In: The 24th Annual Conference of the IEEE Industrial Electronics Society(IECON’98), Aachen, Germany, August 31 - September 4, 1998.1On-line path planning by heuristic hierarchical searchDominik HENRICH, Christian WURLL and Heinz W�RNInstitute for Process Control and Robotics (IPR)Computer Science Department, University of KarlsruheKaiserstrasse 12, D-76128 Karlsruhe, Germanye-mail: [dHenrich, Wurll, Woern] @ira.uka.dehttp: //wwwipr.ira.uka.de/~paro/Abstract — In this paper, the problem of pathplanning for robot manipulators with six de-grees of freedom in an on-line provided three-dimensional environment is investigated. As abasic approach, the best-first algorithm is usedto search in the implicit descrete configurationspace. Collisions are detected in the Cartesianworkspace by hierarchical distance computationbased on the given CAD model. The basic ap-proach is extended by three simple mechanismsand results in a heuristic hierarchical search.This is done by adjusting the stepsize of thesearch to the distance between the robot and theobstacles. As a first step, we show encouragingexperimental results with two degrees of free-dom for five typical benchmark problems.I. INTRODUCTIONThe issue of robot path planning has been studied for acouple of decades and many important contributions to theproblem have been made [Hwang92]. Path planning algo-rithms are of great theoretical interest, but are rarely used inpractice because of their computational complexity[Kamal96]. Here, we make a step in the direction of practi-cal path planning.The problem of path planning we focus on is the follow-ing: Input is the geometry of an industrial robot manipula-tor with (rotational) d £ 6 degrees of freedom in an envi-ronment with static obstacles given by their current loca-tion. Optionally, there may be a couple of dynamic obsta-cles. All geometric objects (obstacles, robot) are repre-sented by a number of 3-dimensional convex1 polyhedrons.Additionally, the start and goal configuration of the robotare given. The output of the problem is a sequence of pair-wise neighboring and collision-free robot configurationsconnecting the start configuration with the goal configura-tion.Many of the future robotic tasks (e.g. recycling, robot

1This is no severe restriction, because every non-convex polyhe-dron can be modelled by (multiple) convex polyhedrons.guidance, tele-operation, assembly and disassembly, medi-cal surgery) can often only be completed in dynamic envi-ronments. Therefore, powerful on-line path planners forindustrial robots with six degrees of freedom (DOF) areneeded. The on-line capability2 means that the planner doesnot require any time-consuming off-line computations inorder to directly react to dynamic changes in the environ-ment. For˚dynamic environments, several different cases canbe distinguished. In the first case, the environment containsdynamic obstacles (e.g. objects on a conveyor belt, oradditional robots) with known or partially known move-ments. In another case, the robot grips different objects orchanges the tool. There, the kinematic chain of the robot,including the gripped object, will change. The next caseoccurs in the area of virtual engineering. After every as-sembly operation, the product or the environment willchange its geometry. All these cases of dynamic environ-ments implicate a modification of the configuration space(C-space), which has to be considered during planningpaths.An introduction to motion planning in dynamic envi-ronments is given in [Fujimura91]. In several examples,different approaches, especially for mobile robots, are pre-sented. In [Fiorini96], a path planner for industrial robotsbased on velocity adaptation is discussed. It plans only fora 2 DOF workspace for two robots and their off-line knownmovements. In [Ralli96], a potential-field approach basedon the explicit calculation of the workspace and the C-space is proposed. When a new object is detected, the newpath is sought within a few seconds, but the planner worksonly with 5 DOF in a very small search space, which isunfavorable for industrial applications.In summary, to date, no planners for 6 DOF robots existwhich can deal with dynamic environments and have lowon-line computation times. Our aim is to develop a pathplanner satisfying these requirements for robots with up to6 DOF [W�rn98]. We focus on industrial robots, which

