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Abstract— A new artificial potential field method for motion However, local methods has potential problem to get stuck
planning of mobile robot is developed in this paper. As a in trap situations like U-shape obstacles. It is difficult to
reactive motion of robot, a feedback oriented to the contour guarantee the global asymptotic stability in principle because

of repulsive potential function is applied with the ordinal th tion i ted by limited . tal inf fi
attractive and repulsive component. Furthermore, inspired by € motion Is computed by imited environmental Information

Particle Swarm Optimization, particles as simplified virtual  in limited time/spatial terrain. In this paper, we approach this
robots are utilized for motion planning. Each particle searches problem through search actions of simplified virtual agents.
the space and transmit information regarding local stable region  |nternal parameter of each agents entail social signal and the

to the swarm, namely, the robot and other particles. Internal i of robot is decided by sensory input and the spatially
parameters of the robot and particles are also introduced to - .
propagated information.

adjust the propagation of information locally gained. Simulation . . .
results demonstrate the robustness of proposed method against N the sequel, related works are discussed in Section II,

the complexity of an environment. and proposed method is presented in Section Ill. Simulation
results are shown in Section IV. Finally, discussion and
. INTRODUCTION conclusion are summarized in Section V.

Online robot motion planning is an important research Il. RELATED WORKS
issue for autonomous robots operated in an unknown or un-Proposed method is constructed based on artificial poten-
predictable environment. In real time autonomous navigatidigl field method. And ideas conceived by Particle Swarm
problem, robot must be capable of avoiding obstacles ar@dptimization is utilized to deal with some problems of
reaching destination from initial state in a finite time intervalartificial potential field method. In this section, artificial
Enormous research has been developed and present ropotential field method and Particle Swarm Optimization are
navigation methods would be classified into two categoridsriefly reviewed with the objective of robot motion planning.
(orthgir compination). That is, global path planning and IocaA_ Artificial Potential Field Method
reactive motion generation [4]. e ) ) )

In global methods, environment is assumed to be com- Artificial Potential Field method is one of the most pop-

pletely known and the path is optimized in accordance witHlar techniques fqr robot motion planning [2]. The fagt is
the whole map information [10] [11]. Derived path can Ieademarkable that this method can generate a smooth trajectory
é\nd be easy to analyze mathematically. Additionally, precise

the robot to the destination in a refined way. Furthermoré, del of ‘ ) i ded. Althouah
the path is collision and deadlock free, but they often requifé®de! of an environment is not necessarily needed. Althoug

enormous computational cost and do not consider dynamiegificial po_tential fiel_d _method has these acce_ssible proper-
of robot. Therefore it might be ill-suited to adopt gIobaIt'eS’ there is local minimum problem of potential functions.

method and recompute optimized path for each variation &y number of researches have been done to tackle with this
a dynamic environment. problem, fornrecent exa_mple,.[7] [9].

On the other hand, a whole environmental informatiorﬂ{nl‘et q € R" be a.nn::hmensmnal state of robot arid, :
does not utilized in local methods [2] [8]. Although the %.R+ anq Ur: R - R, be attractive qnd repulswe.
motion of robot is not necessarily optimal, local method otential function .respectlvgly. Then the motion of robot is
can be recomputed fast. In time varying and unpredictab%anned by following equation.
environment, a capability to modify motion strategy rapidly qg=—-VU,(q) — VU,(q) 1)
is one of the most fundamental specifications. The motio . . .
of robot should be determined by the trade-off betweel? we chopse at'FracFlve potgnur_:xl fqncﬂon as Lyapunov func-
destination oriented stretegy and collision avoidance orientd@" candldactle, its time derivative is
strategy. So a whole path efficiency depends the balance of a _ 2 T
strategies and therefore it is desirable for robot system to be dt Ualg) = =|IVUall” = VU VU 2)
able to recompute the motion at least in a comparable tinehus (2) shows local equilibria can exists at such paijptse
interval with environmental change. R" that satisfies-||VU,(qie)||? = VUa(qie)T VU (qie). SO

local equilibria are always contained in the subspacR’of
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to the terrainQ) and the other is erasing local stable regiorsymmetric matrix, then the feedbaekis represented as
like downward convex region. 3 (1 YUTVU,
K

