.
be removed from the network to remove any communication Utilizing a robot enables us to formalize the expected
route between any two neighbors of k-redundancy for repair time in a wireless sensor network with several nodes
nodes with only one neighbor is undefined following thisof various k-redundancy levels. Remember that in order
definition, but we define their connectivity as O for pradticato make two neighbors of A-redundant node unreachable
purposes. to each other, it requires nodes to be disconnected from

This concept can be defined more formally(if; ; +1) the network in addition to that node. If we assume that a
is the minimum number of nodes required to remove from aode hag probability to disconnect, then the probability of
network to disconnect communication between nodeand the network disconnecting atfaredundant node isp*+!.
n; (including n), and N,, is the neighborhood set of node Then, we can write the expected repair time as a function of
n, the k-redundancy of: is the probability that the network disconnects at a given node

and the time to reach a position to reconnect that node.
nk{o if [N, <1 .
min{—|i’j|ni,nj € N,} if |[Np|>2 E(r,) = Zﬂpki+1 1)

Figure Fig. 1 shows an example graph where the vertices i=1

represent the nodes and edges represent the connectlor\}v%ere n is the size of the network, and; is &-

between the nodes. Nodes have different redundancy values .
redundancy for the nodes.

which is a representation of their role in the connectivity. ;

For example,ng is O-redundant becausey and n; can In Equation 1, we assume that all nodes have the same

communicate only with the help ofg, so removing it from probablllty of gettmg. d|sconn§cted. The eq“‘?‘?'?’” couls-ea

the graph results in disconnectioty, is 1-redundant because lly be extended to include dlffer_ent probabilities _for c_aach

in case it fails, all of its neighbors can communicate with th node (perh_aps based on the signal sirength, direction Of_
nodes or distance between nodes). We also assume that it

help of ny, removing alson; partitions the graphng is 2- . )
redundant because after removing it, at least two more nod!ésalways possible to reconnectla— redundant node to

need to be removed to partition its neighbatg &ndn; can Lsmdl\s/cciplnfgteéj ,ne'g::]b Orﬁ ILttRatmlihnot pOESIrEJI?D,I we caln
be removed to isolate,). emove that node’s component fro e equation. Please also

note that this equation presents a theoretical basis for our
algorithm, and we do not need to know the exact valug of
for analysis purposes.

V. DYNAMIC REPAIR ALGORITHM
0-redundant 0-redundant c 6o

) )

O-redundant

Our goal is to provide the minimurredundancy for all
mobile nodes in the wireless sensor network. We achieve this
by continuously checking-redundancy for each node and
1-redundant request assistance from a mobile robat-fedundancy be-

. . . comes less than the minimum redundancy. Please note that, if
Fig. 1. Nodes havg various k-redundancy values according to thet||[Ie minimum redundancy i lect . i
role in the connectivity of the graph. y is selectedlaseduction in the re

dundancy means the network is disconnected. Alternatively
) we can enforce a high redundancy value to (a) provide more
B. Expected Repair Time robust network, (b) increase the throughput between mobile

The network becomes disconnected if and only il & nodes. As we will see later, in order to avoid global flooding,
redundant node loses the communication with one of itswe will utilize local redundancy computations. Furthermor
neighbors. In this case, we call the time from the momemne will present two approaches for recovery: (a) reactive
of disconnection to reach a network topology where all theecovery, where idle robots are directed towards the looati
nodes are connected agaistwork repair time (7). Since to reconnect mobile nodes to their neighbors after discon-
we do not have the control of the mobile nodes, reconnectiarection happens, (b) proactive recovery, where idle robots
occurs either by the uncontrolled movements of the mobilare directed towards the low redundancy regions before a
nodes, or by moving a robot in a disconnected region tdisconnection event to increase the response time. In this
provide a communication bridge between theredundant  section we will discuss how we can firkdredundancy for
node and the disconnected neighbor. For the rest of thémch node, how we can use this information in network repair
section, we assume that it is always possible to reconnectaad how we can direct robots to interesting regions.




A. Local K-redundancy Computation there until a node’s redundancy goes below than minimum
redundancy, i.e., reactive repair is required.

