
A Modi�ed Potential Fields Method for RobotNavigation Applied to Dribbling in RobotiSoerBruno D. Damas, Pedro U. Lima, and Luis M. Cust�odioInstituto de Sistemas e Rob�otiaInstituto Superior T�enio, Av. Roviso Pais, 1, 1049-001, Lisboa, PORTUGALbdamas�math.ist.utl.pt, pal�isr.ist.utl.pt, lmm�isr.ist.utl.pthttp://sorob.isr.ist.utl.ptAbstrat. This paper desribes a modi�ed potential �elds method forrobot navigation, espeially suited for uniyle-type non-holonomi mo-bile robots. The potential �eld is modi�ed so as to enhane the relevaneof obstales in the diretion of the robot motion. The relative weightassigned to front and side obstales an be modi�ed by the adjustmentof one physially interpretable parameter. The resulting angular speedand linear aeleration of the robot an be expressed as funtions of thelinear speed, distane and relative orientation to the obstales. For so-er robots, moving to a desired posture with and without the ball arerelevant issues. To enable a soer robot to dribble a ball, i.e., to movewhile avoiding obstales and pushing the ball without losing it, under se-vere restritions to ball holding apabilities, a further onstraint amongthe angular speed, linear speed and linear aeleration is introdued.This dribbling behavior has been used suessfully in the robots of theRoboCup Middle-Size League ISoRob team.1 IntrodutionThe navigation problem for a mobile robot in an environment luttered withobstales is a traditional problem in Robotis. Some variations, suh as dynamisvs. stati obstales or non-holonomi vs. holonomi robots make it harder tosolve [5℄. Other issues suh as a ar with a trailer moving bakwards or pushingan objet an also be of pratial interest. In the latter ase, onstraints mustbe imposed on the robot linear and angular veloities so as to ensure that thepushed objet is not lost.An algorithm (Freezone) to solve the navigation problem for a mobile robotendowed with omni-diretional vision, sonars and odometry, with a partiular-ization for soer robots, has been introdued in previous work [6℄. The algorithmwas designed to move the robot towards a desired posture while avoiding obsta-les, using omni-diretional vision-based self-loalization to reset the odometryafter some relevant events, and a sonar ring to detet the obstales. The applia-tion of this algorithm to roboti soer was mainly foused on moving the robot,



without the ball, towards a desired posture. However, nothing is said on howto move the robot with the ball and simultaneously avoiding other robots (e.g.,dribbling). Only a few teams of the RoboCup Middle-Size league are apableof dribbling the ball. Dribbling is aomplished either by a suitable mehanialdesign of the robot [2℄ or by path planning [7℄. In the latter work, problems maybe experiened in the presene of fast moving robots. Furthermore, it is not learhow the onstraints on angular and linear speeds are spei�ed.Some of the design features of the Freezone algorithm were oneived to avoidproblems displayed by other navigation methods available in the literature (see[6℄ and the referenes therein). Among those is the well-known potential �eldsalgorithm [3℄. The original potential �elds algorithm was designed to drive holo-nomi vehiles. Nevertheless, it an be modi�ed in di�erent ways to handle non-holonomi onstraints suh as by projeting the resulting �eld on the possibleaeleration vetors, as in the generalized potential �elds method [4℄.This paper introdues an alternative approah where the generalized poten-tial �eld is modi�ed so as to enhane the relevane of obstales in the diretion ofthe robot motion. The relative weight assigned to front and side obstales an bemodi�ed by the adjustment of one physially interpretable parameter. Further-more, the resulting angular speed and linear aeleration of the robot, obtainedunder the modi�ed potential �eld method, an be expressed as funtions of thelinear speed, distane and relative orientation to the obstales. This formulationenables the assignment of angular and linear veloities for the robot in a naturalfashion, physially interpretable. Moreover, it leads to an elegant formulation ofthe onstraints on angular speed, linear speed and aeleration that enable asoer robot to dribble a ball, i.e., to move while avoiding obstales and pushingthe ball without losing it, under severe restritions to ball holding apabilities. Itis shown that, under reasonable physial onsiderations, the angular speed mustbe less than a non-linear funtion of the linear speed and aeleration, whihredues to an aÆne funtion of the aeleration/speed ratio when a simpli�edmodel of the frition fores on the ball is used and the urvature of the robottrajetory is small. This dribbling behavior has been used suessfully in therobots of the RoboCup Middle-Size League ISoRob team.This paper is organized as follows: in Setion 2, the generalized potential�elds method, its virtues and shortomings, are revisited. Setion 3 desribesthe modi�ed potential �elds method introdued in this paper. The appliationof the method to dribbling a ball in roboti soer is introdued in Setion 4,by determining physial onstraints on the expressions for angular and linearaeleration obtained in the previous setion. In Setion 5 some experimentalresults are presented and Setion 6 onludes the paper.2 Generalized Potential Fields MethodThe traditional potential �elds method of avoiding obstales onsists of evalu-ating a repulsive fore for eah obstale. That evaluation is made taking intoaount the distane to the obstale and the relative veloity between the robot