B. Particle Swarm Optimization VUIVU:

Particle Swarm Optimization (PSO) [1] is one of a meta¥® € R i; a parameter_determines magnitude and direction
heuristic optimization methods actively utilized for robot mo-Of the circumvent motion. From (3 could be regarded
tion planning in recent years [3] [5] [6]. PSO is inspired by@S Nonlinear damper and it takes zer&/it/, and VU, take
simplified social model of bird flocking and fish schooling.S@me direction. Hence can generate motions that evade the
A set of randomly generated search points called particlé%”a'”Q- Be5|des, |t'mak.es no effect for the risk of CO||ISIOF'1,
construct swarm and it propagates through the space. EdRfcause it takes direction along the contour of repulsive
particle adjusts its motion in accordance with the actioRotential fucntion. With the feedback, whole dynamics of
history and information of search space shared across tRENNer is modified t@ = —VU, — VUr +u. Again, time
particles. Although PSO is mathematically simple algorithnfl€rivative ofU, is
and does not need information regarding gradient of objective d

> JVU, 3)

_ 2 T
function, it can solve nonlinear optimization problem fast. @Ua(q) o IVUa|” = VU, VU,
In this paper it is worthy of remark that the basic prin- vulvu, T
ciple of original PSO is the hypothesis, “information is trll- IVUVU, VU, IVU,
shared across the swarm”. Each particles utilize information (4)

acquired not only by itself, but also other particles’ to

determine the search action. As a member of aggregationyUs JVU, can be positive if direction of circumvent

it is reasonable to integrate the action pattern lead bjpotion generated by, does not point a direction of the
own experience and the common sense for the purpose d_ﬁstination. However, (4) shows it must be required to recede

adaptation to the environment. from destination in some trapped situations to move to

global stable terrain. In the result it turns out sometimes the

I11. ARTIFICIAL POTENTIAL FIELD METHOD robot should tolerate detriment in short time interval for the
UTILIZING PARTICLE SWARM accession to the global minimum.

Introduced feedback works along the contourldf(q).

. The r_opot |s_reqU|red to reach the goal state Wh'.le a_v0|qf could be interpreted as a circumvent motion or search
ing collision with obstacles by real-time computation in 8notion to discover terraif). — {q : VUTVU, > 0}. In
c — M a T .

not rl:ultljy—kntqlxv n lenwtrontlfn(lar;.t .lgartlctﬁla(;lyha IOC?I k;(IeaCt;:/ eFig. 1(a), example of trajectory generated by the method
method, artificial potential field method has suita € Chals shown. Square is a robot, cross is obstacle, five-pointed

"Ltar is destination and contour of, + U, is also depicted.

problem. Two s_trateg|es to preve_nt the ”app_ed s'?uat'on}f'he robot go straight and encounter obstacles, then it starts
local stable region would be possible as described in Secti ﬂ'cumventing to search other candidate of global stable

II-A. In this section, proposed method is presented along tr}Srrain. Finally the robot succeeded to reach the destination.

above strategies. Fig. 1(b) shows the robot could be trapped by local minimum
A. Artificial Potentilal Field Method with Contour Feedback " €nclosed situation by the obstacles. This is reasonable
function because the robot should not muscle in to weave

Here, we discuss the evasion of terrain that possiblys way through obstacles in such situations, especially when
incorporates the local stable equilibria. In artificial potentiabbstacle represents human.

field, local minimum could exist in subspade = {q : _
VUTVU, < 0}. VUTVU, < 0 means the gradient of B. Particle Swarm as Virtual Agents
attractive potential function and the gradient of summation The robot sometimes generates an inefficient motion in
of repulsive potential functions derived from each obstaabove method. As is shown in Fig. 1(a), if a wall stands
cle make an angle more than So roughly speaking, if between the robot and the destination, the robot would hustle
VUIVU, < 0 is satisfied, obstacles are frequently foundcagainst the repulsive potential field derived from the wall and
in the interspace between the robot and its destination. fihally start to circumvent it. Obviously the derived path is
rectilinear path is blocked by the obstacles, the robot musbt the shortest one. This kind of problem is intrinsic for
generate circumvent motion in accordance with negatiMecal reactive methods, because it makes decision without
gradient ofU,. The success and failure of circumvent mo-calculating the entire optimality. However, as mentioned in
tion depends on the existence of local minimum equilibrisSection 1, global computation is not realistic in terms of
Therefore it is desirable for the robot to set up not onlyalculation cost. Therefore a method enables the robot to
repulsive operator but also a explicit module to circumvensbtain helpful local information efficiently is needed.
the obstacles that operates regardless of existence of localnformation of the past best postion in the swarm is shared
minimum equilibria. across the particles in PSO. At the same time, the particles
Whereat we introduce a feedback oriented to the contojust conform simple dyanamics but does not compute global
of repulsive potential function. Lef € R"*" be a skew- optimality. Nevertheless PSO can be a powerful solver for
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a) Circumvent motion . . ) )
@ Fig. 2. Contour of potential function compensated by three particles

chosenUJ(q, ¢}) acts on the robot). A whole dynamics of
ith particle is represented as

