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Sensor-based exploration for planar two-identical-link robots
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Ming-Lei Shao1,2, Rui-Jun Yan3, Jing Wu3, Ji-Yeong Lee4, Chang-Soo Han4, Dong-Ik Shin2 and Kyoo-Sik Shin4



Abstract We present a new roadmap based on a generalized Voronoi graph for two-identical-link mobile robots to explore an unknown planar environment. It is called the L2-generalized Voronoi graph and is defined in terms of workspace distance measurements using only sensor-provided information, with the robot having the maximum distance from obstacles, and is therefore optimum in a point of view for exploration and obstacle avoidance. The configuration of the robot possesses four degrees of freedom, and hence the roadmap is one-dimensional in an unknown configuration space R2  T2 . The L2-generalized Voronoi graph is not always connected, and so is connected with an additional structure called the L2Redge, where the robot is tangent to a GVD structure with the same orientation for the two links. This roadmap is termed L2 hierarchical generalized Voronoi graph. The L2 hierarchical generalized Voronoi graph includes two structures: the L2 hierarchical generalized Voronoi graph and the L2R edge. Although the condition of two identical links looks somewhat constraining, the L2 hierarchical generalized Voronoi graph is still worth pursuing because the case is very common in the engineering environment. Keywords Two-identical-link mobile robots, sensor-based path planning, hierarchical generalized Voronoi graph Date received: 23 January 2015; accepted: 29 October 2015



Introduction This paper describes a complete algorithm for a twoidentical-link mobile robot to construct sensor-based roadmaps of an unknown planar environment. This roadmap is called the L2 hierarchical generalized Voronoi graph (L2-HGVG). It can be constructed by an incremental construction procedure and requires only distance measurements using only sensor-provided information. Sensor-based deﬁnition of a roadmap has been proposed in Canny.1 The roadmap is a one-dimensional network of curves in the conﬁguration space which has the three properties: accessibility, connectivity, and departability.2 A planner uses the roadmap to plan a path between two conﬁgurations by ﬁrst planning a path onto the roadmap (accessibility), traversing the roadmap (connectivity), and then constructing a path from the roadmap to the goal (departability).3 The L2-HGVG has evolved from the generalized Voronoi diagram (GVD). The GVD was ﬁrst applied to deﬁne a roadmap in two-dimensional space by O´’Du´nlaing and Yap.4 It is the set of points equidistant from two obstacles and is used to prescribe a sensor-based incremental method for motion planning in an unknown environment. The GVD is constructed using sensor readings from realistic sensors,



which are used to implement the GVG-based motion planning scheme without the need to perform complicated obstacle segmentation. It is easy to implement. Several recent works have combined continuous motion planning methods for diﬀerent types of mobile robot navigation and control using GVDbased method. Nagatani and coworkers introduced a local smooth path-planning algorithm based on GVD for a car-like mobile robot.5 But the collision avoidance is diﬃcult in path planning for a car-like mobile robots with the minimum turning radius, Colunga and Bradley used to regulate the force ﬁeld of an accurate distance
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between a robot and an obstacle, this is a very complicated process.6 Although Nagatani explained the details of the evaluation function for solving the problem in which the existence of a minimum turning radius for a car-like mobile robot may prevent it from following the GVD exactly.7 But the car-like mobile robot cannot trace GVD edges strictly. Choset and Burdick presented a roadmap to extend the GVD, in which they developed a method for a point-like mobile robot to construct the GVD in three-dimensional space; this new roadmap is called the point generalized Voronoi graph (point-GVG).8,9 It is a natural extension of the GVD into higher dimensions. The GVG is one-dimensional, being the set of points equidistant from three obstacles. Unfortunately, the GVG is not connected completely in three-dimensional conﬁguration space or more than three-dimensional conﬁguration space. Choset and Burdick solved this problem by introducing an additional structure as a connected structure for the roadmap, which is termed as the HGVG.10 Simulations and experiments using a point robot with ultrasonic sensors verify this approach.11 In a further development, in this line of research is to consider the rigid bodies, Frosky et al. and others developed the algorithms that combine GVG with a probabilistic method to deﬁne a roadmap for the mobile robot.12–15 Choset and Lee proposed a new roadmap based on the point-HGVG, which was developed for a rod-shaped mobile robot in a two-dimensional workspace; it is called the rod-HGVG.16,17 The rod-GVG is then deﬁned as the set of points equidistant from three obstacles in conﬁguration space SE(2). Again, the rod-GVG is not connected, but the introduction of R-edges produces a connected structure for the rod-HGVG. Lee and Choset then presented the convex-HGVG for guiding a convex body to explore an unknown planar workspace.18 The convex-HGVG includes the convex-GVG and connected additional structures termed as convex-R-edges. The conﬁguration spaces of the rod robot and the convex robot have three degrees of freedom: two for position and one for orientation. The R-edges and convex-R-edges are the two-way equidistant conﬁgurations that are tangent to the GVD edges. The basic idea of the work described above has been to plan a path, by determining a sequence of neighboring discrete regions of conﬁguration space, and to assign a vector that drives robots through these regions. It is clear from the above descriptions that researchers have been trying to extend the GVD to control more complex robots. The present work considers sensor-based path planning for a robot operating in conﬁguration space R2  T2 . The L2-GVG is one-dimensional in conﬁguration space, where there is four-way equidistance to obstacles, and we then connect it using another structure, called the L2R-edge,



