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Abstract— Mobile robots equipped with wireless networking
capabilities can act as robotic routers and provide network
connectivity to mobile users. Robotic routers provide cost
efficient solutions for deployment of a wireless network in a
large environment with limited number of users.

In this paper, we present motion planning algorithms for
robotic routers to maintain the connectivity of a single user to
a base station. We consider two motion models for the user. In
the first model, we assume that the target’s motion is known
in advance. In the second model, user moves in an adversarial
fashion and tries to break the connectivity.

I. INTRODUCTION

Suppose a user, working in a large farm or a warehouse,
needs continuous network connectivity, perhaps for inventory
tracking or surveillance. The user can be a human carrying
a mobile device or an autonomous robot. One approach to
provide network connectivity to such a user is to deploy static
wireless routers and provide connectivity over the entire
environment. Even though this solution is viable in some
cases, in general maintaining the network (e.g. deployment,
replacing batteries) may be costly and inconvenient. Further,
since at any given time the set of nodes needed to provide
connectivity forms only a small subset of all nodes deployed
in the environment, this solution may be too costly in large
environments. We believe that robotic routers can provide a
better solution for this application: a small number of robots
can autonomously deploy themselves and reconfigure to
maintain the connectivity of the user. Maintenance operations
such as recharging can be performed in an autonomous
fashion.

We have run into a similar problem in our laboratory
which is located at the end of a long, rectangular building
(See Figure 1). The Computer Science Department owns
only a small portion of this floor and our wireless network
covers only the part of the floor owned by the department.
Therefore, when one of our robots navigates in the halls and
needs wireless connection, using other robots to maintain
connectivity becomes an appealing solution.

In order to demonstrate the potential utility of introducing
mobility, consider the two examples shown in Figure 2. In
both examples, the star, square and circle indicate the base
station, user and robotic router, respectively. The connectivity
model is visibility based (i.e. two nodes are connected if they
see each other). In the left figure, roughly |V|/3 stationary
routers are needed where |V is the cardinality of the set
of vertices of the environment. However, a single robotic
router which is as fast as the target, suffices for maintaining

Fig. 1. Left: The blue circle (in the middle of the bottom corridor) is
the stationary blue robot. Fading red circles show the signal strength as the
red robot moves to the upper corridor (actual measurements). When the red
robot reaches the position shown on the map, the signal strength becomes
zero. Right: By moving a third robot (black circle) to the position shown
on the map, we can reestablish the communication. The colors indicate the
signal strength from black to red and black to blue nodes.

the target’s connectivity. Therefore, in this environment,
introducing mobility is beneficial. However, in the right
figure, unless the routers are extremely fast, the number of
robotic routers can be as high as the number of static routers.

In this paper, we study the problem of designing motion
strategies for a network of robotic routers in order to maintain
the connectivity of a single user to a base station. The paper
is organized as follows. After an overview of related work,
we formalize the Robotic Routers Problem in Section III.
In Sections IV and Section V, we study the robotic routers
problem for two different user mobility models. Finally, in
Section VI we show the practical feasibility of our solutions
with simulations.

II. RELATED WORK

The problem of maintaining connectivity of a team of
robots has been studied for various tasks including ren-

Fig. 2. 1In both figures, the star indicates the base station and we assume
a visibility based connectivity model: two nodes can communicate if they
can see each other. Left: We need one static router per triangular room
for stationary case. However, a single robotic router (green circle) which is
as fast as the user (blue square) can maintain the target’s connectivity by
following the drawn line. Right: As the user visits the spike-shaped rooms,
a very fast router can maintain connectivity. However, if the router is not
fast enough, as many as the number of routers used in stationary case may
be needed.



dezvous [1], formation control [2] and flocking [3]. In these
problems, all the network entries whose connectivity needs
to be maintained can be controlled. The difference between
these problems and the problem addressed in the present
work is that, here we are maintaining the connectivity of a
target moving independently from the network.

In this regard, Robotic Routers problem is related to
the problem of maintaining the visibility of a single mov-
ing target. For this problem, dynamic programming [4],
sampling-based [5], and game-theoretic [6] strategies have
been presented. These problems focus on maintaining the
visibility of the target until it disappears for the first time
from the field of view of a single robot. In the problems
we address, the connectivity model can be more general
than visibility and there are additional constraints such as
connectivity to the base station. Further, we address the issue
of controlling multiple robots.

III. PROBLEM FORMULATION

In this section, we first present the terminology and
notation used throughout the paper, and formalize the robotic
router problem.