Theorem 1: The best location for a robot is a location that
ould minimize Equation.Proof: As Equation.1 represents

k-redundancy is defined over whole graph, hence in
order for a mobile node to find its redundancy, a global

communication mechanism is required. In order to reduce t L :
the expected repair time for a disconnected network. A

number of messages, we defineedundancy in a restricted o L . . -
bot position that minimizes that time would give minimum

neighborhood. In order to detect the redundancy of nodes, R ted ti Such a locat be found Ui
use the information in hello messages. In this approachn eag PeCted time. such a location c:an € found using an
timization algorithm where robot’s location would be a

node stores 2-hop neighborhood information. To determing’ . . .
its role in connectivity, each node enumerates all 0 to Xarlable to compute the distance to each connection latatio
: and hence the time to reach that location, ig.,

hop ways of communication between each pair of 1-hop? . . . '
b way P b As we need to utilize the optimization algorithms to find

neighbors. In this way, each node can determine its role i best location f h robot. thi b
communication. The pair which has the least number of Wa); € best location for €ach robot, this process can be compu-

of communication determines that nodés-edundancy . tationally costly. An alternative would be to provide a more

The redundancy value computed for a mobile node may tigstrlcted policy to the mobile sensors. In our algorithne, w

different from the real redundancy. However, local informa Ollow th|_s approach and restrict our idle robots to movernea
tion is a lower limit on the redundancy of nodes, i.e nodetshe mobile nodes.
. Theorem 2: A robot near a lower redundancy node would

h high ies if th I | ; . O
can have higher redundancies if these are computed g oba@é more likely to provide faster repair time than a robot near

but nodes cannot have lower redundancy. So, redundanqﬁ. ] . .
. : L - igher redundancy noderoof: Consider two nodesand
computed using local information is a good indicator of

2 j where node; has lower redundancy (i.ek; < k;). Fur-
graph connectivity. thermore, assume that these nodes have the same distance to
all the remaining mobile nodes. Then we can write expected
repair time ast(7,.) = 7 xphitt 4 aphitl 43 7 phetl

As we have discussed before, we consider two approach@erew € remaining nodes. Now consider that robot is
reactive and proactive approaches for repairing a networglaced at nodeé. We can write the expected repair time for
Next, we will discuss these approaches in more detail.  the robot at nodé as F(7,.)" = 7; * pFit! + Tk phitl 4

1) Reactive Repair: The reconnection process starts whery~ r¢,p*+! wherer?, is the time for robot to reach from
a node starts drifting away from one of its immediatenode+ to positionz,. Lets sayr?!; = 7/, that is the time
neighbors. If losing this neighbor does not reduke for the robot to repair communication when nadiils. We
redundancy of this node to a value less than the minimunmcan also writer’; = 77, = 7, because the time for moving
redundancy, no action is taken. Otherwise, the node trig®m 7 to j is equal to the time for moving fron to i. So
to find alternative paths to the neighbor to verify that itwe can rewrite the expected time for the robot at nodes
k-redundancy is still satisfied. This is done by sending aFp(r,)! = 7/xpFi 14 rxphitl 437 7%, pF«F1. Without loss
discovery message through a local directed flood. To avoidf generality, we can assume that expected value’gfis
the cost of too many messages, we limit the depth ailso equal ta’. Similarly, we can write expected repair time
messages. If we increase the maximum depth of messagfs,nodej asE(7,.)7 = Txphitl4-r/sphitl 4 3~ 73, phetl,
we can find alternative paths more reliably, however, th@/e can represent the difference between the expected repair
cost of flooding can cause congestion, delays and messagges as if the robot was located at noflendi, E(7,.)’ —
losses. If at least one alternative path is found, the nodes(r,)! = (r#pt1 47/ xpkit1) — (7' pkitl frxpkitl) as
eliminate the connection between them and update thdibth nodes have the same distance to the remaining nodes.
neighbor list tables without requesting connectivity mainThis gives ust(r,.)! —E(r,.)" = (7' —7)pFt1 — (7' —1)pkit!
tenance because this connection is not critical for netwoek (7' — 7)(pki+t! — p*+1), Finally, sincep < 1, k; < k; ,
connectivity. However, if no alternative path is found,ites  E(r,.)’ — E(7,.)* > 0 as long a7’ — 7) < 0. By definition,
the connection with the robot means that one of the robots iff is always smaller tham, so placing the robot near a low
the system need to move in that region and form connectionsdundancy node always gives a smaller expected repair time
with those two nodes. If possible, the robots try to form Following Theorem 2, we would like to locate robots
connections to as many nodes as possible, which in turear the low redundancy nodes in the proactive approach.
increases redundancy of the node. After this time, robofBhis is achieved by propagating the direction of the lowest
act as regular nodes. To avoid unnecessary deploymentretiundancy nodes towards the idle robots. After redun-
robots, a periodic connectivity detection mechanism workdancies of nodes are determined, each node includes this
on the nodes who has connection to the robot. If all noddéaformation in its hello messages. When a node receives
can communicate between each other without the help @fis information, it notes the direction of the message and
robot, the robot is unnecessary and leaves that region. combines its value with the received information, and then