whose deﬁnition is based on the GVD of the workspace. In higher dimensional conﬁguration spaces, the introduction of the L2R-edge to construct a connected structure in the conﬁguration space does not work, but in these cases, the connectivity of the conﬁguration space can be inferred from the workspace connectivity. The L2-HGVG is the collection of L2-GVG edges and L2R-edges. Even though the condition of identical links is a special case mathematically, it is a common practice in design of highly articulated mobile robot-like snake robot.19,20 Moreover, its simplicity is helpful to make clear the new aspects in GVG which do not appear in single-body mobile robots. The outline of this paper is as follows. In ‘‘GVG for two-identical –link mobile robots’’ section, we explain some mathematical background. In ‘‘Characteristics of L2-GVG edge’’ section, we present our algorithm and prove that it solves the L2-GVG problem. Then, in ‘‘Roadmap for L2 robots from the HGVG’’ section, we introduce the L2-HGVG roadmap. Finally, we draw some conclusions. The result of the simulation represents the total path planning process.



GVG for two-identical-link mobile robots The two-identical-link mobile robot L2 is composed of two rods of equal length L. The point P is a revolute joint between two rods. It is shown as in Figure 1. The points Q1 and P are the endpoints of the ﬁrst rod; the points Q2 and P are the endpoints of the second rod. The subset conﬁguration space S is a subset of R2  T2 and a conﬁguration q of the L2 robot is described by the position vector p of the joint point P and the orientations 1 and 2 of the two rods   q ¼ P, 1 , 2 2 S  R2  T2



ð1Þ



Figure 1. Determination of the configuration of a two-identical-link mobile robot.
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Let symbol Ra(q) be the x and y coordinates of points in R2 occupied by the a-th rod of the L2 robot at conﬁguration q. Then it can be written as     cos a j  2 ½0, 1 Ra ðqÞ ¼ p þ L sin a



ð2Þ



Distance function and its gradient vector The distance function is the building block of the L2GVG, which is deﬁned using equidistance relationships based on a distance function. The distance Dai ðqÞ is the distance between the closest point r and c on robot Ra and obstacle Ci in workspace min a



r2R ðqÞ,c2Ci



kr  c k



ð3Þ



The distance gradient rDai ðqÞ is represented as 2 rDai ðqÞ ¼



1



6



4 a1 Dai ðqÞ a2



ra  ci



3



7  ½ðra  PÞ  ðra  ci Þ 5  ½ðra  PÞ  ðra  ci Þ



ð4Þ



2 Tq S ﬃ R4 where ra and ci are the nearest points on the rod a and obstacle Ci, Tq is the tangent space at the conﬁguration q, and ij is the Kronecker delta  ij ¼



1



if i ¼ j



0



if i 6¼ j



2 2 a b SSab ij ¼ fq 2 R  T : 04Di ðqÞ ¼ Dj ðqÞ



and



We assume that the body of the L2 robot is covered by sensors, and that the sensors ranges are inﬁnite and that obstacles can be measured using a series of range sensors. The robot cannot know the number of obstacles directly but can determine this by the number of local minima. All obstacles are taken to be convex obstacles: concave obstacles can be modeled as unions of convex obstacles. The set of obstacles is denoted by {Ci}, where the subscript i 2 {1,2,. . .,n} is termed the index to the obstacle.21



Dai ðqÞ ¼



conﬁguration space for which the distance from rod a to obstacle Ci and the distance from rod b to obstacle Cj are the same, i.e.



