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Abstract—For the first time, the problem of optimizing energy are a number of challenges to judge the tradeoff of the energy
for communication and motion is investigated. We consider a ysage between robot movement and communications.
single mobile robot with continuous high bandwidth wireless In addition, the standard theoretical model for energy con-
communication, e.g. caused by a multimedia application like tion i ’ bile ad h twork id the dist f
video surveillance. This robot is connected to a radio base station SUMP |0n_ n _mo '€ ad hOC networks considers the dis an_ces 0
and moves with constant Speed from a given Starting point on communication partners and the amount of data transmISSIon,
the plane to a target point. The task is to find the best path such namely the flow cost model of [5]. The quadratic increase
that the energy consumption for mobility and the communication  of this model is motivated by the path loss in radio commu-
is optimized. This is motivated by the fact that the energy nications, which can be approximated for a fixed scenario by

consumption of radio devices increases polynomially (at least to . . .
the power of two) with the transmission distance. We introduce O(d”), whered is the distance and is the path loss exponent.

efficient approximation algorithms finding the optimal path given ~ This approximation has been established by extensive tests in
the starting point, the target point and the position of the radio several real environments leading to different path loss expo-
stations. We exemplify the influence of the communication cost nents for different environments. In [6] and [7], an additive
by a starting scenario with one radio station. We study the cqnstant is added to this term to take into account the signal
performance of the proposed algorithm in simulation, compare . . -
it with the scenario without applying our approach, and present processing before sendmg_ anq after receIVng messages.
the results. As stated before, considering the combined energy con-
sumption of communication and mobility of robots is new,
l. INTRODUCTION though there is an extensive line of research for each model.
Over the past decade, research community in the comn@nre might think that mobility has only a negative impact on
nications has been active in studying the energy efficientlye behavior of wireless networks. But, recent work has shown
of wireless communication protocols. On the other hand$at this is not the case. Mobility improves the coverage of
researchers in robotics focus on the energy reduction for th@eless sensor networks [8], and helps security in ad hoc net-
motion planning of mobile robots. These two researches awerks [9]. Furthermore, it can help with network congestion
conducted separately, and the study of networked robotics [a§ shown in [10]. This approach overcomes the natural lower
[2], [3] is comparably less. bound for throughput of2(y/n) by instrumenting the random
Similar to other mobile computing systems, the energpovement of nodes. They design a protocol where mobile
resource of most mobile robots is limited. Mobile robots havaodes relay packets and literally transport them towards the
to accomplish their assigned tasks before deadlines by ustestination node. Adopting the advantages of mobility into
the limited energy resources carried by them. The energy aobot communications is a new challenge that needs to be
meant for a number of operations: mobility, communicationstudied thoroughly.
performing the assigned task, computation and sensing thé@ne might assume that the communication cost is always
environment. Among them, the motion and wireless conmuch lower than the motion cost. In [11], the author states
munications are two major consumers of the robot enerdiat the energy required for robot movements is generally
apart from processing power. The overall lifetime of the robahuch bigger than for communications. However, it is not true
should be maximized by efficiently distributing its energwhen the amount of data to be transmitted is very high. The
resource. communication cost should not be neglected. An example of
The study of mobile ad hoc networks based on the mob#ech situation is when the overall data transmission comprises
Kepherarobots [4] gave us the practical insights that in certaimainly the multimedia data in such applications as video
environments, the energy consumption of communication astteaming and surveillance. The volume of the data transmis-
mobility are the two highest parameters. While the mobilitgion grows as the video quality required by an application is
cost grows linearly, the energy consumption of radio conmcreased. Wireless multimedia sensor network (WMSN) [12]
munication grows at least quadratically with the distance ahd the mobile robot video surveillance system [13] are some
two communicating robots. Therefore, at a certain range,at the existing applications.
is advantageous to move a robot towards its communicationMoreover, a case study [14] has shown the power break-
partner. In order to achieve the goals more effectively, thedewn of a robot, in which the motion power is not the
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component consuming the highest percentage of total energy.
Instead, the embedded computer that includes the wireless
communications accounts for up to 65.3% of the total energy
consumption.

Our work is motivated by the applications in which a
team of mobile robots has to exchange a high volume of
data over the wireless medium among themselves, or to its
base station during the exploration time. Thus, we concentrate
on optimizing the energy consumed by both mobility and
communications.