and the obstale(s). An attrative fore that tends to drive the robot to its targetis also alulated. Eah of these fores has the diretion of the objet that gaverise to it. The attrative fore aelerates the robot towards its target while therepulsive fores aelerate in the opposite diretion of the obstales.In the generalized potential �elds method [4℄ the absolute value of eah re-pulsive vetor is obtained usingjaj = �v2d�� v2 ; (1)where � is the maximum aeleration available to the robot and v and d arerespetively the veloity omponent in the obstale diretion and the distaneto that obstale. Expression (1) arises when the repulsive potential is de�ned asthe inverse of the ritial time interval until a ollision happens. This potentialis in�nite when the estimated time until a ollision takes plae equals the timeneeded to stop the robot using full bakward aeleration.This method has some serious drawbaks: it is not always possible for non-holonomi vehiles to aelerate in the diretion given by the resulting forevetor, and so the potential �elds onept is not fully appliable; also, when anobstale is lose enough, the singularity of (1) is reahed due to errors ausedby the sensors sampling time and the unavoidable noise ontained in the sensorsmeasures, leading the robot to an undesirably unstable behavior.Despite not being well suited for non-holonomi vehiles, the potential �eldsmethod is very appealing, sine it allows the use of other several navigationmethods within the framework of a behavior-based arhiteture [1℄, using anindependent potential �elds module for obstales avoidane and other modulessuh as path planning or pose stabilization to drive the robot to its target. In fat,the potential �elds method impliitly de�nes suh a behavior-based arhiteture,where the evaluation of the sum of repulsive fores ats as one module and theevaluation of the attrative vetor ats as another module, the robot atuationsbeing simply a result of the vetorial sum of the output of eah module.Therefore, a solution more suitable than just replaing, in the navigationsystem, the potential �elds method by a di�erent method, is to modify it fornon-holonomi vehiles in suh a way that the method modularity is preserved.3 Modi�ed Potential Fields Method - the Uniyle CaseThe kinemati model of the uniyle vehile represented in Fig. 1 is given by� vw � = � r=2 r=2r=2L �r=2L� �wRwL � (2)where v is the speed of the robot, w = _� is the angular veloity of the robot,wR and wL are the rotating speeds of the right and left wheels, r is the wheelsradius and L is half of the distane between the ontat points of eah wheel.The non-holonomi nature of a uniyle vehile does not allow movements inarbitrary diretions. The instantaneous veloity of the robot has always the same



Fig. 1. Kinematis modeldiretion as the robot heading (the vehile body frame is depited in Fig. 1). Soit is muh more natural to state the repulsion aeleration in two independentomponents: the �rst omponent is the normal aeleration (along the y-axis)and is given by ay = vw; the seond omponent, the tangential aeleration of therobot (along its diretion of motion, the x-axis), is equal to the time derivativeof the instant veloity. The key point here is that the vetorial sum of these twoaeleration omponents does not neessarily need to have the diretion of the�titious line that onnets the obstale and the robot, as was the ase whenusing the generalized method. In fat it an be a better approah to design therobot behavior separately in terms of its angular and linear speed in the preseneof obstales.3.1 Potential FieldsThe idea behind the potential �elds method is the analogy with the movementof eletrially harged partiles in free spae: eah one is repelled by the partileswith equal signs and attrated to the partiles with opposite signs. The foreexerted by one partile on another has always the diretion of that partile, withan orientation opposite to the partile if the partiles have the same sign and theopposite orientation when the partiles have di�erent signs. The intensity of theeletrostati fore does not depend on the veloity of the partiles: sine the �eldis radial it is suÆient to know the distanes between them to ompletely de�nethe potential funtion. This is a natural onsequene of the absene of restritionson the movement. Nevertheless it is not muh useful to at regarding a repulsivefore generated by an obstale whose position an hardly be reahed due tothe robot kinematis restritions. Instead of using a Eulidean distane, onean \shape" the potential �eld to the non-holonomi nature of the robot. In theuniyle ase, in the absene of slippage, there is a restrition of movement alongthe y-axis: vy is neessarily equal to zero for all times, and so it is onvenientto inrease the repulsive fore along the x-axis sine the veloity has only a