4, = —VUi(q,) — VU.(q}) ZVU] (g).q) (5
J#i

So each particle is attracted by global minimum and repelled
by obstacles and other particles. Thus information of the
ol search space could be collected in reasonable manner, be-
cause the particle moves as simplified real robot and repell
St each other to extend the search space. Another merit to use
particles is that we have no need to consider the risk of
- collision, because they don't have any physical body. So the

'S ded siuati particles can search the space in a way real robot can not
(b) Surrounded situation do.

y[m]

Fig. 1. Artificial potential field method with contour feedback Next we design the propagation of information regarding
local stable region to the real robot. This could be done by
the every assigned particles’ repulsive potential function that

an optimization problem. By metaphorical thinking of PSOworks on the robot. Particles search the space in accordance
if the particles have dynamics as a virtual robot agent, With the dynamics (5) and might be trapped in local stable
would be able to get information concerning the terrain thakgion. This means unreasonable paths in terms of ordinal
has the possibility to put the robot in undesirable situationsutificial potential field method exist in neighborhood of
And if the particles can transmit the information of potentiathe particle. So the particle should offer the information to
risk to the real robot in an appropriate way, the robot cathe robot and other particles. That is, the particle generates
utilize spatial information to decide its motion without globalpotential field that repells robot and other particles so as not
computation. PSO has its basis on best action search likg approach the terrain. Fig. 2 depicts particles, represented
foraging of living objects. In contrast, our idea has a basisy upward-pointing triangles, move to the local stable region
on worst action search like crisis prevention. and compensate it by assigned repulsive potential function.
Let the dynamics of particles be determined by usual with the effect of particles’ repulsive potential function,
attractive and repulsive potential function as (1). Then th@ynamics of robot is modified as below
particles would move toward the local or global minimum m
in accqrdance with th_eir initial s_tates. T_herefore_ usage of_just d=—-VU,(q) — VU,(q) — Z VUZZ(q, q;) +alq) (6)
attractive and repulsive potential function provides spatially
lopsided information regarding equilibria in stable terrain.
To utilize spacious and various information, we introduce vUurvu, “ ;
repulsive potential functiori[]g :R" X R" — Ry. jis an (1 - ||VUa||VU,.||> J(VU, + ZVUé) @)
index of m-tuple particles andy} € R" is a state ofjth J
particle. ThenU}(q,,q;) is a repulsive potential function Hereat,u is replaced byu € R™ represented as (7) that
assigned tgjth particle and acts oith particle (wheng is  also circumvent repulsive potential functions assigned to

J

u =



the particles. The reason of modification is tHaf can s
erase local minimum derived frori,., but they also could it
make new local stable regions usually smaller ones than the = os
originally existed. Note that the robot is not assigned any 0 i 2 3 4 5

repulsive potential function act on the particles. e ts)

C. Internal Parameters and Proposed Method =% sk

Framework of proposed method has been constructed at 0 i 2 3 4 5
this point, but there could be some improvement from an- e ‘ ‘ tls]
other point of view. As mentioned in Section IlI-B, proposed '
method has its basis on starategy of evading from worst = s}
situation. Hence it might be possible to consider generated 0 : ) )
motion reflects events that operate the “emotions” of the tls]
robot and particles, so as to disincline the situation within
a context of analogy with living objects. Here we label the Fig. 3.
internal state as stress and discuss constructive utilization
of such function to make our method more adaptive to the

stressful situations. not approach the destination. Both of the cases degenerates
Firstly, we focus on dynamics of internal meChamS"‘performance of the system, but they could occur in unpre-
inside the particles. The task assigned to the particles dfictable environment. To overcome such stalled situations,
to inform the robot and other particles a prospect aboyge robot should be capable of interpreting the situations and
local stable region. The information is transmitted by thgyreaking out from the terrains. And so we implement a stress

repulSive potential fUnCtiOWé C.entered on the pOSition of paramete[g c R+ and function to produce new partides to
ith partide. Whereat, width df];) should be conditioned by vary the neighborhood environment of the robot.

