
Multi-sensor Navigation for Soer RobotsCarlos F. Marques, Pedro U. LimaInstituto de Sistemas e Rob�otiaInstituto Superior T�enio, Av. Roviso Pais, 1 | 1049-001 Lisboa, PORTUGALfmarques,palg�isr.ist.utl.pthttp://sorob.isr.ist.utl.pt/Abstrat. This work introdues a method for robot navigation in stru-tured indoors environments, based on the information of multiple sen-sors. Guidane ontrol is based on odometry, reset at some time instantsby a vision-based self-loalization algorithm introdued in previous work.Sonar data is used to avoid and go around obstales. Results from theappliation of the omplete navigation system to a real robot moving ona RoboCup soer �eld are presented.1 IntrodutionNavigation is the robot subsystem that allows the robot to determine its ur-rent posture �i=(xi, yi, �i) and move autonomously from an initial posture �ito another target posture �f=(xf , yf , �f ), without olliding with obstales. Fig-ure 1.a) shows a blok diagram of a Navigation system. The robot vehile anbe haraterized by its Dynamis and Kinematis. The wheel angular veloitiesare ontrolled in losed loop, by the losed loop atuator ontrollers. The Guid-ane ontroller adjusts the vehile trajetory, by generating referenes for thelosed loop atuator ontrollers, so as to take the robot from the initial postureto the target posture, avoiding the obstales in between. The Self-loalizationalgorithm plus the odometry system estimate the robot posture.The ability to navigate at relatively high speeds through an environmentluttered with stati and dynami obstales is a ruial issue for a mobile robot.Most roboti tasks require a robot to move to target postures adequate to arryout its planned ativities. In roboti soer, this inludes faing the opponent goalwith the ball in between or overing the team goal by positioning itself betweenthe ball and the goal, while avoiding the �eld walls and the other (stopped andmoving) robots.The most usual approah to mobile robot navigation onsists of planninga path between the urrent and the target postures [1, 10℄. Path planning istypially based on a priori or sensor-based full knowledge of the surroundingenvironment. Furthermore, due to the robot kinemati onstraints, the plannedpath must be onverted into feasible motion. The whole proedure is thus time-onsuming, espeially when frequent re-planning is needed to handle dynamienvironments [1℄. Therefore, this is not the most onvenient method for highspeed motion within environments luttered with dynami obstales. An elegant