The remainder of the paper is organized as follows. In
Section II, we present the system and the energy models used
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energy path for the mobile robots. Based on these foundations,
we propose approximation algorithms in Section III. The
details of the simulation setup and results are then presented
in Section IV, and lastly, we make concluding remarks and
discuss future works.

II. PRELIMINARIES

We consider a team of exploration robots and base stations
that form the wireless mobile network. Each mobile robot
is battery-powered and has limited lifetime. The robots and
the base stations can communicate with each other through
wireless transmission medium. Every robot is assigned with
different task(s): searching, exploring, sensing, foraging, mark-
ing, working on target, and so on. Among them, some robots
are equipped with video cameras to capture the video or
pictures of the environment while they are exploring, and
transmit the captured data back to the base station by either
single hop or multiple hop communications.

Either the base station or the mobile robot can serve as
the intermediate node for communications. At any instant, a
mobile robot are assumed to know the Euclidean distance to
reach its next target destination. It also knows the Euclidean
distance to the base station, which serves as the destination
node of the video transmission. The robot can move straight
on the Euclidean path to reach its next target destination.
We call this movement the Straight-Line movement in the
paper. However, the Euclidean path might not be the optimal
energy path since the robots consumes the energy not only
for the movement but also for the wireless communications.
Therefore, a minimal energy path has to be computed. We call
the resulting robot movement on this optimal energy path the
Smart movement.

In the following sub-sections, we introduce the system and
the energy model s, and deyne
optimal energy path.

A. System Model

We consider an exploration area of a mobile robot on a
two dimensional Euclidean space as shown in Figure 1. A
base station is located at (0,0) on this exploration area. We
indicate the node position as continuous function of time
p : [0,T7] — R x R such that p(t) gives the position of
the mobile robot at time ¢ in Cartesian Coordinates p(t) =

(p=(t),py(t)). At the beginning we have p(0) = s where
s is the start position of the node and at the end, we have
p(T) = g, where g is the target position. When we compute
the path, we approximate the path by n path segments of con-
stant speed P = ((to, o, ¥0), (t1,Z1,Y1)s- - -, (tn, Tn, yn)) for
to < t1 <--- <t, where the corresponding path function is
given by

p(t) = <x¢+ (= )1 = mi)7 i+ (= t0)(ger = yl)) ,

tit1 —t tiv1 —t

for ¢t € [t;, t;41). Let the maximum radio range of both nodes
be R,.q:. We limit the movement of the mobile robot to be
within R,,,., so that the two nodes can communicate with each
other, i.e. for all t € [0,T7] : ||p(t)||2 < Rpmaz, Where ||u|]z =

u? + uZ denotes the Euclidean distance to the origin. The
initial position and the target position of a mobile robot must
be within R,,4z.

Some applications require the mobile robot to continuously
transmit data at ayxedbit
camera mounted on the mobile robot . This model is called the
constant bit-rate communications model. Other applications
require data transmission only at critical positions, e.g. a
mobile surveillance camera in a museum which periodically
transmits pictures from certain view points. We call this the
position-critical communications model and illustrate it in
Fig. 2. Anot her
robot-assisted wireless (multimedia) sensor network, in which
a robot is assigned to collect the data gathered by the sensor
nodes in its exploration area. Additionally, the robot may or
may not be required to transmit the data collected to a base
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Fig. 2. Position-Critical Communications Model

TABLE 1
PATH LOSS EXPONENTS FOR VARIOUS RADIO ENVIRONMENTS

Environment Path Loss Exponent, o
Free Space 2
Urban 2.7 to0 3.5
Shadowed Urban 3t05
In-building Line of Sight 4106

The energy consumed to transmit ¢ bits of data over the
distance d. measured in meteri s deyned as:

Etx(zy dc) =/ (d? cep t+ ecc't) 5

the distance traversed by the robot in meter.

a) Constant Bit-Rate Communications Model: The bit-
rate B describes the number of bits that are sent per second.
In this model, this rate is constant over the time period [0, 7).
The total number of bits N transmitted from the mobile robot
to the base station is given by

N=B-T.