A. Definitions

A robotic router is a robot which has wireless communica-
tion capability. Robotic routers are subject to communication
and motion constraints such as limited communication range
and a bounded maximum speed. The base station is a
static node to which the user (or target) wishes to establish
connection. All entities move inside a shared workspace
which we represent as a set of points. The single user, base
station and a number of robotic routers establish a mobile
ad-hoc network which we call mobile router network.

In addition to these entities, we use two concepts fre-
quently: connectivity and motion model. In the mobile router
network, two nodes are connected if they satisfy the given
connectivity requirements which may depend on the position
of nodes, communication range of nodes or possible occlu-
sions. The user is connected if it is directly connected to the
base station or it is connected through point-to-point links in
the mobile router network. The motion model of the user is
discussed in Section III-C.

B. Notation and Assumptions

In this paper, we represent workspace W as a set of n
points. This set contains all possible locations of relevant
entities (i.e. the user, the base station and the robotic routers).
We represent the time domain in unit time steps. All motion
models discussed in this paper are represented in discretized
domain as a trajectory. Let T' be the end time of user motion,
we express the trajectory of the user with the position vector
u of size T, i.e. u(t) is the position of the user at time step
t. Similarly, 7; is the position vector of i‘" robotic router
and r;(t) is the position of i*" robotic router at time step
t. Since the base station does not move, it’s trajectory is a
constant, b.

A configuration ¢ = (gu, ..., ¢ is a vector of locations of
robotic routers in the mobile router network. As we discretize
the time domain, the speed of user and robotic routers are
expressed as step sizes i.e. the distance that a node can
move in one time step. In this model, we define the neighbor
points that i*" robotic router can move from the point q; as
N, (g;). To simplify the notation, we assume that all robotic
routers have the same speed. However one can remove this
assumption by defining different neighbor functions for each
robotic router. For the user, we use the neighbor function IV,,.
Similarly, N.(q) is a set of neighbor configurations that can
be reached from configuration g in one time step. A trajectory
r; 18 a valid trajectory if Vt, r;(t +1) € N,(r;(1)).

Throughout the paper we assume that the connectivity
model is given beforehand. In other words, we are given
a matrix A such that A(i,7) is 1 if the mobile router
network nodes located at ¢ and j are connected and 0
otherwise. Here, we assume that the connection range of all
nodes are same but it may depend on the communication
capabilities of nodes. One can generalize this to varying
ranges by using a matrix of higher dimensions. The user
located on ¢, is connected by robots in configuration ¢ =
(g1, -+, @m) if one of the following holds: (i) A(g.,b) =1
(#4) Jq; s.t A(qu,q;) = 1 and ¢; is connected to b through
point-to-point link(s) of type (i) or (ii). Let ¢(¢t) be the
configuration of mobile router network at time step ¢, the
user is continuously connected if it is connected in q(t) for
all 1 <t < T.

C. Motion model

In most applications, the workspace, location of the base
station, wireless range and speed properties of robotic routers
do not change. Hence, the trajectory of the user becomes the
most important variable in determining the robotic router
strategies. In this work we consider two motion models. In
the first model we assume that we know the trajectory of
the user in advance. This assumption can be made for some
applications, e.g. in our experiments we control the (user)
robots which may have fixed trajectories. In general, a user
may be willing to declare its trajectory when requesting the
connectivity service.

Howeyver, in some cases it is not feasible to know the user
trajectory in advance. In such cases, we may consider the
worst case trajectory where user tries to disconnect as quickly
as possible. This case analysis can give us a guarantee on
whether we can connect the user for any possible trajectory
or not. We model this scenario as a pursuer-evader game
where the user tries to break the connection from the mobile
router network as quickly as possible. At the same time,
the robotic routers try to extend the connection time as long
as possible, preferably infinitely. We call this user motion
strategy as adversarial user trajectory and the shortest such
trajectory as the shortest escape trajectory.

D. Formulation of the robotic routers problem

Here, we formalize the robotic routers problem for two
motion models: known user trajectory and adversarial user



trajectory.

Known user trajectory: Let YV be the workspace, A be
the connectivity model, b be the position of the base station,
m be the number of robotic routers and u be the trajectory
of the user. Find valid robotic router trajectories r;, Vi such
that the user is connected to the base station for the maximum
possible amount of time.

Adversarial user trajectory: Let VW be the workspace,
A be the connectivity model, b be the position of the base
station, m be the number of robotic routers, g, be the
initial location of the user and ¢ be the initial configuration
of mobile router network. Find out whether there exists a
user escape trajectory for pursuer-evader game and find the
shortest escape trajectory u and corresponding valid robotic
router trajectories, if such trajectory exists.