solution onsists of formulating the guidane problem for non-holonomi vehilesas one of reahing a desired �nal posture through time-varying non-linear statefeedbak [9℄. This method allows on-line hanges to the desired �nal posture, andensures stabilization in the �nal posture, but the inorporation of (even stati)obstales is not onsidered. It may also lead to large and/or osillating trajeto-ries. The Potential Field Method [4, 7, 8℄ attempts to handle these problems byadding a repulsive aeleration originated by sensed obstales and an attrativeaeleration vetor that pulls the robot towards the target posture. Unfortu-nately, in its original formulation, this method has some shortomings, suh asthe loal minima problem, when the robot gets inside an U-shaped obstale,osillations in the presene of obstales, no passage between losely spaed ob-stales and osillations in narrow passages [2℄. An alternative is the Vetor FieldHistogram (VFH) [3℄, method, where the robot �nds the open spaes betweenthe obstales and hooses the heading losest to the target as the diretion forsafe motion. Minguez and Montano developed the Nearness Diagram Navigation(NDN) method [6℄ where the VFH is used, but in this ase two polar diagramsare introdued: the Nearness Diagram from the Central Point (PND), to �nd thesafe passages in between the obstales, alled valleys, and the Nearness Diagramfrom the Robot (RND), used to verify the robot safety onditions. The workdesribed in [2, 6℄ is applied to holonomi robots only.In this paper we onentrate on guidane ontrol and introdue a guidaneontrol method for non-holonomi (di�erential drive) vehiles, based on odom-etry reset by a vision-based self-loalization algorithm desribed in a previouspaper [5℄, endowed with sonar-based obstale avoidane. The guidane ontrolleris used in the �eld robots of the RoboCup middle-size league ISoRob team, fullyintegrated in the state mahine that oordinates task exeution. The odometryis reset at spei� states, suh as at restart time or before returning to homeposition. The algorithm an be generally applied to strutured indoors envi-ronments, provided that visual features an be observed by the self-loalizationmethod [5℄.2 The Freezone MethodBorenstein et al.[3℄, introdued the onept of Vetor Field Histogram (VFH),based on a two-stage data redution tehnique, with three levels of data repre-sentation. The �rst level is the desription of the robot environment, where atwo-dimensional Cartesian histogram grid is ontinuously updated. In the se-ond level the Cartesian histogram is mapped onto an one-dimensional PolarHistogram that desribes the density of obstales around the robot. In the lastlevel, the method determines the open spaes among the obstales (valleys), anduses them as andidates to possible robot trajetories. The method selets thevalley loser to the diretion to the target.The Nearness Diagram Navigation, introdued by Minguez and Montano[6℄,an be desribed as follows. First, two nearness diagrams are introdued: theNearness Diagram from the Central Point (PND), used to �nd the valleys and one
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b)Fig. 1. a) Navigation System. b) Coordinate Systems .of the regions is seleted for the robot to pass, and the Nearness Diagram fromthe Robot (RND), used to evaluate the robot safety situation. After seleting thefree region, and analyzing the safety situation of the robot, the algorithm hoosesone navigation strategy based on 5 di�erent heuristis that over all safety ases.The navigation heuristi hooses the steering angle for the safe path of the robotand, based on this angle, determines the rotational and translational veloitiesfor the robot.We have developed a guidane ontrol method, named Freezone, that mergesthe VFH and NDN algorithms, adapting them for non-holonomi (di�erentialdrive) robots. Some modi�ations were introdued, namely the use of a spatialmask that allows �nding the valley andidates, and the introdution of a heuristithat allows to avoid osillations when a small obstale is in between the robotand the target position.The oordinate systems used in this work are presented in Fig. 1.b). In the�gure, pWi (t) = (xWi (t); yWi (t)), is the position of the robot enter in the worldframe fWg at eah time instant, �i(t) is its heading in the same frame and��target is the angular error of the robot heading at the initial posture withrespet to (w.r.t) the heading towards the target frame origin pWf (t):��target = artan yWf � yWixWf � xWi !� �i: (1)Here and heneforth, we will use, to simplify the notation, p(t) = pWi (t).The Freezone algorithm steps are:1. At eah time t reate a polar diagram entered with the origin p(t) of fRg,using the information of the distane to obstales obtained from the sensors.2. Find in this diagram all the possible andidate angles that will let the robotmove safely. The andidates are the \valleys" of the diagram that allow thesafe passage of the robot without bumping into obstales. To �nd \valleys"



in the diagram a mask was reated. This mask represents an angular inter-val with a minimum distane to the obstales that allow the robot to passbetween them.3. Choose, among the andidates, the one that minimizes the initial relativeheading ��target w.r.t. the line onneting pWi to pWf subtarget, should therobot head towards that valley.4. The safety ondition of the robot is analyzed, and desribed as Low Safetyor High Safety. Low Safety ours if there is an obstale inside a irulararea, entered on the robot, with radius dmax. High Safety ours otherwise.5. During the robot motion, the desired rotation ��(t) suggests the referenefor the rotational veloity to be:!(t) = 8<:�!max ��(t) < ��2!max��(t)�=2 ��2 � ��(t) � �2!max ��(t) > �2 (2)where !max is the maximum rotational speed of the robot;6. The safety ondition of the robot is used to hoose between two ontrol lawsfor the translational veloity of the robot:v(t) = 8>><>>:vmax �dobs(t)dmax ��1� �����(t)�=2 ���� If Low Safetyvmax �1� �����(t)�=2 ���� If High Safety (3)where:vmax is the maximum speed of the robot;dobs is the distane to the losest obstale;�� is the desired rotation angle of the robot.The �rst equation has two terms that derease the veloity in the presene ofan obstale (linear veloity dereases with the distane to the obstale) andwhen turning. A saturation was imposed to the rotation of the robot, �� 2[��=2; �=2℄. At the saturation limits, the robot must turn with maximumangular veloity, and no translational veloity, thus leading to quik turnstowards the desired heading.3 Freezone Applied to Soer RobotsThis algorithm was implemented in all the Nomadi SuperSout II robots of theISoRob team. The sensors used for obstale avoidane were the robot sonars,while odometry was used for guidane, reset after the ourrene of some ritialsituations (e.g., after bumping) by the vision-based self-loalization method de-sribed in [5℄. The implementation of the Freezone algorithm in the robots wasas follows.