2 Here, "on-line" does not include to meet given time constrains asrequired for "real-time".

2constitute a considerable fraction of all robots used cur-rently and in future.The paper is organized as follows: In Section II, weshortly review our basic approach to practical path plan-ning for six DOF. Then, we present a new approach toautomatically adapt the stepsize by hierarchical search inSection III. The experimental results for two DOF using aset of benchmark problems are given in Section IV. Thepaper closes with conclusions and future work in SectionV.II. BASIC APPROACHMost of the off-line path planners are based on an ex-plicit representation of the free C-space. The free C-spacecomputation consists of the obstacle transformation intothe C-space and the construction of a free-space representa-tion. Both tasks are very time and memory consuming, andtheir calculation effort increases with the robot�s DOF. Inorder to avoid these time consuming obstacle transforma-tions, one can search in an implicitly represented C-spaceand detect collisions in the Cartesian workspace. SeeFigure 1 and Figure 2. This strategy enables the planner tocope with on-line provided environments and moving ob-stacles [Henrich98a].In the basic approach, the implicit and d-dimensional C-space is subdivided in dimension i into subsections ofdistance Dqi. Thus, the C-space is covered by hypercubes ofedge lengths Dqi in dimension i. Each hypercube is repre-sented by a node in a d-dimensional grid. As an abstractdistance measure between two nodes, we use the number ofhops between these nodes. A node is called collision-free ifall configurations covered by the corresponding hypercubeare collision-free.For searching in this discrete and implicit representationof the C-space, any best-first search mechanism can beapplied. We choose a variation of the well known A*-search algorithm [Hart68, Korf92]. Robot configurations(nodes) still to be processed are stored in OPEN, whilealready processed nodes are stored in CLOSED. Contrastingto the original A*, here, no reopening of nodes inCLOSED is performed.The evaluation function f(n) = (1˚—˚w) g(n) + w˚h(n) isused, where g(n) is the number of nodes of the path fromthe start node to node n, and h(n) is the "Airplane" or the"Manhattan" distance in C-space between node n to thegoal node. Increasing the weight w˚˛ [0, 1] beyond 0.5generally decreases the number of investigated nodes whileincreasing the length of the solution path being generated.To improve the on-line capabilities of the path planner, oursearch is strongly directed to the goal by setting w˚=˚0.99[Sandmann97].Collisions are detected by a fast, hierarchical distancecomputation in the 3D workspace, based on the polyhedralmodel of the environment and the robot provided by com-mon CAD systems [Henrich92, Henrich97e]. With thehelp of the "MaxMove Tables", introduced in [Katz96], theCartesian distances are then transformed into joint angles inorder to determine whether the current node collides or not.For obtaining similar joint intervals, thus implicating anefficient distance exploitation, a heuristically selected jointdiscretisation of Dq = (2ß, 2ß, 4ß, 4ß, 6ß, 6ß) is used.The basic approach has been extended in several ways.By using an optimal discretization method based on a pre-defined Cartesian value, smaller search spaces with anunchanged solution accuracy can be received [Henrich98e].By multi-directional search with goal switching, the plan-ning system is enabled to select one of the preferable goalconfiguration by itself [Henrich98c]. By running a parallelversion of the path planner on a workstation cluster with 9PCs, the planning times can be reduced to only a few sec-onds [Henrich98a]. Besides validating this approach bysimulations, we already have connected the planner to a realrobot for executing the calculated paths [Wurll98c]. Fi-nally, a hierarchical search can be applied, which we are

dqSqGq1q2Figure 1: A 2D illustration of the path search in the implicit C-space from the start qS to the goal qG using the Cartesian obsta-cle distance d for collision detection