Note that, in both problems we assume that the number
of robotic routers m is given. However, it is easy to obtain
the minimum number of routers required for continuous
connectivity simply by performing a binary search on m.

IV. KNOWN USER TRAJECTORY

In this section, we present KnownUserTrajectory algo-
rithm for robotic routers problem for the case where the
user trajectory is known a priori. The solution uses dynamic
programming to obtain robotic routers’ trajectories. We build
a table C'(q, t) which stores the maximum connection time of
the user until time ¢ with routers ending in final configuration
qg = (q1,..-,qm). Using C(q,t) we find robot trajectories
which maximize the connection time of the user. We define
the C(q, t) recursively as follows:

clat) = max O(qt—1) +d
q'E€Nc(q)
where d = { if u(t) .15 connected by ¢
otherwise.

if u(1) is connected by ¢
otherwise.

O~ O

Clg, 1) = {

The value: max C(q,T) is the maximum connection time
q

for the given user trajectory u. KnownUserTrajectory algo-
rithm can be easily modified to return the corresponding
robotic router trajectories 1,72, ...,7, by backtracking. If

max C(q,T) = T, we can find robotic router trajectories
q
which continuously connect the user. Otherwise we find

robotic router trajectories which maximize the connection
time of the user.

The correctness and optimality of KnownUserTrajectory
algorithm can be proved directly by induction. The running
time of the algorithm is determined by the computation of
C(q,t). There exists Tn™ tuples and for each tuples we
determine the maximum in recurrence which takes O(n™)
time. Hence the running time is O(T'n?™).

V. ADVERSARIAL USER TRAJECTORY

In this section, we present AdversarialUserTrajectory al-
gorithm for the robotic routers problem for the case where

the user moves in such a way to break the connection as
quickly as possible. The algorithm is as follows:

Algorithm 1: AdversarialUserTrajectory

Vq.¥q Elgqu.q] < oo

VquVq

if ¢, is not connected in ¢ then
Elqu,q] <1

end if

for k =2 to n™*! do
Vq.Vq

if min max FElq,,q'] =k — 1 then
7, ENu(qu) q’€Nc(q)
9: Elqu,q] < k

10: end if
11: end for

A A R o e

First, we create a table of dimension m+1 and size n™+!.
In the first step (line 1), we initialize all the entries as infinity.
At the end of the algorithm, the entry E[gq,,q] gives the
length of the shortest escape trajectory starting from user
location ¢, and robotic routers’ configuration q. We will
show that if an entry E|[q,, q] is left infinity at the end of the
algorithm, then there exists no escape trajectory. In lines 2-
5, we set E[qy,q] < 1 if ¢, is not connected in the initial
configuration ¢q. After the initialization steps, we repeat the
procedure between lines 7-10 for n™+! — 1 times. In this
procedure, we apply the min-max relation (line 8) to the
entire table. In each iteration k, we set E[q,, g] only if the
shortest escape trajectory length is k.

With an additional step, we can find if there exists initial
robotic router configuration g corresponding to initial user
location ¢,, which satisfies the connectivity. If 3¢, F[qy, q] =
00, then we can initialize our robotic routers to configuration
q to keep the connectivity. Moreover, if Vq,3q, Elq.,q] =
00, we can say that m robotic routers are sufficient to main-
tain the connectivity independent from the initial location
and the trajectory of the user.

The running time of the algorithm is O(n3(™+1): there
exists n™ 1 entries and for each iteration we scan the entire
table which takes O(n™*1) time. We iterate this procedure
for n™*! times which sums up to the claimed running time.
In Theorem 2 we show the correctness and optimality of the
algorithm.

Theorem 2: Suppose there exists a shortest escape trajec-
tory such that robotic routers are initially in configuration g
and user is at location ¢,. Let e(q,, ¢) be the length of this
trajectory.

1) Elqu,q] = k if and only if the length of the shortest
escape trajectory e(qy, q) is k.

2) FEl[qu,q] is oo if and only if there exists robotic router
trajectories for any possible user trajectory which sat-
isfies the continuous connectivity.



Proof:

Proof of (1): We show that E[q,,q] = k < e(qu,q) = k
by induction on k.

Basis: Elqu,q] = 1 < e(qu,q) = 1 holds due to the
initialization step between lines 2-5. If the escape trajectory
is of length 1, this means that the user is disconnected in the
initial configuration and we set E[q,,q] < 1. Similarly, if
Elqu, q] is set to one in the initialization step, there exists a
trivial escape trajectory of length 1.