Model Identi�ation All the model parameters were determined, from thesafety region limits to the maximum rotational and translational speeds, as wellas the maximum robot aeleration, and the onditions that ensure a safe path.The resolution of the setors is 22.5 degrees entered with eah sonar, being thegeometri on�guration of the sonars used as setors S = fs1; s2; :::; s17g. Forexample s9 is the setor of the sonar loated at the front of the robot. We alsodenote Sri as the reading of the setor (sonar) i.One of the restritions onsidered in the setor on�guration used was therobot geometry. The robot is a ylinder with 20.7 m of radius and a kikerdevie 14 m long (lk) and 24 m wide (wk). The robot must be allowed torotate near a wall. Another restrition was that the robot must keep its distaneto a wall without steering. This restrition is very important to solve one of theproblems of the Potential Fields method. Without this restrition, the robot,while following a wall, starts to osillate. Imposing the restrition it is possibleto maintain the veloity of the robot when near to a wall or obstales, even whenthe angle between the target and the robot is more than 90 degrees.For the �rst restrition the maximum distane a from the enter of the robotto the outmost point of the robot was measured, and this distane was onsideredto be the minimum distane (dmin) from a wall, so that the robot is allowed torotate near a wall. For the robots used the distane was dmin = 35m.
d

d

d

ddFig. 2. Expeted sonar measurements when traveling near a wall.The expeted sonar measurements when traveling near a wall were omputed.These are shown in Fig. 2.To ompute the safety regions, some parameters must be determined �rst:the maximum aeleration, veloity and sample time of one sonar yle. Fromthe manufaturer's data, the robot maximum aeleration is amax =0.8 m/s2,the maximum veloity used is vmax =0.6 m/s and the sonar sample time isTsample = 0.032 s.At vmax, the robot needs to break until it stops, within a distane dvmaxstopgiven by:



dvmaxstop = v2max2amax : (4)The distane dsamplesonars traversed by robot with veloity vmax during onesonar yle is given by dsamplesonars = vmax � Tsample: (5)The Minimum Safety Distane dSafemin when the robot moves at vmax isthus given by dSafemin = dmin + dvmaxstop + dsamplesonars: (6)

Fig. 3. a) Mask with the geometri on�guration of the setors; b) Typial Polar His-togram, showing the set S of setor andidates.In this implementation, dmin=35 m, dvmaxstop=22.5 m , dsamplesonars=2m hene dSafemin=59.5 m.The dSafemin was used to evaluate the geometri setor on�guration ofthe setors used and to �nd the Maximum Safe Distane dmax (whih must begreater than or equal to dSafemin) inside whih the obstales are onsidered.In this implementation dmax=100 m. In Fig. 2, d1 and d2 are the alulateddistanes from the robot enter to the walls, read by the sonars si�2, si�1, si,si+1 and si+2.After identifying the model, the algorithm proeeds as explained in the fol-lowing subsetions.Polar diagram A polar diagram is reated with the information given fromthe robot sonar sensors, as desribed in step 1 of setion 2. In this implemen-tation, the polar diagram is omposed of the information given by the sonarsonly, with an auray of 22,5Æ, from -180Æ up to 180Æ, where 0Æ is the angleorresponding to the veloity axis of the robot. Figure 3.b) shows a typial robotpolar histogram.



Find the possible andidates For model identi�ation purposes, the on�g-uration used for the setors was omputed (see Fig. 2), and a mask with thosesetors was reated, as shown in Fig. 3.a).This mask was used to determine in whih diretions of S the robot an travelwithout endangering itself, as desribed in step 2 of Setion 2. The algorithmuses the mask in the polar diagram, to �nd all the safe diretions for the robotpassage (step 2 of Setion 2). The safety diretions are olleted into a vetorS = (s1; ::; sN) � S, where si is a setor given by the mask. The pseudoode to use this mask is shown in Table 1.Notie that Minguez et al.[6℄ and Borenstein[3℄, ollet the valley extremesetors (the right and left setors). The near extreme is found and a new farextreme omputed as the sum of the near border plus Smax (the angular intervalthat allows the passage of the robot), �nding the desired steering diretion ��from �� = (Knearborder +Kfarborder)=2, where Kfarborder and Knearborder arethe angles between � and the edge of the farthest and nearest borders of thevalley. In the Freezone method, the diretion is given by one of the orientationandidates.for (i=2; i<15; i++)f if ((sr(i�2) � di�2) and (sr(i�1) � di�1) and (sr(i) � di) and(sr(i+1) � di+1) and (sr(i+2) � di+2)) thenfThe diretion si is a Safe Diretion in S ;gg Table 1. Mask Pseudo ode.
Choose the orientation The orientation of safe travel seleted is the setorfrom S that minimizes the diretion to the target, with two exeptions thatare presented at the end of this setion, under the Speial Case Conditionssubsetion.The required rotation is designated as �� and an be expressed as:�� = arg minsi�Sfjsi ���targetj; i = 1; 2; :::; Ng: (7)where ��target is omputed by (1). In this ase, f refers to the goal target. Thisrotation provides a referene for the rotational veloity (see (2)).Safety onditions The safety ondition (step 4 of Setion 2) of the robot isanalyzed. The robot is onsidered in High Safety if no obstale is inside dmax=100