Recall that the path length of a piecewise differentiable path
function p(t) can be described by

T
D= [ o) o dr

We are interested in the energy consumption of the mobile
robot E,;-(p) consisting of transmission energy and mobility
energy:

Ecbr(p) = Etx(p) + En (p) y

where E,,(p) =m - D . For the transmission energy, we have
to take into account that the mobile robot communicates while
moving. Thisisrepected»byt

T
Eul(p) = /t:oB (Ip®)]2) - e dt

Note that if the robot does not move, this term reduces to
B N T N dg : etx.

where e,, i S t he energy required by If ﬂille g (,)]bﬂ%rwgtier%u?ﬁ%d Pyiag]aédfnu% \feIOCity Umasxs

transceiver to transmit one bit data over the distance of one
meter, and e..; is the energy consumed in the electronic
circuits of the transceiver to transmit or receive one bit,
measured in the unit of Joule/bit. Depending on the transceiver
sensitivity, the value of e;, ranges from some pico- to nano-
Joule per bit per meter®. « is called the path loss exponent
of the transmission medium that ranges from 2 to 6, where
a € [2,6] in our model.

Table I shows the path loss exponent corresponding to
different types of environment in which the wireless communi-
cationtakes pl ac e=2laml ¢=156isusedi
for short and long distance or multi-path model respectively.

On the other hand, the energy consumption for receiving ¢
bits of datai s deyned as:

ETC(Z) =/ €cct

The energy consumption for receiving is independent of the
distance between communicating nodes.

For the mobility, we base the energy model used in our study
onthat deyned in[15] and [ 14
on the mass of the robot, the friction to the surface (air or
ground), gravity and acceleration, and the distance travelled.
For simpliycation,
proportional
for the wheeledrobots [17].

En=m-dp,

where the movement parameter, m, measured in Joule/meter,
is a constant based on the aforementioned factors, and d,,, is

the following lemma shows that the best strategy is to move
at maximum speed according to this model.

Lemma 1: If B > 0 and ||p(¢)||2 > 0 for ¢ € [0,T], then
for every optimal path in the constant bit-rate communications
model, we have ||p'(t)||2 = vmax for all ¢ € [0, T].

Proof: On the contrary, assume that ||p’(¢)||2 < Vmax for some
interval ¢ € [tg,t1] with to < t;. Then we construct a new
path ¢(f(¢)) = p(t) using a continuous monotone increasing
function f : [0,T] — [0,T — 6], where 6 = (t1 — to) —

A2 WOl dt. De Yfftle=t for t < to, f(t) =
ty /
tt —3(5tf(§ t €e[@ﬂahaﬁdtf(t) =lo + 'Un:llax t=to ||p (t)HQ dt

for t € [to,tl}.

Observe that ||¢’(¢)]]2 < vmax for all ¢ € [0,T — 4], q(0)
p(0), and ¢(T'—9) = p(T'). Clearly, the mobile energy remains
the same on the path ¢ since only the speed has been changed.
But, the energy consumption for communication is decreased
since

T T—5

D lp@®ll2)* dt >~ (lla(®)l2)* dt .
]. The=mobilityteonergy depend
So the path p was not optimal which proves the claim. O
b) Position-Critical Communications Model: In the
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camera, measuring environmental data, etc. For these tasks, the
robot needs to move to certain areas, and immediately after
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performing this task, the robot communicates the data from I1l. ALGORITHMS
this area to the base station, e.g. see Fig. 2 where the mobil
robot communicates a message after crossing each line.

Formally, we define a sequence of tasks (que&gts) .., @

Bor the position-critical model, we have to find a solution
set x1,xo,...,2, Such thatx; € A;, where A; and A4,

: N : are single points describing the start nosleand the end
for the mobile robot, where each queéat = (4;, N;) consists point g. As a first approach, we choose a finite candidate set

of a regionA; from which the robot may choose a pomte Vie = yir,yios... € A, such that for allu € 4, inside the

4; and a ”“”.‘ber of messagay the robot needs to transrT]'tt{<<':71nsmission range of the base station, there exists a candidate
after performing the task. A path of a robot solves the tas

- . . v;,; Within distancee. This can be done by using a two-
?Zg(é’.]’\fliz' ' ;\gfﬁ“z(\;’f)))iat 92285(?1é'A"’x’b) i3t < Gimensional grid positions with distances of at mest. If
228 " P\bi) = Ti i v the task areas are lines, then this candidate can be placed with

The energy consumption of the position-critical mod_el fo(ﬁistancee.