ð5Þ



The gradient can be used to take the robot to the L2-GVG edge by moving it away from the closest obstacle. If the rod Ra is parallel to the surface of an obstacle, the nearest points are continuous and inﬁnitely many. In this case among them the farthest point from the joint is chosen as the nearest point ra, so that the distance gradient can always be obtained.



L2-GVG: Four-way equidistance edges The components of the L2-GVG are deﬁned using equidistance relationships based on the two-way equidistant surface SSab ij , which is the set of points in



rDai ðqÞ 6¼ rDbj ðqÞg



ð6Þ



Note that the superscripts and subscripts for each equidistant surface must be in strict one-to-one correspondence, with ði, aÞ ¼ ð j, bÞ implying i ¼ j, and a ¼ b, so that the robot may be two-way equidistant to a single obstacle. The surface can be thought of as the level set of a scalar ﬁeld at height 0. The gradient inequality condition in the deﬁnition, or equivalently the surjectivity of the tangent map of Dai ðqÞ  Daj ðqÞ, guarantees that the codimension of SSab ij is 1 by the preimage theorem. The building blocks for L2-GVG are not the whole SSij but a subset termed the twoway equidistant face, i.e.



CFab ij



9 8 ab a > > = < q 2 SSij : ðaÞ 04Di ðqÞ b c ¼ ðbÞ Dj ðqÞ4Dk ðqÞ > > ; : 8 ðk, cÞ 6¼ ði, aÞ, ð j, bÞ



ð7Þ



The face CFab ij is closer to obstacles Ci and Cj than to any other obstacles, and hence Ck is bounded. The three-way equidistant face is the three-way intersection of two-way equidistant faces. We deﬁne the three-way equidistant face as the intersection of the two-way equidistant faces ab bc ac CFabc ijk ¼ CFij \ CFjk \ CFik



ð8Þ



Here, we require intersection of three two-way equidistant faces to enforce rDai 6¼ rDbj 6¼ rDck ; this guarantees that the three-way equidistant face is a two-dimensional manifold. It is impossible that i ¼ j ¼ k; however, it is possible that i ¼ j 6¼ k, which means that on the three-way equidistant face, the robot is three-way equidistant from at least two obstacles. The three-way equidistant face may intersect with other three-way equidistant faces. Hence, the conﬁguration on a four-way equidistant edge is four-way equidistant from the closest obstacles. The four-way equidistant edge is one-dimensional, as the intersection of the three-way equidistant edges abc bcd acd abd CFabcd ijkl ¼ CFijk \ CFjkl \ CFikl \ CFijl



ð9Þ



It is not possible to have the four-way equidistant edges formed by one obstacle, the four-way equidistant edge is able to be formed by n obstacles, n ¼ {2,3,4}. CFaaaa is not the four-way equidistant ijkl edge, since it is a two-dimensional structure. With this assumption, the four-way equidistant edge is in general one-dimensional. Obviously, the distance
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gradients are linearly independent for a conﬁguration on a four-way equidistant edge, which guarantees that the four-way equidistant edge is indeed onedimensional. The L2-GVG is the union of all four-way equidistant edges, i.e. L2 GVG ¼



[



CFabcd ijkl



ð10Þ



The L2-GVG is constructed in conﬁguration space using workspace distance measurements.



Characteristics of L2-GVG edge



Figure 2. Placement of two L2 robots touching obstacles correspond to zero-distance boundary configuration.



An L2-GVG edge may be a circle-like or a one-dimensional curve with end conﬁgurations. The end conﬁgurations for the L2-GVG edge are meet conﬁgurations, boundary conﬁgurations, or connecting conﬁgurations. At these end conﬁgurations, the robot needs to choose an appropriate edge to trace. In this section, we present and analyze these components of the L2-GVG in greater depth.