m around the robot, and Low Safety if one or more obstales are inside the safetyregion.Translation Veloity As referred in step 6 of Setion 2, the safety onditionof the robot is used to hoose between two alternative ontrol laws of Setion 2for the translational veloity of the robot.Speial ase Conditions There are some ases where the algorithm leads toosillations. Two of the most ommon are the following:When the robot has a wall on its way to the goal posture and thewall is perpendiular to the trajetory of the robot to the goal. In thisase the robot will rotate to one of the sides, and the angle between the goaland the diretion of traveling will beome > 90 degrees. At some point the robotwill stop and rotate bak 180 degrees, returning to the same point where it �rstarrived and the proess will be repeated.When a narrow obstale is in between the target and the robot. Inthis ase the robot will try to turn towards one of the obstale sides. However,while turning, the angle to the target will inrease and the the robot will even-tually hoose to go to the other side of the obstale. This proess will reate anosillatory motion that will make the robot ollide with the obstale.To solve these two problems a new ondition was introdued. If there is anobstale in the diretion of the target, in a distane less than dminobs, the safetravel orientation seleted is the one that minimizes the robot steering, aligningthe robot with the diretion ��(t � 1), orresponding to the last referene forthe steering angle.��(t) = arg minsi2Sfjsi ���(t� 1)j; i = 1; 2; :::; Ng: (8)4 Experimental TestsThe tests presented with the Freezone method illustrate the resolution of thePotential Fields algorithm problems. The path shown was obtained from therobot odometry and the initial position of eah run starts by determining therobot posture using the self-loalization method. Notie that robot posture wasdetermined with obstales surrounding him. The robot's maximum speed wasset to 0.6 m/s, dmax = 100 m and dmin = 35 m .4.1 Test of trap situations due to loal minima.In these tests, some obstales were plaed inside the �eld (the four retangles inthe �gures are boxes and the irle is the representation of a robot), and forma V-shaped obstale between the robot and the goal target. This test allows to�nd the distane dminobs that must be used to determine if there is an obstale



between the robot and the diret path to the target posture. This distane anbe used to solve the loal minima of a U or V-shaped obstale.When using a minimum distane of only dminobs =10 m from the robot to anobstale, the robot osillates inside the V-shaped obstale. In the test depitedin Fig. 4.a), the robot made a smooth trajetory from inside the V obstale tothe target posture, using dminobs =40 m.
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b)Fig. 4. a) Test of trap situations using a distane of dminobs =40 m. b)Smooth passagebetween losely spaed obstales. �i = (�3; 0:5; 45Æ) and �f = (3; 1; 0Æ).4.2 The passage between losely spaed obstales.In these tests some of the obstales were plaed near eah other and the robothad to hoose either to pass through or to go around the obstales. Notie thatthe two boxes in the left of the Figure 4.b), are 70 m apart (loser point),while the robot and the box of the right �eld are separated by only 60 m(loser point). In the following tests, the initial robot posture was hanged inorder to analyze di�erent ases. It is possible to notie that the robot made asmooth path between the obstales.4.3 Osillations in the presene of obstales.The robot always tries to keep a ertain distane from the obstale, as seen inprevious tests, and, beause it is always looking for valleys, the path trajetorywill be smooth, exept if an obstale is plaed in front of the robot, in whih aseit turns towards one of the diretions. However, in the presene of an obstaleand inreasing the steering angle, the translational veloity is redued to almostzero, making the robot stop to deide where to go.5 ConlusionsA novel method for guidane with obstale avoidane was implemented in theteam robots : the Freezone. The Freezone algorithm was hosen to be used in
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