3investigating here.III. HIERARCHICAL SEARCHThis basic approach has several advantages. First of all,it is a systematic search and, therefore, complete, i.e., asolution is found if one exists. Additionally, if the reopen-ing of nodes in CLOSED is allowed and if w˚=˚0.5, thesearch is optimal concerning the path length. Finally, noobstacle transformations are necessary. This implicates thatthis path planning approach can cope with on-line envi-ronments or dynamic obstacles.On the other hand, this approach uses a constant discreti-sation of C-space. Thus, the stepsize b of the search isfixed and it cannot adapt to wider or narrower environ-ments. This results in huge search spaces and memoryoverflow for more difficult problems.Of course, one could increase the stepsize of the searchby using a coarser discretisation of the C-space in order toreduce the search space. But this has the drawback that nosolution may be found for bottlenecks in C-space or clut-tered environments because more configurations are collid-ing. Therefore, we need a variable stepsize of the search:large steps in free areas of C-space and small steps in thevicinity of obstacles.A. Extensions of basic search mechanismTo introduce a variable stepsize of the search, we use thebasic approach of Section II. Due to the distance calcula-tion as collision check, we are able to determine the freespace around each processed node. Depending on the freespace, multiple neighboring basic hypercubes are merged tobigger hypercubes resulting in larger stepsizes, or theoriginal hypercubes are used resulting in small stepsizes.To realize this idea, we only have to extend the best-firstsearch algorithm by three mechanisms (for details, see[Sandmann97, Wurll97b] ):The first mechanism is a successive (implicit) subdivi-sion of large hypercubes of the C-space by always halvingthe edge length b in each dimension. Starting with thelargest hypercube of edge length bmax, smaller hypercubesof edge lengths bmax/2, bmax/4, bmax/8, �, b˚=˚1 are suc-cessively generated. The subdivision and the location ofeach hypercube are fixed during the search process. Allhypercubes with edge length b are said to be on hierarchylevel s with s˚=˚log2(b). Additionally, each hypercube hasa representative in its interior, which is a single node withedge length b˚=˚1 (see Figure 3a).The second mechanism maps all nodes of one hypercubeonto its representative node. This mechanism depends onthe location of the representative within the hypercubes(see Figure 3b). To calculate the representative rs on hierar-chy level s of the configuration (basic node) q = (q1, �, qd)in grid coordinates, we use the following function:rs(qi) = qi — qi mod 2s +(2s—1) div 2,where div and mod stand for integer division and modulooperation, respectively. (In Figure 3, the origins are in theupper left hypercube and the y-axis points downwards.)The third mechanism is a new node expansion operation,where the successor nodes of the current node lay just out-side of the corresponding cube. The mapping (secondmechanism) then generates the appropriate hypercube onthe desired hierarchy level (see Figure 3c).B. Resulting procedureTo describe the resulting hierarchical search algorithm, itis sufficient to regard one iteration after the start node hasbeen expanded. For the current node n selected from OPEN,the successor nodes n’i (i = 1, �, 2d—1) are generated ac-cording to the mechanism in Figure 3c. (Due to the prede-cessor node of n needs not to be generated, 2d—1 successornodes are sufficient). For these nodes, the representative aiwith the maximum hierarchy level is generated according tothe mechanism in Figure 3b. If the corresponding cube iscollision-free and not yet element of OPEN or CLOSED, itbecomes the final successor node for n’i. Otherwise, therepresentative bi of the next smaller hierarchy level is gen-erated and checked. This continues until a collision-freea) r2 r1r0222120˚˚˚˚˚˚˚ b)rn ˚˚˚˚˚˚˚c)n1n2n4rn3Figure 3: Three additional mechanisms for hierarchical search: a) Introducing representatives ri for cubes of size 2s on hierarchylevel s, b) Mapping some node n onto its representative r, c) Generating successor nodes ni of a representative r

4successor is found or the lowest hierarchy level has beenreached.An example iteration for the 2D case is illustrated inFigure 4. For the current node n, we assume that its prede-cessor is on the left, thus, only three preliminary succes-sors n’1, n’2, and n’3 have to be generated. For n’1, subse-quently the representatives a1, b1, and c1 are generated. Thecorresponding hypercubes of a1 and b1 are not collision-free.Additionally, c1 may already be element of OPEN orCLOSED. Thus, the preliminary successor n’1 has to bedisregarded. For the preliminary successors n’2, and n’3, therepresentatives b2 and c3 on hierarchy levels 2 and 1 aregenerated, respectively. These successors are collision-freeand not in OPEN or CLOSED and, thus, become the finalsuccessors to be inserted in OPEN. The preliminary suc-cessors n’2, and n’3 are deleted.To speed up the selection of successor nodes, we firstscan upwards and then downwards, always starting with thehierarchy level of the current node n.C. Modified evaluation functionTo take the most advantage of the hierarchical search, wemay give preference to nodes in OPEN on higher hierarchylevels. This can be realized by modifying the evaluationfunction f(n) according tof(n) = [(1˚—˚w) g(n) +˚w˚h(n)] /˚(s˚+˚1)where s indicates the hierarchy level of node n. This func-tion assigns less cost to nodes representing larger cubes,resulting in larger stepsizes of the search and, therefore, insmaller number of expanded nodes. Additionally, it keepsthe solution path away from obstacles, thus enabling a fastpath execution by a real robot.IV. EXPERIMENTAL RESULTSFor testing the path planner, we have developed fivebenchmark problems in the 2-dimensional C-space and forthe 6 DOF robot Puma260 [Katz96] 3. The 2 DOF versionof the benchmark TRAP is shown in Figure 5. The otherfour 2 DOF benchmark problems are given in Figure 6. Asa first step, here, we present the results for robots with twoDOFs.For a point robot with two DOFs, the workspace and theC-space are identical. There is no need to transform theCartesian distances into corresponding joint angles move-ments. Instead, the calculated minimum distance to obsta-cles directly expresses the maximum collision-free move-ment of the robot. There is no loss in distance benefit dueto distance transformation as in the six DOF case (seeSection II).In Figure 5, the search results of three different searchmethods for the two DOF benchmark TRAP are given. Ash(n) the Manhattan distance in C-space has been used. Onthe left, the basic approach of Section II with w = 0.5 isshown. It expands a huge number of nodes (1216) to find asolution path which touches the obstacles. In the middle,the hierarchical search using the unchanged evaluationfunction is applied. Here, many fewer nodes (244) are ex-panded and most of them are close to the obstacle. Thesolution path is still in the vicinity of the obstacle. On theright, the hierarchical search with the modified evaluation