how undesirable the situatioith particle is in. If there are .
no obstacles around the particle, tHéhishould have narrow . / exp(Ag” VU, it )
skirts so as not to block a path of robot and other particles. T (IVUL

That is, ith particle does not feel risk or stress and ther;

;rfhgroe Ig:grg]t?égééz fr?:triIztc:[(()fr?ethth\wt?frmérgl:lgo?ttra e R, is time interval during that the past stress is holded.
path:bl p ' If_ the robot could not course steepest decendent direction

would be stressed by the obstacles. So the information 8¥ U, during time intervalT and s exceeds the threshold

\?\;{irdesssflgilrtztaecirrraelnulssril\?g"dotzi t;gr%r;?o:c;frz \f\r: S \J/Evaﬂrgm b +h € R4, then the robot lets out new particle, so the number
P P ' 5e of particles is updated to: + 1. The value ofs is initialized

as a parameter of width of . b}, is adjusted by following at the same time as new patrticle is produced. The sequence

equation. is repeated until the particles release the robot from stressful
_ _ t o terrain.
by, = f3, tanh ( / eXP(A},HdZH)dt) (8) Now then proposed method can be taken together by the
=Ty equations (5), (6), (7), (8), (9). First of all, the robot place
5 € Rand\, € R, are paremeters represent the maximur§Ome particles in the space and t_hey move toward thg des-
value of b, and speeds of stress accumulatidp.c R is tination alqng an attractive poteptlal functl'on. Thg partlcles
a time interval stress is holded. So the stress accumulat@§Pand skirts of assigned repulsive potential function if they
beforet — T, is got lost in oblivion. (8) meansth particle '€ blocked or st_res;e_d by the obstacles. The robo_t wc_JuId
broaden assigned repulsive potential function with it take@rod_uce new particle |f_|t could not proceed to thg destination
small velocity. In local stable region a particle takes smaffontinuously. In so doing, the motion of robot is generated
velocity and takes zero at equilibrium, so the formulatio®y the balance of attractive and repulsive and circumventing
is constructed a#/! covers local stable region. Of course,COMponents. _ _ _
U;; should not be expanded in neighborhood of global stable Note that there couId'be various d§5|gn of stress functions
equilibrium and it is treated special case. Actually, in Figfor the robot and particles depending on the purpose of
2, stress parameters have been already intorduced and tggusal. So (8) and (9) are only instances to exemplify the
transition ofb!, is depicted in Fig. 3. effectiveness of proposed method.
Secondly, we discuss the design of internal mechanism
for real robot. Although the particles try to search the space IV. SIMULATION RESULTS
and clarify risks of local stable region to the robot, there In this section, results of two computational experiments
may be situations in that the robot is trapped by local miniare shown. One is an environment in that U-shaped obstacle
mum of compensated potential functibn+Ur+Z;” Ug. is set. And the other is an environment in that multiple
Alternatively, the robot might take cycled path and couldbstacles are set at random positions. Here, we utilize a

Internal parameters of particles

€ R, is a parameter regarding accumulation of stress and



TABLE |

following potential function. The destination is set at origin.
NUMBER OF SUCCEEDED TRIAL AND SUCCESS RATE

Us(q) = arq” qexp ( (@ —aqr)"(q— Qk)) (10)

bi Original Contour Proposed
Case 1| 210 (70.0%)| 267 (89.0%)| 275 (91.7%)
ar € Ry andb, € R are parameters. When we talfg =0 Case 2| 67 (22.3%) | 251 (83.7%)| 279 (93.0%)

and takeb, large enoughlJ; is treated ad/, := Uy. And
(10) can be repulsive potential function if we talge as

lgil|? — b2 If we set more particles initially, generated path would be
= FAE 9o pre-circumvent motion and the performance should improve.
i " . ) _ Thus we can generate efficient motion of robot using appro-
q, € R is position ofith obstacle and thefi;, has its local - ja40 setting of particles. And even if improper settings is
maximum atg,. Uj is represented in the same way . ~ jone the robot would produce particles in accordance with
Initial position of placed particle is determined as descrlbeaS stress parameter. This can be seen in Fig. 5 that depicts
below. qi—q the transition of internal parameters through the experiment.
m +rufu From_the top of the figures and b;', of two initial particles
andb,, of three added particles are shown.