2) Proactive Repair: In proactive repair, we locate robots it broadcasts this combined value in its hello messages. As
in low redundancy regions as a precaution, to minimize thihese messages propagate in the network, each node obtains
repair time in case of node failures or disconnections. Ongeformation about the directions of the regions which have
the robots are in these locations, they are utilized aroudw connectivity. So, when there is an idle robot in the
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communication range of a node, it navigates the robot in tHailed. In order to detect disconnectivity and repair if dee,
direction of the low connectivity regions. While combiningwe examine the connections to the neighbors of the lost node.
these redundancy values coming from different sourcefs we mentioned before, we are storing 2-hop neighborhood
we always choose the minimum value. In the ideal cas&formation so each node is aware of the neighbors of each
when message delay depends linearly on the distance, eaehghbor. If all nodes in the neighbor list of the lost node
node chooses a direction closest to the node with minimuare reachable, then there is no disconnectivity and thetrobo

redundancy. becomes idle. Otherwise, the robot locates itself clos@eo t
o ] location of the lost node, and tries to maintain connect®mn t
C. Directing Robots for Repairs all nodes on the neighbor list.

During active repairing, a mobile node directs a robot to a
location to reestablish the communication with its neighbo
Similar to locating a low redundancy node, we are using In our simulations, we want to determine the character-
the hello messages to propagate the directions of the robd@tics of connectivity in mobile networks and the effect of
in the environment. Each robot indicates that it is a robaising robots to reinforce network and repair connectivity.
and it is available in the hello messages it is broadcastingve are interested in observing the effects of increaging
Nodes which hear this message, which are 1-hop neighbatedundancy , scalability of our approach with increasing
of robots, store this information and broadcast their hellaumber of robots, effects of obstacles and node failures. We
messages indicating their hop distance to the robot. As eaalso have videos of our simulations that can be watched
node broadcast hello messages, hop distance informationap http: //mww.csewustl.edu/~bayazit/icra08-sn. We imple-
the robots propagates in the network, and each node ontyented and tested our algorithm on the network simulator
stores the hop distance and direction of the closest roblitS-2 [4]. NS-2 is one of the most commonly used network
to it. This transforms the network into a Voronoi diagramsimulators and it can simulate realistic network condiion
where nodes are located in Voronoi cells centered aroumacluding message transfer, network congestion, delay etc
robots. So when a node needs a robot, it sends a unic&¥¢ setup communication range to be 45m which is around
message in the direction to the closest robot. There atiee range of low-power radios. Before presenting simuatio
two advantages of this method, first this method does neésults, we discuss metrics for measuring connectivity.
bring any communication overhead, and second, locations o
of robots are known to the nodes so flooding of the networR- Connectivity Measure
is not needed. The disadvantage is the freshness of the roboThere are two metrics for measuring connectivity in our
location information. Since robot information is propagght experiments. The first one is the classical measure which is
one hop at each hello period, the node which isops away either 1 when network is connected, and 0 if the network
has the location of the robot which was« (hello period) is partitioned. The second metric which is called reach-
ago. However, this is not important because we are using thadility [23] is more useful to measure connectivity on a
information only to determine the first direction to send theontinuous scale. This metric is defined as the ratio of the
message. As the message propagates towards the robot,tthtel number of node pairs that can communicate between
freshness of the robot location information improves ar& theach other to the 2-combination of all nodes. This number
message reaches the robot. This path may not be the shortesiches 1 one when all nodes are connected, and 0 when
path because the robot can move, but the message definitigre is no connection between any nodes. In a system with
reaches the robot. After the message reaches the robot, tRienodes partitioned into» connected components where
robot simply follows the path of the message to navigate teach component contains; nodes, reachability is defined
the region. as:

V1. SIMULATIONS

D. Node Failure - S (1\27)
: . . . I Reachability = ===+
Disconnection resulting from node failure is differentrfro (1;7)
disconnection from movement because the robot can never )
actually form a connection to the lost node, so according g Smulation Results
the success definition mentioned before, it can never sdccee Effect of node motion: We first measure the effect of node
However, the real goal is to provide connectivity in themotion on network connectivity when there are no robots to
network so we need to update the definition of success foepair the network. This experiment lets us choose the limit
these cases. The problem is it is not possible to tell whethen the velocity of the mobile nodes. We have implement
or not a node failed or simply left the region. It should bemobile node motion in the following way: each node chooses
noted that a node can still move after failing so that moving random destination and moves towards that destination
towards last seen location is not enough to detect failuse. Ffor a time that we call travel time (that is 20 seconds for
these cases, we put a bound on the node speed comparedup simulations). The distance between the current logatio
robot speed, so that if the robot cannot detect the sign&leof tand the destination is limited by a constant which we call
lost node when the robot reaches the destination where itnsaximum range of the movement. This way, the nodes can
supposed to repair connection, we assume that the node liasermine their speed.

)
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Fig. 2. Reachability and disconnection time as range increases.
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Fig. 3. Reachability and disconnection time as k-redundancy decreases.

In this experiment, we used a network of 20 nodes. Wdetermined when a node does not hear any hello message
initially locate all nodes at the same location resulting irfrom a neighbor after some amount of time. This time should
a fully connected network. As our purpose is to seledbe larger than the hello message period, but since it is Horma
the right speed limit for our nodes, we have evaluatetb miss one hello message, itis generally selected to berlarg
range values from 5m to 60m. We let the nodes run fathan 2 message periods. We chose this time to be (2*hello
5 simulation minutes and repeated this experiment ten timeeriod+1) seconds where additional 1s is to compensate for
for each distance range. Average reachability for the firgtelay and processing time. Our hello period is set to 2s
5 minutes is shown in Fig??(@). As it is seen from the to avoid congestion and processing overhead of messages.
figure, average reachability decreases as the range iesteassiven these parameters, it takes 5s for a node to realize that
about linearly. When we look at the time that the networkconnection is lost. In this amount of time, given the speed of
becomes disconnected (Fi§?(b)), the decrease in time a node is 2m/s, the lost node can travel a distance of 10m in
is nearly quadratic. The decreasing rate is very fast untiny direction, which makes it very hard for a robot to repair
the maximum distance reaches 20m, and after that rate @fconnection when we also consider the time for a robot to
change decreases. This distance corresponds to maximteach the disconnected part of the network. So, allowing the
speed of 2m/s and this is the value we used in the rest of thedes to have higher speeds can make the network chaotic
experiments. We chose this value becalis&he network and unrepairable. This argument also supports our mativati
requires repair so robots are needédNetwork topology for finding k-redundancies because the arrival time of atobo
does not change too fast so that physical limitations d the disconnected part is crucial for its performance.
not make repair impossible. Physical limitations incluble t
period of hello messages which cannot be too small to avoid Effect of initial k-redundancy: Next set of simulations
network Congestion, message de|ay’ message process'mg tﬁ‘hOW the effect of k-redundancy on the robustness of the
and the travel time for the robots. An example about thBetwork. We use the same number of nodes in each simula-
physical limitations can be given as the effect hello messagdion but arrange them initially in a different way to change
period on the system. As it was mentioned before, hellls-redundancy of each node. After the simulation startsheac
messages are used by each entity in the network to makede moves randomly with maximum distance set to the
its neighbors aware of itself, so lost connections can bélue determined on the previous set of simulations. We

run simulations 30 times for each topology with 5 nodes.