3 The data of these benchmark problems can be downloaded fromthe Web page at http://wwwipr.ira.uka.de/~paro/skalp/

n’

3

n’

2

n’

1

b

2

2

a

c

3

c

1

b

1

b

3

1

a

3

a

n

=

Figure 4: Example for the hierarchical search process. The current node n generates the successor nodes n’1, n’2, and n’3. The suc-cessor nodes n’i, for i = 1, �, 3, are mapped successively on representatives of different hierarchy levels ai, bi, and ci. 5function from Section III.C is shown. It results in onlyvery few expanded nodes (52) and none of them nearby theobstacle. Additionally, the path runs almost in the middleof the free space. All three solution paths have smaller orlarger jags and need to be smoothed before being executedby a real robot.The run-time results for the heuristic hierarchical pathplanner with the modified evaluation function are given inFigure 7. As a run-time measure in the two DOF case, weused the number E of expanded nodes. Additionally, werestricted the maximum hierarchy level used by the searchto bmax, which indicates the maximum cube size in onedimension. For bmax˚=˚1, the hierarchical search expandsthe same nodes as the basic approach of Section II. Anincreasing bmax results in an increasing use of the hierarchylevels for the search. The results show that the number ofexpanded nodes decreases exponentially with increasingnumber of used hierarchy levels. Thus, the more hierarchylevels are allowed, the faster the search will be.V. CONCLUSION AND FUTURE WORKIn this paper, we have extended our approach to pathplanning for industrial robot arms with six DOF. The basicapproach works in an implicit and equidistantly discre-tisized C-space and collisions are detected in the Cartesianworkspace using distance computation. This avoids thetime and memory consuming obstacle transformation andC-space calculation. The method is based on the modifiedA*-search algorithm and needs no essential off-line compu-tation. This approach enables the path planner to workreasonably fast for on-line environments.The hierarchical search avoids the disadvantages ofsearching with constant stepsizes by using a stepsize whichadapts itself in C-space to the environment. The solutionpaths are found quickly and stay away from the obstacles.For the two DOF benchmark problems, an increasingnumber of used hierarchy levels leads to an exponentiallydecreasing number of expanded nodes. This results in a run-time reduction of two magnitudes.Currently, we are extending the proposed heuristic hier-archical search in several ways. First, a complete searchalgorithm based on [Beeh97] is being developed, since theheuristic search may not find all solution paths. Second,the approach is applied to the six DOF case. For this, thecollision detection is improved such that more nodes and,therefore, bigger cubes on higher hierarchy levels can beused during the search [Osterroht98]. Finally, the solutionpath has to be smoothed before it can be executed by a realrobot [Bordon98].ACKNOWLEDGMENTThis work is part of the project "Scalable algorithms forparallel path planning in dynamic environments" funded bythe German Basic Research Framework (DFG-Schwer-punktprogramm) "Efficient algorithms for discrete prob-lems and their applications". Thanks to Frank Beeh andMichelle Specht for proofreading.REFERENCES[Beeh97]Beeh F.: "Erweiterung des parallelen Bewe-gungsplaners", Master�s Thesis, Institute forProcess Control and Robotics, University ofKarlsruhe, 1997.[Bordon98]Bordon U.: "Parallele Gl�ttung von Robotertra-jektorien", Semester Term Thesis, Institute forProcess and Robotics, University of Karlsruhe,1998.[Fiorini96]Fiorini P., Shiller Z.: "Time optimal trajectoryplanning in dynamic environments", IEEE Int.Conf. on Robotics and Automation, vol. 2, pp.1553-1558, 1996.[Fujimura91]Fujimura K.: "Motion planning in dynamicenvironments", Berlin, Heidelberg, Springer,1991.[Hart68]Hart P. E., Nilsson N. J., Raphael B.: "A formalbasis for the heuristic determination of mini-mum cost paths". In: IEEE Trans. Systems, Sci-ence and Cybernetics, Jan. 1968, pp 100-107.[Henrich92]Henrich D., Cheng X.: "Fast Distance Computa-qSqG

˚ ˚ ˚ ˚ ˚qSqG

˚ ˚ ˚ ˚ ˚ ˚qSqG

Figure 5: Example for equidistant search (left), hierarchical search (middle), and hierarchical search with weighting of high levels(right). Besides the obstacle (black), the expanded nodes (dots) and the solution path (line) are shown.