omponent along that axis. There are many di�erent possible potential �eldshapes: the triangular potential �eld and the ellipti potential �eld are only twoexamples. The former is desribed by the equationjyj = �jxjm + d (3)while the latter is given by y2d2 + x2(md)2 = 1 : (4)In both ases x and y are the obstale oordinates in the vehile referential,d is the potential value for that partiular obstale and m is a onstant thatde�nes the potential �eld "streth" along the feasible diretion of movement(the x-axis in the uniyle ase). The onstant m usually has a value greaterthan 1, meaning that the potential value of an obstale plaed along the y-axisequals the potential value of the same obstale plaed at a distane m timeslarger along the x-axis. If the potential value is expressed in terms of x and y,then d = jxjm + jyj (5)and d =ry2 + x2m2 (6)for the triangular and ellipti potential �elds, respetively. It an also be usefulto express these potential �elds in polar oordinates, respetively,d = r� 1m j os'j+ j sin'j� (7)and d = rr 1m2 os2 '+ sin2 ' ; (8)where ', the orientation of the obstale relative to the robot, and r, the ob-stale distane, are obtained by the usual transformations, r = px2 + y2 and' = artan(y=x). The ontour lines for both potential �elds an be seen inFig. 2. Note that, in the generalized potential �elds method [4℄, the potential�elds are desribed by d = r= os', sine only the veloity omponent in theobstale diretion is taken into aount. Note that generally the potential valueorresponds to a distane to the robot using a di�erent, non-Eulidian metri.The generalized potential �elds method also leads to a "streth" of the potential�eld in the diretion of movement (see Fig. 3), as is the ase of the triangularand ellipti potential �elds when m > 1 . Also note that if we set m = 1 in theellipti ase a irular potential �eld is obtained and the distane in terms ofpotential beomes an Eulidean distane.Up to now nothing has been said about the navigation through the obstalesand the repulsive fores themselves; in fat, the only purpose of this setion was
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(a) Triangular �eld −2−1.5−1−0.500.511.52
0

0.5

1

1.5

2

2.5

3

3.5

4

Y

X

(b) Ellipti �eldFig. 2. Field ountour lines, with m = 2to oneive the idea of a non-Eulidean distane that an prove itself more usefulwhen taking into onsideration the non-holonomi restritions of the robot. Thenavigation algorithms will be presented in the next sub-setions.
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Fig. 3. Potential �elds used in (1)
3.2 Normal Repulsive AelerationThe total applied aeleration in the diretion perpendiular to the movementis simply equal to the sum of individual normal aelerations, ay = ay1 + ay2 +ay3 + � � �. Sine ay = vw, where v is the robot linear speed, the last expressionan be written as w = w1 + w2 + w3 + � � � : (9)



This means that the total normal aeleration of the robot is given by the sumof individual angular veloities applied to that robot, apart a sale fator.Should the robot generate the same path independently of its linear speed,given an obstale on�guration and the initial onditions, one must ensure thatits urvature funtion C for those obstales is independent of the linear speed.Noting that C = w=v, if, for eah obstale i,wi = (di) � v ; (10)where (di) is a funtion of the distane di to the obstale (measured usingthe hosen potential �eld), then C = (di) and the urvature funtion beomesdependent only on the position of that obstale. Generally that funtion is as-sumed to derease with distane: one again there are several andidates for theurvature funtion. (d) ould be any of the following:j(d)j = Gd�D ; (11)j(d)j = G(d�D)2 ; (12)j(d)j = �G(1� d=D) if d < D0 otherwise : (13)G is an overall gain and D is a parameter that ontrols the derivative of theurvature funtion with respet to d, the distane of the target to the enterof the robot. D has distane units and in the ase of (11) and (12) must bedimensioned in order to guarantee that D < R, where R is the robot radius (ifit were not so the urvature funtion ould reah a singularity). A areful hoieof values of D and G is ritial in what onerns to the robot performane.The signal of the urvature funtion is given by(d)j(d)j = � 1 ��2 � ' < 0�1 0 < ' � �2 : (14)For ' = 0 the signal is unde�ned: it an be randomly assigned, but when multipleobstales exist there are other possible approahes (see Setion 3.5).3.3 Tangential Repulsive AelerationThe total tangential aeleration is also given by the sum of the individualtangential omponents, ax = ax1+ ax2+ ax3+ � � �, whih an be transformed to_v = _v1 + _v2 + _v3 + � � � : (15)For eah obstale, the tangential repulsive aeleration an be projeted inseveral ways: usually it should inrease when the obstale gets loser and should