Boundary configuration The boundary conﬁguration is a conﬁguration in which the robot can trace the L2-GVG in a one-way direction. We will ﬁrst demonstrate boundary conﬁgurations of the L2-GVG edge. The boundary conﬁgurations include a zerodistance boundary conﬁguration and a non-zerodistance boundary conﬁguration. Deﬁnition 1: The zero-distance boundary conﬁguration is the conﬁguration in which the robot has four zero distances to obstacles. It can easily be seen that if the robot is too long, it will touch the obstacles in Figure 2. Deﬁnition 2: The nonzero distance boundary conﬁguration is the conﬁguration in which the distances to obstacles are not zero, but the robot must turn back without the new explored edge emanating from it. Figure 3 shows the robot moving close to obstacles C1, C2, and C3 along the L2-GVG edge CF1122 1223 from the meet conﬁguration to the boundary conﬁguration. At the boundary conﬁguration, if the robot continues to become closer to obstacle C2, then P will be the nearest point to obstacle C2, there are double equidistance from P to obstacle C2, the gradient will be rD12 ðqÞ ¼ rD22 ðqÞ 6¼ rD11 ðqÞ 6¼ rD23 ðqÞ, the conﬁguration of the robot will not be on CF1122 1223 , and so the robot cannot move close to C1, C2, and C3 along the L2-GVG edge CF1122 1223 at this boundary conﬁguration, where the distance is not zero and from which there is no new L2-GVG edge emanating. This testiﬁes to the existence of a non-zero-distance boundary conﬁguration.



Figure 3. Placement of an L2-GVG edge with boundary configuration and meet configuration between three closest obstacles C1, C2, and C3.



Meet configuration Deﬁnition 3: Meet conﬁguration for L2-GVG is the conﬁguration where the robot has the equidistance to n þ 1 obstacles, i.e. abcd abce abde acde bcde CFabcde ijklm ¼ CFijkl \ CFijkm \ CFijlm \ CFiklm \ CFjklm



ð11Þ where m 6¼ {i,j,k,l}. Consider the meet conﬁguration of L2-GVG, which is the same as the meet conﬁguration in GVD and rod-GVG. The robot meets the (n þ 1)th obstacle at meet conﬁguration, where n is the number of elements of {i, j, k, l}.



Connecting point In previous work, the GVD is taken as the set of points equidistant from two obstacles, and two closest
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obstacles can form only a GVD edge. Analogously, the rod-GVG edge is the set of conﬁgurations where the rod is equidistant from three obstacles. If the rod is short, this means that the rod will not touch any obstacles when it traces GVG edge, and three closest obstacles can form only a rod-GVG edge. In contrast, with the L2-GVG, because of the enhanced ﬂexibility of the robot, the situation is more complicated. Let us deﬁne some concepts. Deﬁnition 4: For a conﬁguration q ¼ (p, 1, 2), its dual conﬁguration q is deﬁned as q ¼ ð p, 1 , 2 Þ: Deﬁnition 5: A conﬁguration q of which dual conﬁguration is same to itself, that is q ¼ q is called adjoint conﬁguration. Deﬁnition 6: abcd CFijkl



For a GVG edge CFabcd ijkl , its dual edge abcd 



 



 bcd is deﬁned as CFijkl ¼ CFaijkl where a ¼ 1  a: abcd



 2 CFijkl . Fact 1: If q 2 CFabcd ijkl , then q In other words, q 2 L2 GVG ) q 2 L2 GVG. Let us discuss about when a robot is at adjoint conﬁgurations. Fact 2: For an adjoint conﬁguration q in CFabcd ijkl , the abcd



 also in CFijkl . conﬁguration qis Surprisingly, if the rods of the robot are short, L2GVG edges corresponding to the same set of obstacles naturally intersect each other at an adjoint conﬁguration with 1 ¼ 2. To illustrate these situations, we will discuss these conﬁgurations, which are the conﬁgurations in which L2-GVG edges corresponding to the same set of obstacles intersect each other. Fact 3: The connecting point is an adjoint conﬁguration with 1 ¼ 2 in which the L2-GVG edges formed by the same set of obstacles intersect each other. The robot possesses two orientations for two rods of two identical links. The robot has double minimum distances to obstacle Ci in CFabcd ijkl at connecting point, 1 2 1 so Dj ðqÞ ¼ Dj ðqÞ ¼ Dk ðqÞ ¼ D2k ðqÞ ¼ D1l ðqÞ ¼ D2l ðqÞ ¼ D1i ðqÞ ¼ D2i ðqÞ. Then the robot has more than fourway equidistance from obstacles at connecting point on L2-GVG edges. For example, in Figure 4, the robot has six-way equidistance from obstacles C1, C2, and C3. The six-way equidistance is Da1 ðqÞ, Da2 ðqÞ, Da3 ðqÞ, Db1 ðqÞ, Db2 ðqÞ, and Db3 ðqÞ. Accordingly, the robot will have more than four linearly independent distance gradient vectors. Each of the four linearly independent distance gradient vectors can generate a one-dimensional tangent space to an L2-GVG edge, which means that the robot has more directions along the tangent space in which to construct diﬀerent L2-GVG edges at the conﬁguration 1 ¼ 2. In Figure 4, the conﬁguration of the robot can aaab aabb be on L2-GVG edge CFaaab 1231 , CF1232 , or CF1231 , etc.