As it is seen in Fig.??a), as k-redundancy decreasesand decrease the average time that the network remains
average reachability over 3 minutes decreases. Samedisconnected. However, when robots are controlled by nodes
behavior can be seen in Fig?(b), which shows that initially instead of moving randomly, connectivity of the network
connected network becomes disconnected much faster whiemproves faster. When the number of robots reach 10, the dif-
k-redundancy is low. ference in the disconnected time between the random motion
Effect of the query range for detecting connectivity: Asitis and proactive approach reaches 100s. So, our method can
mentioned in Section V, we use a loéatedundancy value. keep the whole network together 100s more than the random
As a result, we need to check whether we still satisfy motion. Reactive also performs better than random motion
redundancy after we lose connection to a neighbor nodeand it is generally in the middle point of random motion and
This is done by sending a query message to search for ottpgpactive. This shows that considering k-redundancy when
possible connections to that node. The advantage of incredgcating robots can result in 50s improvement alone over
ing the maximum depth of this message is avoiding cas&®0s. When we observe reachability, we see an improvement
of needing repair when the network is actually connecteaf 0.1, which means each node can communicate it
which we will call false alarm. The advantage of increasingnore nodes on average. However, when there is only one
the maximum depth of message is avoiding cases of needirgpot in the network, we see similar performance from
repair when the network is actually connected, which weandom motion and controlled motion. The reason is that
will call false alarm. On the other hand, increased maximurane robot is not enough to improve connectivity of a network
depth increases the number of messages, query delay dadned of 10 nodes and highly dynamic.
network congestion, so it is preferable to put a bound on 1) Obstacles: We also add obstacles in the environment
the depth, especially on large networks. To measure trad®- show the affect of line of sight on connectivity. We assume
off, we increased the maximum depth of messages to see i@ nodes cannot communicate if they cannot see each other
effect on the false alarm rate and the number of messagegich is a conservative but very realistic assumption. We
Fig. ??(a) shows the total number of robot requests and thepeated our previous experiment using same scenarios with
number of times this was unnecessary because the netwathstacles in the environment. There are three objects in
was connected, with increasing maximum message deptach 100x100 region and the total area of obstacles in each
As it is seen from the figure, both the total number and theegion occupy about 1/4 of that region. Simulation resdts i
number of the unnecessary ones decrease as depth increasieaswn in Fig.??(a) and Fig.??(b). These figures are very
This decrease slows down after maximum message deimilar to the previous ones when there were no obstacles.
reaches 3, and starts increasing again after 5. The read®oth reachabillity and average disconnected time is worse
for the increase can better be understood by examinirtgan the previous results, which is expected because ob-
Fig. ?2(b). The number of messages sent for requests istacles cause more disconnections between neighbor nodes.
crease considerably after maximum depth reaches 6, whittowever, proactive method still performs better than other
results in congestion in the network and results in losinghethods. One interesting observation is the higher variati
messages. We see that important amount of messages it data series. Obstacles in the environment randomize
are sent are never received by the intended receiver. idhowommunication behaviors of nodes because it changes the
be noted that the difference between the total number awmdntinuity of the radio range. Although we mentioned that
the unnecessary count also decreases with maximum deptidio range is irregular and unpredictable, it is relagivel
6, which further justifies that increase in requests are frommoother compared to the effect of obstacles. For example,
message losses. a group of nodes forming a clique can suddenly lose line of
Effect of number of robots: These simulations show the sight thus connectivity because of a physical obstacle lwhic
effect of robots on network connectivity. For this purposeis almost impossible with radio communication.
we measure reachability and average time that the network2) Node Failure: As it was mentioned before, node fail-
remains disconnected. as the number of robots increases. Wes affect the network in a different way. To measure the
measure this in two different setups. We first let robots movaffect of node failures, we start with a subgroup of the pre-
randomly just like nodes, and in the second one, we hawgous scenarios where there are 10 nodes and 10 robots, and
the robots controlled by nodes using reactive and proactifail 1 to 10 nodes in each experiment. During the first 100s
methods. We let robots move randomly and compare to oof a 500s simulation, we randomly fail the required number
technique, instead of simply adding robots to the networ&f nodes and observe its affect on the connectivity. As it
because increasing the number of mobile entities alone caan be seen in Fig??(a) and Fig.??(b), both reachability
help connectivity. As a result, the number of mobile unit&nd disconnected time of network worsens. Proactive method
is same in comparison, only the behavior of robots changstill performs better than other methods until the number of
We started with a network or 10 mobile nodes, and addddiled nodes reach 8. After this point, both proactive and
one robot at each experiment. This experiment has beesactive method performs worse than random motion because
repeated 10 times for 10 different scenarios by running eathere are not enough nodes in the environment to control the
experiment 500s. motion of robots. When a the controller node of a robot fails
Fig. ?2(a) and Fig.??(b) shows the simulation results. and the robot loses connection to the network, it waits in its
As it is seen, adding more robots increase reachabilityurrent location until a node tells it to move. These cases