derease when the robot goes slower. This aeleration depends on the speed ofthe robot and the distane to the target as well,_v = F (d; v; : : :) ; (16)although it an also depend on the time derivatives of v and d when a dynamirelation is used instead of a stati one (e.g., a PID ontroller).There is no need to use the same parameters, not even the same potential �eldshapes, when modeling the normal and the tangential repulsive aelerations:those two omponents are atually independent.3.4 Attrative AelerationTo drive the robot to its desired �nal posture an attrative module is needed. Thismodule an onsist of a path-follower or a posture stabilizer by state feedbak.For example, a simple ontroller one an design is�w = Kw(�ref � �)_v = Kv(vref � v) ; (17)where �ref and vref are respetively the desired angle and veloity and Kv andKw are ontroller parameters to be tuned. �ref is de�ned as�ref = artan� yref � yxref � x� ; (18)where (xref ; yref ) is the robot target position and (x; y) its urrent position. Theontrol algorithm is simple and the study of its stabilization properties is outof the sope of this work: the goal is simply to ahieve the target position witha simple ontroller. Nevertheless, despite its simpliity, these ontrollers haveproven to be quite satisfatory when onjugated with the obstale avoidanemodules.Equations (9) and (15) simply state that after the obstale avoidane modulesare designed the modules responsible for getting the robot to its target posturean be added by simply summing the respetive aeleration omponents.3.5 Multiple ObstalesAlthough (9) and (15) are extremely attrative, suggesting a natural sum of thetangential and normal omponents relative to the respetive obstales, suh anapproah has serious drawbaks: two small obstales plaed side by side wouldgive rise to a repulsive fore muh more stronger than the repulsive fore ausedby an obstale with an equivalent size and plaed at the same position. Moreoverin many ases an autonomous robot has aess only to measurements providedby, e.g., a sonar or infrared ring plaed around it, and has no lue on whether thereading of two ontiguous sensors belongs to distint obstales or to the sameobjet. A possible solution is to onsider only the most ritial obstale at eah



side of the robot, determining the nearest left and right obstales and disardingall the others. In the tangential repulsion ase it suÆes to get the nearest frontobstale, and so the repulsive aelerations beome de�ned aswobs = (dLMax) � v + (dRMax) � v (19)and _vobs = F (dFMax; v; � � �) ; (20)where dLMax, dRMax and dFMax are respetively the minimum obstale distaneat the left side, right side and front side of the robot, and F is a suitable fun-tion. When the nearest obstale is loated preisely in front of the robot, (19)beomes unde�ned; it is not reommended then to hoose randomly the side towhih assign that obstale, sine suh an approah an be a ause of undesirableunstability. One an alulate the seond nearest obstale and then assign thenearest obstale to the seond nearest obstale side, reating a kind of hysteresisthat prevents the robot \hesitation". The robot atuations are �nally given byw = w + wobs_v = _v + _vobs ; (21)where w and _v are the attrative aelerations that try to drive the robot to its�nal target and wobs and _vobs are the repulsive aelerations due to the obstales,de�ned in (19) and (20).4 DribblingTo keep the ball ontrolled near the robot while the robot moves is a ruial anda hallenging problem under the RoboCup Middle-Size League rules. ISoRoband other teams developed a ipper mehanism in order to dribble a ball better.It is only possible to keep the ball between the ippers while navigatingthrough obstales if the inertial and the frition fores exerted on the ball areable to balane or overome the torque originated by the entrifugal fore at theontat point (see Fig. 4). This means thatsin(� + �)Ftrf � os(�+ �)(Ffr + Fin) ; (22)where Ftrf , Ffr and Fin are respetively the entrifugal, the frition and theinertial fores, and where the angles are given by� = arsin Rb � LfRb (23)and � = artan L1=C : (24)L is the distane between the midpoint of the robot and the midpoint of theball, Rb is the ball radius, C is the instant urvature of the robot and Lf is the



(a) Overview (b) DetailFig. 4. Fores ating on the ballippers width. It is assumed that the robot is turning left, i.e., w > 0 and thatv > 0. Note that, although the ball is \attahed" to the robot, its veloity is onlyequal to the robot veloity if the instant urvature is null; in the most generalase, sine Cbvb = Cv, the robot and the ball speeds are related byvb = 1os� v ; (25)where v and vb are the robot speed and the ball speed. Cb is the instant urvatureof the ball, whih an be obtained by1Cb �s� 1C�2 + L2 : (26)The inertial, entrifugal and frition fores an be replaed, aording to theirde�nitions, by Ftrf = mbCbv2b = mb Cos� v2 ; (27)Fin = mb _vb = mb _vos� (28)and Ffr = mbafr ; (29)where mb is the mass of the ball and afr is aeleration aused by the fritionfore. Expression (22) onsequently beomes Cv2 � ot(� + �)[os(�)afr + _v℄,leading to w � ot(�+ �) �os(�)v afr + _vv� : (30)