Figure 4. The thick solid lines show a configuration of a twoidentical-link robot; it is in the L2-GVG edges corresponding to three obstacles C1, C2, and C3, with 1 ¼ 2. The dashed line represents the double distance between rods a and b of the robot and the obstacles.



Therefore, the diﬀerent L2-GVG edges corresponding to the same set of obstacles can be connected by connecting the conﬁgurations with 1 ¼ 2. An illustrative example is given to testify that the connecting point can connect the diﬀerent L2-GVG edges between the same set of obstacles. In Figure 5, the robot has four-way equidistance from obstacles C1, C2, and C3 at the conﬁguration 1 ¼ 2, where we show two tangent space to CFaaab 1232 and 1 2 CFaabb . The robot can trace with  ¼  , like a 1323 rod, or with 1 6¼ 2; these cases are shown separaabb ately in Figure 4(a) and (b). CFaaab 1232 and CF1323 1 2 emanate from the conﬁguration  ¼  , which is the connecting point. If a conﬁguration q is in a L2-GVG edge, and this 2 L -GVG edge is formed by three obstacles, the conﬁguration belongs to at most L2-GVG edges: CFaaab ijki , aaab aabb aabb aabb aabb CFaaab , CF , CF , CF , CF , CF ijkj ijkk ijik ijjk ikij ikjk , aabb aabb abbb abbb abbb CCFjkij , CFjkik , CFiijk , CFjijk , CFkijk . If the joint p is involved in forming edges, the point cannot be entered twice in the indices of an edge, and if the adjoint conﬁguration is meet conﬁguration, the conﬁguration belongs to more edges than other conﬁgurations. If the distance function Dai ðqÞ is a local minimum at q, q is also on an edge that comes from nonadjoint conﬁgurations. At the connecting point, the robot is able to identify and explore the new L2-GVG edge that emanates from the connecting point to construct the L2-GVG. When the robot arrives at this conﬁguration again, it can identify this direction, which it has traced long before; it should then move in a new direction to construct the L2-GVG edge.
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Figure 5. The solid lines show a configuration of a two-identical-link robot; it is in the L2-GVG edges corresponding to three obstacles C1, C2, and C3. The dashed lines represent the equidistance between rods a and b of the robot and the obstacles. (a) Tracing aaab aabb L2-GVG edge CF1232 with 1 ¼ 2, (b) tracing L2-GVG edge CF1323 with 1 6¼ 2.



Connecting curve The L2-GVG edges become more complicated than GVD and rod-GVG. The diﬀerent L2-GVG edges can be formed by the same set of obstacles. Fact 4: The connecting curve is the set of connected conﬁgurations in which two L2-GVG edges formed by the same set of obstacles overlap. The connecting curve arises in two ways: (1) the robot traces the L2-GVG edge with 1 ¼ 2, and, owing to the more than four-way equidistance, the conﬁguration with 1 ¼ 2 can trace along diﬀerent L2-GVG edges, so that in Figure 5(a), the conﬁgurabbb ation can be on L2-GVG edge CFaaab 1232 or CF1231 , and 2 so on; (2) there is a sub-L -GVG edge that is intersected by three-way equidistant faces where these faces overlap. Although the conﬁgurations on connecting curve have more than four-way equidistance to obstacle, not all of these conﬁgurations are the connecting point. We don’t need to check every conﬁguration on connecting curve. We need to check the conﬁguration where the number of closest obstacles to a rod change or the closest point to obstacles is endpoint or joint point. The connecting point is a zero-dimensional point in conﬁguration space; in contrast, the connecting curve is one-dimensional, and the L2-GVG edges then emanate from the end conﬁguration of the connecting curve, where the robot is able to identify and move in an appropriate direction to construct the L2-GVG edge. The connecting point and connecting curve have never been presented before; they are speciﬁc characteristics that so far exist only on the L2-GVG. Obviously, since the connecting point and connecting curve are essential to proper construction of the L2-GVG, it is natural to connect the rod’s four-way equidistant faces.



Figure 6. The placements of the robot along the L2-GVG in a rectangular environment. The thin line represents the robot.