Inductive step: let us assume that Vk, Elqu,q] = k <
e(qu,q) = k holds. We show that E[g,,q] = k£ +1 &
e(qu,q) = k + 1. We prove this statement by showing that
both directions of the conditional statement hold.

First we prove: Flg,,q] = k+ 1 = e(qu,q) = k +
1. For contradiction, suppose that E[q,,q] = k + 1 but
e(qu,q) # k + 1. Due to the inductive step we have:
e(qu,q) > k + 1 (Condition 1). This is because, due to
the inductive hypothesis, e(q,,q) < k + 1 would imply
FElgu, q] < k+ 1, which is a contradiction. When E|gy, q] is
set to k + 1, due to the min-max relation, following holds:
3¢, € Nu(qu), 3¢’ € N.(q) such that E[q,,q'] = k and
Yq" € N.(q), E|q,,,q"] < k. From the inductive hypothesis
and the inequality Vq" € N.(q), E[q,,q"] < k, we have
Vq" € N.(q), e(q.,,q") < k. This gives us e(q,,q) < k+1
(Condition 2). This is because the user can choose to go to
q,, and follow an escape trajectory of length k afterwards.
From conditions (1) and (2), we have e(q,, ¢) = k+1 which
contradicts with the original claim. Thus, E[q,, q] = k+1 =
e(qu,q) = k + 1 holds (Condition 3).

Next, we prove: e(qu,q) = k+ 1 = Flgu,q] = k+ 1.
Again, for contradiction, let us assume that e(q,,q) = k+1
but E[qu,q] # k + 1. From the inductive hypothesis,
E[qu,q] > k + 1 holds (Condition 4). Let 7 be an escape
trajectory of length e(qy, q) = k+ 1 with initial positions of
the players given by ¢, and q. Let ¢, € N, (q,) be the user
location in the second step of 7. Since, the escape trajectory
length is exactly k& + 1, V¢" € N.(q), e(q,,qd") < k.
Because, otherwise robotic routers network can increase the
connection time by going to ¢’ where e(q.,,q’) > k. More-
over, 3¢’ € N.(q), such that e(q,,, ¢') is exactly k (otherwise
by going ¢,,, user achieves an escape trajectory of length
less than k£ + 1 which is a contradiction). By the induction
hypothesis: Vq"” € N.(q), Flq.,,q"] < k, thus applying the
min-max relation yields Elg,,q] < k + 1 (Condition 5).
From conditions (4) and (5), we have F[g,,q] = k + 1.
This is a contradiction with the original claim. Therefore
e(qu,q) =k + 1= E[qu,q] =k + 1 holds (Condition 6).

From conditions (5) and (6), the inductive step is proved.
Finally, we showed: Vk E|q.,q] = k < e(qu,q) = k.

Proof of (2):

The proof of the second statement is straightforward.
Elqu,q] is either marked as k& < n™*! or co and the user
either has a shortest escape trajectory of length e(q,,q) <
n™*1 or it can not avoid the connection from the robotic
router trajectory. Since the number of iterations in algorithm
can not exceed n™ 11! the claim above holds for Elg,, g]. Let
us assume that there exists an escape trajectory and its length
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Fig. 3. Top figure shows the connectivity from the base station’s location.
Other two figures illustrate the connectivity of locations marked with red
circles.

is: e(qu,q) > n™*1. Since the number of permutations of
tuples: (g, q) is ™1, we can find a cycle in the sequence of
tuples. However, then we can find a shorter escape trajectory
by avoiding the cycle which is a contradiction. [ ]

VI. SIMULATIONS

We demonstrate a practical application of mobile router
networks with simulations where the environment is our floor
layout. We discretize the hallways into discrete locations
almost uniformly (some degeneracy exists near the corners
of halls). We construct the connectivity table according to the
following rule: if the distance between two locations is less
than a fixed distance 7, and they are on the same hallway,
then these two locations are connected. If two locations are
not in the same hallway, their connectivity is based on the
Manhattan distance between them. To obtain the connectivity
threshold, we subtract a fixed penalty from 7 for each corner
on the path between the two locations. See Figure 3 for
examples. In the following simulations, the robotic routers
are twice as fast as the user. The base station is located at
the bottom of the middle vertical hallway.

In order to obtain a baseline, we computed (by enumer-
ation) the minimum number of static routers to cover the
environment. It turns out that at least 4 static routers, as
shown in Figure 4, are necessary to satisfy coverage and
connectivity constraints.