The frition between the ball, the robot and the oor is usually very hardto model aurately, as it usually does not depend exlusively on the ball speedand its derivatives. If, for the sake of simpliity, only the term proportional tothe ball speed is taken into aount when evaluating the frition fore, e.g.,afr = �frvb = �fr vos� ; (31)where �fr is the frition oeÆient, then (30) beomesw � ot(�+ �) ��fr + _vv� : (32)Finally, when the urvature C of the robot is small enough, orrespondingto a large urved path, (32) simpli�es tow � ot(�) ��fr + _vv� : (33)Sine � is onstant, (33) an be written asw � A+B _vv ; (34)where A = ot(�)�fr and B = ot(�).The onstant B is easily obtained sine it depends only on the geometry ofthe robot and the size of the ball. Constant A must be determined empirially.Note that (34) is only a valid expression when the urvature is small enough; inthe most general ase one should use (32). This model assumes that the robotis always turning to the same side. When this is not the ase and the roboturvature funtion hanges the ball goes from one ipper to another. Usuallythat leads to some bouning, whih an atually be a serious problem. Note alsothat a more sophistiated frition model may be needed to get better results.Expression (34) states the dribbling fundamental restrition on the robotmovement. Usually the angular veloity is bounded in order to meet ondi-tion (34), although other more omplex shemes may be found, restriting bothw and _v, that meet that ondition.5 Experimental ResultsThe attrative aeleration omponents were obtained using very simple on-trollers, namely those referred on (17), with Kw = 3 and Kv = 0:4. The re-pulsive normal aeleration was based on (13), while the tangential aelerationwas based on a PD ontroller whose error is a funtion of distane also givenby (13). Both normal and tangential repulsions use an ellipti �eld with m � 2.All the experiments were performed using the robots of the ISoRob team. Thestart point was (�3:5; 0) | left side of the amp | and the target position was(3:0; 0) | in the right side of the amp.



Note that, as pointed out in Setion 3.2, theoretially (10) makes the ur-vature funtion independent of the robot speed. However the robot dynamise�etively ontribute to a degradation of the robot performane, espeially athigh speeds. To take that e�et into aount, the parameter D of equation (13)is a linear funtion of v, providing the robot with a faster response to obstalesat high speeds. Fig. 5 presents the robot path in the presene of obstales andthe orrespondent speed pro�le. Fig. 6 shows how the behaviour of the robothanges when the dribbling restrition is ative, with A = 0:3 and B0 = 0:19.The value B0 = B=T , where T is the sampling time, is referred beause a disretetime version of equation (34) was used.
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In Fig. 6(a), after the mid-�eld obstale, the robot follows a wider path tokeep ball. It is also visible in Fig. 6(b) that the speed never dereases, sine thiswould leed to a ball loss.Finally, Fig. 7 shows the robot response in a luttered environment. Thedribbling limitations presented in Setion 4 reate onsiderable diÆulties tothe task of traversing suh a luttered environment, unless the referene speedof equation (17) is a very low one, dereasing the normal aeleration obtainedfrom the obstale avoidane module (see equation (10)).
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t (s)(b) Speed pro�leFig. 7. Obstale avoidane in a highly luttered environment (vref = 1:0m/s)6 ConlusionsThis paper introdued a modi�ed version of the generalized potential �eldsmethod. The modi�ation allows di�erent potential �eld shapes \strethable"by hanges in one parameter. It also allows a deoupled spei�ation of the tan-gential and normal omponents of the aeleration aused by an obstale. Theseaelerations an be seen as disturbanes ating on the robot e�orts to go to itstarget posture, based on a suitable losed loop guidane ontroller. This algo-rithm, suh as all the other potential �eld based methods, an lead to situationswhere the robot beomes trapped in a loal minima situation, in partiular inhighly luttered environments. This does not pose too muh of a problem sinethat is preisely the underlying philosophy of that kind of method: to provide asimple and fast, although non-optimal, way of moving to a desired posture whileavoiding ollisions with other objets (this method is omputationally unexpen-sive, sine it only needs to perform some simple alulations for eah obstaledistane measured). The independene of the normal and tangential omponentsof repulsive aeleration formulated in Setion 3 an nevertheless provide a bet-ter way of avoiding those loal minima if the normal aeleration is preferred overthe tangential aeleration, leading to a behavior where the robot only brakes
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