&g?lbgéf\i,\r?;z ggt:rm and solution pointse = (z1,...,2,) is Define the edge sef, — Uie{l,...,nq} Vi, X Vier. and
the node seV;, = | n} Vi, constituting the grapli/c =

(Ve, Eo).
For the edges, we define the following weight function

ie{1,..
ECbr(Qapv x) = Etx(vav w) + Em(p) )

where En(p) = m - D and D is the path length op.
W(Yij Yitr1,k) = Ni- (1Yijll2)" - e+ m - |[Yi g, viv1ell2

En(Q,p,7) = Z;Ni (llill2)® - eoc for i < n—1 and allj, k. Further, we definev(y,, 1 j, yn k) =
(Nn-1 = (lyn-1,4112)* + No - (lyn,jll2)®) - ex + m -

This definition can be simplified using the following lemma
”ynfl,jvyn,kHQ-

Lemma 2:For every sequence of taskg and matching Note that every pathy in G, from the start node is a valid

solution setz, a path is optimal if and only if the mobile solution of the position-critical communications model. The

robot moves frome; to z;; on a straight line. . . .
Proof: Note that for all such solutions the costs for comWe'ght Ofuf(p) equals the energy .cpnsumptmn of a mqblle
munication energy is the same, since it depends only on trﬁ)aetzzﬁtiﬁnt:gsoef ti:éll_eﬁrn(;il:r)lI:ri th; n:;]r:aln;zzlﬁen :lieggyéonts#er?éng
positions ofz;. Clearly the mobility energy is minimized if P 9 P - BY e

exists a patlp in G, such that]|pyin; — pi||2 < €. Therefore,

the mobile robot uses the straight line. O
An immediate implication of this lemma is, that the speed | (pmin) — Em(p)| <m e (n—1) .
of the robot has no influence to the energy consumption of
the position-critical model. The solution set= (z1,...,z,) Furthermore, one can show that
gives all the necessary information for finding the optimal n
route and determining the energy consumption. Therefore, WEy (puin) — Ex(p)| < ex-€-a - (Rumax +€)7 1 - Z N; ,
refer to the position-critical energy simply By (Q, ). i1
C. Optimal Energy Path Problems whereR .« iS the maximum transmission distance of the base

In the optimal energy path problem, the initial and targéttation. From this, the theorem below follows:
position of the mobile robot are given. The mobile robot Theorem 1:The minimal weighted path itz. with respect
communicates with the base station during its movement. Ttgethe weight functions approximates the minimum position-
goal is to find the optimal energy path to reach the given targéitical energy by an additive term ofi-¢- (n — 1) + e - -
position. a- (Rmax—i-s)a_l : ZZL:l N;.

Definition 1. The path optimization problem for position- S0 an approximation of the minimum energy path can be
critical communications model. solved by using Dijkstra’s shortest path algorithm. However,
Given a base station af0,0) and a sequence of taskg = if the task areasd; are regions, i.e. containing some small-
((5,0), (A1, N1),..., (A, Nyu), (g,0)), the mobile robot has sized disk, the number of nodes 6t grows proportional to
to find a (discrete) patlis, 1, ..., zn, g) that solves the task, ©(Z) and the size of the edge set grows @y-%), which is
i.e.x; € A; foralli e {1,...,n}, and minimizes the position-the decisive term of Dijkstra’s algorithm.
critical energy Ecnr(Q, ). With the heuristic refinement strategy of Fig. 3, the running

Definition 2. The path optimization problem for constanttime can be considerately improved. It is an open problem
bit-rate communications model. whether this PCM-Dijkstra-Refinement algorithm always finds
Given a base station af0,0), a start positions, a target a path as good as the Dijkstra algorithm on the gréhh
g, a maximal speed,., and a bit-rate B, find a time7  while all simulation runs show no differences for our test
and a pathp : [0,7] — R? such thatp(0) = s, p(T) = g, scenario. The following theorem shows that this algorithm is
1" (®)]]2 < vmax for all ¢ € [0,7] and the bit-rate energy very efficient.