Depth vs. Requests

Message Count vs. Depth

Number of failed nodes

—¢ - Nodes —&—Proactive — - Reactive

a0 3500
o 38 A § 3000
E 30 \ ; 2500
2
Fal NN /r i
5 3
g, NN ) 3 /
s N /4 £ iow
s 15 < /
é 10 \ \ 1// ; 1000 V
2
2 5 o E 5o A___——o——-——‘”/l'
=z
a o
1 2 3 4 g 6 1 2 3 4 g 4]
depth depth of query messages
== Number of Unnecessary Requests ==Number of Robot Requests —+—Nessage Count vs. Depth
(a) (b)
Fig. 4. Number of true and false requests and message count as the gpényjirdzease.
Reachability with Increasing Number of Robots Total Disconnected Time
500
08 450 .
D S .
07 400 = hd ;:‘__';' B EEE e oy
= o e - ~
° ) bt St R
300 =
£ -
8 04
i Eao
150
02 100
01 50
o > 3 a 5 6 7 s 9 10 o 1 ’ 2 ’ 3 ’ 4 ’ 5 ! 6 ! 7 8 9 10
Number of Robots Number of robots
- & -Nodes —# —Reactive ——Proactive - ¢ -Nodes —# — Reactive ——Proactive
(a) (b)
Fig. 5. Average reachability and disconnected time as the number of robotagecre
Reachability with Obstacles Disconnected Time with Obstacles
08 500
07 450 e T
- MR SLEET TR P CEEEY TN |
T 400 i =8=
06 3 c T e ——a o————h———h
5 350
Zos g 300 e
3 ¥ £
S04 T 250
£ 0s g 200
go
§ 150
0.2 @
a 100
0.1 50
0 0 T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Number of robots Number of robots
- & - Nodes —— Proactive —l- Reactive - & - Nodes —&— Proactive —#- Reactive
(a) (b)
Fig. 6. Effects of obstacles on reachability and disconnected time.
Node Failure effect on Reachability Node Failure effect on Disconnected Time
09 500
08 450
I
07 400 e el
& od é 200
02 - N 150
02 = 100
o 0

Number of failed nodes

~ & ~Nodes —— Proactive —# - Reactive

@)

Fig. 7. Effects of node failure on

(b)

average reachability and disconnected time




negatively affects the performance of proactive and reacti that is based ork-redundancy to improve the network’s

approach. connectivity where the mobile nodes request mobile robots
3) Pattern Movement: We designed another simulation toto repair low connected areas. Finally, we have showed

show the behavior of network when nodes move accordirthe performance of our algorithm in simulations and real

to a pattern. In these simulations, we chose pattern as thardware.
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