In the following simulations, we start with a network of
a single robotic router. For a given (known) user trajectory,
we compute the corresponding robot trajectory which keeps
the user connected during its trajectory. Next, we find an
escape trajectory in which a single robotic router is not
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Fig. 4. The minimum number of static routers to satisfy the connectivity
and coverage constraints is 4. The optimum deployment and its network
topology is shown.

sufficient to maintain the connectivity. Finally, we show that
two robotic routers are sufficient to keep the user connected
whatever initial location or trajectory he chooses. We show
how two robotic routers keep the user connected even if the
user tries to avoid the connection. Videos of all simulations
are available online [7].

Figure 5 shows the result of our first simulation. The
top two figures show the (known) user trajectory and the
corresponding robot trajectory computed by our algorithm.
We identify the locations of nodes at the critical time steps
with time labels. Following figures show snapshots of the
connectivity graph of active nodes at these critical time
steps. By connectivity graph of active nodes, we indicate
the connectivity links (edges) between base station and the
user, and the active nodes (vertices) in this connection path.

Figure 6 shows our second simulation. In this simulation,
other than the last turn, the user follows the same trajectory
as the previous simulation (see top left figure). Until this last
turn, the robotic router also follows the same trajectory as
the previous simulation (see top right figure). However, in the
last step, the robotic router can not keep the user connected.
The last figure shows the snapshot at the disconnected state.

We find the minimum number of required robotic
routers for all possible user trajectories by trying
AdversarialUserTrajectory algorithm with increasing
number of robotic routers until there exist corresponding
robotic router trajectories for all possible initial locations and
trajectories of the user. For our floor, we found that 2 robotic
routers are sufficient to supply a continuous connection.

In the last simulation, relying on the sufficiency of two
robotic routers, we solve the known trajectory algorithm
with two robotic routers for a path which is not feasible
for single robotic router network. The top three figures in
Figure 7 show the user trajectory and corresponding robotic
router trajectories. The user starts from the top left corner
of workspace and completes a cycle by crossing from the
middle vertical hall and coming back to the top of the vertical
hall. Subsequent figures show the locations and connectivity
graph of the nodes as snapshots at critical time steps.

VII. CONCLUSION

In this paper, we addressed the problem of planning the
motion of a network of robotic routers. We studied two
different user models. In the first model, the user’s trajectory
is known whereas in the second model the user moves in
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Fig. 5. The known user trajectory and corresponding computed robot
trajectory are shown at the first and the second figure. The remaining figures
show the snapshots of the user’s connectivity graph (base station - circle with
magenta color, robotic router - diamond with red color and user - square with
green color). The third figure shows the initial configuration of nodes where
the user is connected to the base station through the robotic router. Fourth
figure shows the configuration at the time step when the user is directly
connected to the base station. Fifth figure shows the configuration when the
direct link between the user and base station is broken and connectivity is
supplied through the robotic router. Last figure shows the final configuration
of nodes.



an adversarial fashion. Even though the algorithms compute
optimal solutions, their running times are exponential in the
number of robots in the network. Currently, we are working
on improving this running time.
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Fig. 6. Top two figures shows an escape trajectory for the user and the corresponding robot trajectory which maximizes the connection duration of the
user. The remaining figures show the snapshots from the solution of algorithm including the connectivity graph of active nodes (base station - circle with
magenta color, robotic router - diamond with red color and user - square with green color). First figure from the second row shows the initial configuration
of nodes where user is connected to base station through the robotic router. Second figure from the second row shows the configuration at the time step
when the user is directly connected to the base station. First figure from the third row shows the configuration when the direct link between the user and
base station is broken and connection is supplied through the robotic router. Second figure from the third row shows the last configuration in which the
user is connected to the network. Finally, bottom figure shows the configuration where the connection is broken inevitably.
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Fig. 7. Top three figures show the user trajectory and corresponding robot trajectories. Subsequent figures are snapshots from the solution of the algorithm
including the connectivity graph of active nodes (base station - circle with magenta color, two robotic routers - diamond with red and cyan color, and user
- square with green color). The first figure on the third row shows the initial configurations of all nodes where the user is connected to the base station
through the red robotic router. The second figure on the third row shows the configuration at the time step when the user becomes directly connected to the
base station. The first figure on the fourth row shows the configuration when the user is connected to base station through three links. The second figure

on this row shows the configuration when the three-link connection reduced to a two-link connection. The first figure on the last row shows the time step
when the user is directly connected to the base station. The last figure shows the final positions of the nodes at the last time step.