Ecor(p) is minimized. Theorem 2:The PCM-Dijkstra-Refinement algorithm has

In the following section, we describe approximation algcan asymptotic running time aP(n - log(%)) for general task
rithms for the energy-optimal paths used in both models. areas aiming at an additive error bound@fe).
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choose €3 = ¢ and ¢; = €2 which leads to a running time

end of while of the Dijkstra algorithm of O(Z). This running time is t0o
retwrn high for practical applications.
Fig. 3. AReynement Strategy for thdlghodintheposition- Cun?cflcnéofielclg 1%%0551[)963%3“ "' s
Model the running time considerably. Such algorithm ?Omltte due to

space limitation) has a running time of (’)(}3) for yndi ng e
path within the same error bound. However, the correctness of

this method is yet unproven.
et

For the constant bit-rate energy model, we use a similar
approach. For e >¢; >0, deyne t h & naldtets
s,g9 € V¢, and for all nodes u in the transmission range of the
base station, there exists a node v € V., with ||u,v|]2 < €.
The edgeset E., i s deyned by

IV. PERFORMANCE EVALUATION

In this section, we present the simulation results for both
models described in Section II-A. First, the simulation setup
is described. The simulation results and the analysis of the
total energy consumed by the mobile robot with and without
applyipgepur proposed algorithm are presented next.

Ee, ={(uw,0) | w0 € Ve, & [lu, v]]2 < €2}

resulting in the graph G¢, ., = (V.,,E,,). We deyn

weights for the edges in E, as A. Simulation Setup

|, vll2

| The mobile robot and the base station are placed in the
w(u,v) = B -

(ull2)® - e +m - flu, ]2 -

max
Theorem 3: The minimal weighted path in G ., with
respect to the weight function w approximates the minimum
bit-rate energy optimal path by a multiplicative factor of at
most 1+ O( + e (1o + 1am)-

€2 [[s]]2

Proof Sketch: Consider the energy optimal path pp,;, according

simulation area, which is bounded by the maximum commu-
nication range between these two nodes. The data sheet of
Lucent Orinoco PCcard [ 18] f or 802.
that the communicationrange
varying bit rate from 1 Mbps to 11 Mbps, for both indoor and
outdoor environment. In our simulation study, the maximum

11b techr

communi cationrange i s conygured
115 meters, whichissufycient to:
using our proposed algorithm. A higher maximum communi-
cation range further increases the total energy saved.

Fig. 4 shows the location of the mobile robot and base

to the bitrate model, there exists a path p in G, ., such that
for the length D, of ppin and the length D of p, it holds:
|D — Dpin| < Q%D.

We have shown in Lemma 1 that the mobile robot moves
along ppin, with maximum speed. To approximate the com-

munication energy, we model the number of messages to be st aj[ 1o n.' n.t hesi mu.l ation. ,F or st m
sent between u and v as B - =212 Aq the sen ding location of mobile robot is varied along the y-axis of the base station,
we use the starting node that 57 d.s to an error of at mos; while the target location is varied along the x-axis of its
a1 £ h s fairer than th initial location, up to the position that yields the maximum
O(ea (||ull2) er). If a path segment is fairer than the start ¢ o
point s or end point g from the base station, the relative error ransmission range. . -
tep i ller than © 1 1 Otherwi Based on the communication and the mobility energy model
per step 1s smatier an. (62 ' (IISH2 T Tollz )) CTWISC,  described in Section II-B, the simulation runs are performed
the sgmrr.led error margin is smalllcompared to the OIS accordingtothe parametersspeci
occuring in the VlClI;lty of slor g. This leads to the asymptotic o parameter e,s, ¢ro and e,c according to [ 16] .
bounq of O(e - (||5H2 + ||9||2>)' 0 moving parameter, m to 1 Jm™!, which is reasonable and
U(s;ng )3 good node placem}gnt, zthe2graph Geeo 35 v eal istic, as statedin [17]. As m
@<(€‘j—)§> nodes and @($) edges. So, to parameter mi S i npuenced by several fac

achieve an approximation factor of 1 + ¢, it is necessary to weight or type. The value used in the simulation is based



TABLE I 800 L 50

Smart'Movement ——

SIMULATION PARAMETERS Straight-Line Movement —— e
00 Total Energy Saved —+— . o
= >

./‘;‘ e 1 a0
Parameters Values 00 L o L
Video Bit Rate,B (Mbps) 1,2,3 ol ]

- . - _7 ol g

Energy consumed by transceiver circuitry 10 wol

to transmit or receive a big..+ (Joule)
300 |

Percentage of Energy Saved (%)

Energy consumed by transceiver amplifier 1012

Total Energy Consumption (Joule)