6tion for On-line Collision Detection withMulti-Arm Robots", In: Proceedings of theIEEE International Conference on Robotics andAutomation, Nice, France, May 10.-15., 1992,pp. 2514-2519.[Henrich97e]Henrich D., Gontermann S., W�rn H.:"Kollisionserkennung durch parallele Ab-standsberechnung". In: 13. Fachgespr�chAutonome Mobile Systeme (AMS’97), Stutt-gart, 6.-7. Oktober 1997, Springer-Verlag,Reihe "Informatik Aktuell".[Henrich98a]Henrich D., Wurll Ch., W�rn H.: "6 DOF pathplanning in dynamic environments — A parallelon-line approach ". In: Proceedings of IEEE In-ternational Conference on Robotics and Auto-mation (ICRA�98), Leuven, Belgium, May 16-21, 1998.[Henrich98c]Henrich D., Wurll Ch., W�rn H.: "Multi-directional search with goal switching for robotpath planning ". In: The 11th InternationalConference on Industrial & Engineering Appli-cations of Artificial Intelligence & Expert Sys-tems (IEA/AIE�98), Castellan, Spain, July 1-4,1998.[Henrich98e]Henrich D., Wurll Ch., W�rn H.: "On-line pathplanning with optimal C-space discretization".In: IEEE/RSJ Int. Conf. on Intelligent Robotsand Systems (IROS�98), Victoria, Canada, Oc-tober 12-16, 1998[Hwang92]Hwang Y. K., Ahuja N.: "Gross motion plan-ning — Asurvey", ACM Computing Surveys,vol 24, no 3, Sept. 1992.[Kamal96]Kamal L., Gupta K., del Pobil A.P.: "Practicalmotion planning in robotics: Current ap-proaches and future directions�, IEEE Robotics& Automation Magazine, Dec. 1996.[Katz96]Katz G.: "Integration eines parallelenBewegungsplaners in ROBCAD", Master�s The-sis, Institute for Process Control and Robotics,University of Karlsruhe, 1996.[Korf92]Korf R. E.: "Search". In: Encyclopaedia ofArtificial Intelligence", S. C. Shapiro (ed.), vol2, pp 1460-73, 2nd Edition, JohnWiley&Sons, New York, 1992.[Osterroht98]Osterroht T.: �Hierarchische paralleleBewegungsplanung f�r dynamische Umgebun-gen�, Master�s Thesis, Institute for ProcessControl and Robotics, University of Karlsruhe,University of Karlsruhe, 1998. [Ralli96]Ralli E., Hirzinger G.: "A global and resolutioncomplete path planner for up to 6 DOF robotmanipulators", IEEE Int. Conf. on Robotics andAutomation, Minnesota (ICRA’96), 1996.[Sandmann97]Sandmann S.: "Entwicklung eines parallelenBewegungsplaner", Master�s Thesis, Institutefor Process Control and Robotics, Universityof Karlsruhe, 1997.[W�rn98]W�rn H., Wurll Ch., Henrich D.: "Automaticoff-line programming and motion planning forindustrial robots". In: The 29th Int. Symp. onRobotics, (ISR�98), Birmingham, United King-dom, April 27-30, 1998.[Wurll97b]Wurll Ch., Henrich D., W�rn H.: "ParalleleBewegungsplanung in dynamischen Umgebun-gen", Technical Report 20/97, Computer Sci-ence Department, University of Karlsruhe,1997.[Wurll98c]Wurll Ch., Henrich D., W�rn H., Damm M.,Schloen J., Maier W.: "A distributed planningand control system for industrial robots". In:The 5th IEEE International Advanced MotionControl Workshop (AMC�98), Coimbra, Pro-tugal, June 29 — July 1, 1998.qSqGqS q G

G q S q GFigure 6: Benchmark problems with start and goal configura-tion qS and qG in a 2 DOF C-space. Top row: SIMPLE, STAR,Bottom row: BOTTLENECK, DETOUR 16 14 12 10 8 6 4 2 0 300350400450500

2 DOF-SIMPLE

2 DOF-STAR

2 DOF-TRAP

2 DOF-BOTTLENECK

2 DOF-DETOURbmaxEFigure 7: Number E of expanded nodes for hierarchical pathsearch when the maximum cube size is bmax