q+rq

g4 € R” is destination andf, € R™ is a function outputs
vector that has uniformly distributed elements in the interva®. Randomly positioned obstacles
(-1,1). r¢ € Ry andr, € R, are positive parameters. Obstacles are located in randomly determined positions
Particles basically precede the robot, because they shoutd following experiments. In particular, the initial robot
not affect the robot motion immoderately and their functiorposition and the destination are fixied (@ 0) and (10, 10)
is searching of potential field. In parallel, particles need tgespectively, and obstacles are uniformly distributed in an
help the robot when it gets stuck in local stable region, so #pen interval(1,9) with respect to each axis. Number of
would be desirable to set the initial position of particle, opbstacle is also chosen as uniform random numbers from 1
rq andr,, at front of robot, not so far position. to 10 in Case 1 and 11 to 20 in Case 2. Number of trial is
300 and each trial is executed at a time intef0a80]. Other
parameters are the same as the experiment of Section IV-A.
To show the characteristic features of proposed method, §||q, — ¢|| < 1 is satisfied at = 30, the trial is judged
environment set U-shaped obstacle is simulated. Followings syccess. Proposed method and original artificial potential
set of initial parameters are chosen. = 0.5, by = 400,  field method and original method with contour feedback are
initial state of robotgy = (0,0), aj, = 0.5, b, = 0.001,  tested. The number of succeeded trials and success rates are
ra = 3, r, = 15, m = 4. Positions of obstacles are tapylated in Table I. It is remarkable proposed method have
(6,6), (5,7), (7,5), (4,8), (8,4), (3,7), (7,3), (2,6), (6,2),  kept high success rate even though the complexity of the
(1,5), (5,1), and corresponding:;,, b)) are(1.5,1), (1.4,1),  environment increased.
(1.4,1), (1.2,1), (1.2,1), (0.9,1), (0.9, 1), (0.8,1), (0.8, 1),
(0.4,1), (0.4,1). T =2,T, =2, J = [01; =1 0], sy, = 1.8, V. CONCLUSION
A=1, 6; =1, /\j, = 0.1, x = 0.5. Additional particles are  In this paper, artificial potential field method utilizing
set byry = 2, 7, = 1. And the velocity of robot and particles particle swarm and its internal parameter has been presented.
have their maximum at and 2 respectively. Sampling rate Particles embedded dynamics of ordinal artificial potential
is 100[ms] and whole simulation time i87[s]. field method search local stable region. Each particle ac-
Resulted trajectories of robot and particles are depictesimulates stress as an internal parameter in local stable
in Fig. 4. Square represents robot, five-pointed star does thegion and it broaden assigned repulsive potential function
destination, crosses do obstacles, upward-pointing trianglabbng with increase of the internal parameter. Additionally,
do initial particles, and downward-pointing triangles doparticles are added in accordance with the internal parameter
added particles respectively. Contour(of+ U, + 7" Ulis  of the robot to vary the stressful environment. The robot plan
also depicted. In Fig. 4(a), robot and initial particles starteds motion with the compensated artificial potential function
approaching to the destination and go into interior of Uand a feedback oriented to contour of sum of obstacles’
shaped obstacle. Obviously there exists local stable regicamd particles’ repulsive potential functions. Computational
o) bj, ands increase gradually. Then the preceding particlesxperiments showed the effectiveness of proposed method
compensate the local stable region by increasé,ofand especially in complex environment.
the robot starts circumvent motion without searching back Narrow skirted and plentiful particles would generate pre-
of it. However, In Fig. 4(b), the robot moved few distancesgise motion, but there is a trade-off between computational
because the local stable region could not be fully compemost and performance, so the evaluation of this term is future
sated just by the initial particles. So the robot is stressadork. And parameter of contour feedbagkis fixed in this
and produce new particles in front at short time intervalgaper. x controls the direction and weight of circumvent
Finally in Fig. 4(c) the robot succeeded to circumvent Umaotion. Obvioulsy performance of system could improve
shaped obstacle and arrived global stable terrain. if it is selected appropriately. As a expanded virtual robot

A. U-shaped obstacles
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body, or a kind of inverse model, another type of particle

would be available to determine. Finally, this method is

originally invented as reference input for control systenlll
of mobile robot. We are going to construct comprehensive

system supposed for dynamic environment in the future.
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