200

o
15

to transmit one bit data over one metey, (Joule)

100 |-

Energy to receive a big,. (Joule) 1077

Path Loss Exponenty 3,4 ) } 1‘0 2‘0 3‘0 4‘0 5‘0 w0
Distance between Robot Origin and Target Location, meter

Energy to move robot over one metet, (Joule) 1

(a) Total energy consumed and percentage saved

T
Base Station Optimal Energy Path ——

on the energy consumed by a wheeled robot moving on flat
concrete terrain at constant friction. According to [19], a
wheeled vehicle with rubber tires at one kilogram moving on _ ©r
concrete has to overcome 0.1N force of dynamic friction. In
another word, it has to expend 0.1 Jm Thus, our parameter
m=1 JnT! is applicable for robot up to the weight of 10kg. wl
Some example wheeled robots includbepera Il at 80g to
250g, andKhepera lll at 690g to 2kg [20]s-botat 660g [21],
ande-puckat 150g [22].

As explained in Section Il, path loss exponent hardly ‘¢ 10 2 % w % %
achieves 2 in realistic environment. We choose the path loss e ey
exponent of 3 and 4 as the simulation parameters. Due to
the fact that the path loss exponent differs based on th@]. 5. PCM: Distance between robot origin and base station = 85 meters
environment being explored by the robot, an online path loss
prediction method can be adopted by the robot to compute the

resulting path loss exponent value. The simulation parametergor PCM model, we introduce the paramet@loseness,

y-coordinate (meter)

(b) Computed optimal energy path

sets to further evaluate their impact on the problem. of Closenesparameter, depending on the size of regin
] ) explained in Section II-A. A lower value of indicates the
B. Simulation Results path is nearer to the path @traight-Linemovement. As this

Based on the two models described in Section II-A, wearameter limits the size of the robot exploration area, it also
present the results of the simulation performed according f@Presents how far the optimal path is from the path on the
the parameters specified in Table Il. We use the teBmart Straight-Linemovement. We vary the value ofto analyze its
movement andStraight-Linemovement to indicate the robotimpact on total energy savings.
movement with and without applying our proposed algorithm For simplificity, we varyc based on the precision set at 0.1
respectivelyStraight-Linemovement is energy-unaware, whileneter, whereCloseness=Jallows the mobile robot to move
Smartmovement is energy-aware. Once the target location @dwnwards 0.1 meter in each step and so on. Fig. 6(a) and
the mobile robot is selected, our algorithm is applied to tHgb) illustrate the results for differer@losenessallowed for
mobile robot to compute the optimal energy path. the mobile robot, when the distance between the robot origin

1) Position-Critical Communications Modele show and and the base station are 85 meters and 52 meters respectively.
compare the simulation results based $martand Straight- The Closeness/alues used in these scenarios range from 1
Line movement in Fig. 5. The total energy consumption fd@ 5. The results indicate that the farther a robot is allowed
both Smart and Straight-Line movement are illustrated int0 move away from theStraight-Linemovement, the higher
Fig. 5(a). It also depicts the total energy saved by using tkee total energy is saved. Besides, it is deduced that the total
path on Smart movement. The start position of the mobileenergy saved tends to increase when the distance between the
robot is 85 meters away from the base station and the tar§@@ communicating nodes grows.
location is varied up to the maximum communication range, 2) Constant Bit-Rate Communications Modeh Fig. 7,
R4 predefined in our simulation setup. Using our algorithmye show the simulation results for the scenario when the
the total energy saved achieves 48.71%. It increases whendisgtance between robot origin and base station is 80 meters.
distance between the mobile robot and base station grows. Hig. 7(a) and 7(b) illustrate the total energy consumption
resulting optimal path is shown in Fig. 5(b). when path loss exponent is 3 and 4 respectively. The video
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bitrate, B ranges from 1 to 3 Mbps in each simulation run,
as indicated on the graphs. When path loss exponent isN3indicates the total amount of bits transmitted.
the optimal energy path tends to stay on the Euclidean pathFig. 8 shows the energy efficiency of communicating mobile
in most cases, resulting in the same path computed by beaipot in the scenario when the distance between the robot
Smart and Straigh-Line movements. When the video bitrateorigin and the base station is 80 meters. Fig. 8(a) and 8(b)
increases, the computed optimal energy path forms a cuilfgstrate the effective energy consumption for data transmis-
towards the base station for larger distance between the robien when path loss exponent is 3 and 4 respectively, with the
origin and its target location. On the other hand, if the patideo bitrate,B ranging from 1 to 3 Mbps. Whenever there
loss exponent approaches 4, the optimal energy path falls@fist an optimal energy path computed Synart movement
the straight line only when the distance between robot origihat falls out of the straight line, the effective energy consumed
and its target position is below 15 meters approximately. to transmit one bit is lower than the straight line path. This
As the length of all the available paths computed by tHeprovement in energy efficiency achieves up to 70.61% in
the proposed algorithm varies in each scenario, and the robgg simulation runs witm=4 and B=3Mbps.
moves at constant speed, total amount of video transmittedDifferent combination of parameter values determine if
is different for each computed path. We further analyze thiee optimal energy path falls on the straight line between
simulation results in this model by taking into account theobot origin and its target, and the total energy saved and
length of the optimal energy path computed by b&mart the robot energy efficiency usirgmartmovement. From our
and Straight-Linemovement. Given the same target locatiorsimulation, we note that the value of path loss exponent has
we analyze the effective energy consumption for the videsgnificant impact on the computation of minimal energy path.
transmission,Eeg, in both movements. The effective energyf the exploration takes place in free space, the robot will
consumption,Ee is computed as: always move on the Euclidean distance for all our simulation
et = Frow/N runs. Otherwise, its impact is influenced by other simulation
eff = Frotal ’ parameters. Overall, the total energy saved increases with
whereEiqq IS the total energy consumed by the robot to mov@igher path loss exponent, video rate or the amount of data
from its origin to the target location while communicating, anttansmision, the distance between robot origin and its target



11

Smart B
Straight-Line: B:
Smart: B:
Straight-Line: B
Smart: B
Straight-Line: B

<+

DO
®
T

09

o
xad
=
X

08

©

0.7 -

1 for C
KB
KR
KR
KB
KR
KB
KER
KER

0.6 *

05 —

04

Effective Energy C
w
XK

03 I I I I I I I
20 30 40 50 60

Distance between Robot Origin and Target Location, meter

80

(a) Path loss exponent of 3 and varying video bitr&€éMbps) 1]

(2]

90

+4
%

80

Straight-Line: B=2
Smart: B=1
Straight-Line: B=1

D>OX¥X

70

60

(3]
(4

50

BB B
40 1 -

30 —

20

(5]

Effective Energy Consumption for Communications (Joule/Mbit)

(6]
(7]

20 30 40 50
Distance between Robot Origin and Target Location, meter

80

(b) Path loss exponent of 4 and varying video bitr&&Mbps)

Fig. 8. CBR: Effective energy consumption in data transmission for distanc]
between robot origin and base station = 80 meters

[9]
position, as well as the distance between two communicating

nodes. In contrast, it decreases over the moving paramet&d]
which depends on the type of robot used in practice.

V. CONCLUSIONS ANDFUTURE WORKS (11]

In this paper, we study the problem of optimizing the energy
consumption of robot that moves and communicates basedlﬂ?
two models. An approximation algorithm based on Dijkstra’s
algorithm is proposed to compute the minimal energy path. We
demonstrate the simulation results by applying our solution il
a number of scenarios, and compare it with that of the shortest
path. In theposition-critical communications modedhe total [14]
energy savings achieve up to nearly 50% using the optimal
path computed by our approach. In tenstant bit-rate model [15]
the optimal energy path not on the straight line movement
exists in some scenarios, depending on the combination of
parameter values. We show that the total energy consumption
is saved up to 22.18% using our proposed solution. It al§g]
depicts that the computed path using our approach is the
energy-efficient path for continuous data transmission.

Our current work involves only two communication nodes: B8]
network of one base station and one mobile robot. Total enel@?/]
savings are much higher when there are more communicatjpg
entities, for example multiple base stations, or when multih%]
communications are needed. Therefore, it would be interesti 6]

This
Sonderforschungsbereich SPP 1183: Organic Computing.
+ “ | Smart Teams: Local, Distributed Strategies for Self-Organizing
Robotic Exploration Teams.

to find the solution of computing the optimal energy path
for mobile robot communicating with multiple base stations,
considering other factors such as the selection of the base
station, and to study the path planning strategy for the multi-
hop communications.
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