We have introduced the characteristics of L2-GVG edges. Figures 6 show an example of the L2-GVG in a rectangular environment, any two conﬁgurations on the diﬀerent L2-GVG edges are able to be connected by L2-GVG edges, and in this simulation, the L2GVG is connected. But in some environments, the L2-GVG is not always connected. For example in Figure 7, it is therefore necessary to deﬁne a new edge to connect dispersive L2-GVG edges; we will discuss this in next section.



Roadmap for L2 robots from the HGVG L2-HGVG The L2-GVG edges are not always connected to each other, and so cannot provide a roadmap. We therefore need to use a new structure to connect L2-GVG. From the observation above about the L2-GVG edges, we ﬁnd a special conﬁguration with 1 ¼ 2 on the L2-GVG edge, where the robot is rod-like. The rod-HGVG was presented by Lee and Choset,16
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Figure 7. The placements of the robot along the L2-GVG. The L2-GVG edges are not connected.



with the introduction of the R-edge to connect rodGVG edges, which can be described as the tangent space of a planar GVD edge. Considering the Redge, we present a new additional structure, an extension of the R-edge called the L2R-edge, which allows the robot to move in the tangent space to the GVD between two closest obstacles with constant 1 ¼ 2. The GVD edge is denoted by Fij, which is the set of _ _ points r in the plane where the distance from r to two closest obstacles Ci and Cj is the same. The distance function is written as   _  _ di ð r Þ ¼ min r  ci 



ð12Þ



ci 2Ci



_ where r is a point on the GVD and ci is a point on the obstacle Ci. The L2R-edge is deﬁned as



L2 Raa ij



8 _ _ a q 2 CFab > ij : 9 r 2 R ðqÞ, r > > > > > 2 Fij and 1 ¼ 2 , > >  > > _ _ > > di ð r Þ4di ðrÞ, dj ð r Þ4dj ðrÞ and > > > : _ di ð r Þ4dk ðrÞ 8r 2 Ra ðqÞ



9 > > > > > > > > = > > > > > > > > ;



Figure 8. Placements of robot L2 where the L2-GVG edge and the L2R-edge intersect each other. The curve is the point GVD edge defined by obstacle C1 and C3. The robot L2 moves along the tangent space to the point GVD edge to C2.



Ra and Rb to Ci and Cj, and r ¼ rb are the closest points _ _b on Ra and Rb to Ck. Because of 1 ¼ 2, r ¼ r and _ _ _b r ¼ rb . If r ¼ P, then r ¼ P ¼ r , the robot L2 has the two-way equidistance to obstacle Ci and Cj at _ point r , and two-way equidistance to obstacle Ck at _ point rb and r. If r 6¼ P, the robot L2 has the four-way _ _b equidistance to obstacle Ci and Cj at point r and r , _ a andb two from r on R to Ci and Cj, other two from _ r on Rb to Ci and Cj, the robot also has two-way equidistance to obstacle Ck at point r and rb . Hence, the robot has equidistance to the third obstacle where the conﬁguration of robot must be on the L2-GVG edge. For example, in Figure 8, the robot is moving to obstacle C2 along the tangent space of GVD between obstacles C1 and C3, and then the robot stops when it has the equidistance to three closest obstacles, where the robot arrive at a L2-GVG edge, and see Figure 9(a) for an example of a L2R-edge. The L2R-edge is a path which connects naturally two L2-GVG edges using the GVD edge. Hence, the L2-HGVG is the collection of L2-GVG edges and L2R-edges L2 HGVG ¼ L2 GVG [ ð[L2 RedgeÞ



ð13Þ _ where r is the point on robot Ra and the GVD edge, a _ PQ ð r Þ is along the tangent space to the GVD edge between two closest obstacles Ci and Cj at the _ _ _ _ point r , ci ð r Þand cj ð r Þ is the vector from r on a R to the closest point ci and cj on Ci and Cj in R2, _ the r is the closest point on Ra to Ci and Cj than any other points r. The robot moves in the tangent space with constrained 1 ¼ 2 until it meets the third closest obstacle Ck, where it meets the L2-GVG edge with at least four-way equidistance. The robot ﬁnishes the tracing of an L2R-edge with constrained 1 ¼ 2, and where it meets a new obstacle _ _b Ck. We denote that r ¼ r are the closest points on



ð14Þ



The algorithm for constructing the L2-HGVG is rather explicit. We have shown an example in Figure 9(b). The robot can access the L2-GVG from any conﬁguration by the accessibility. It can will record the conﬁguration where the robot accessed the L2-GVG, and then robot will trace L2-HGVG until it explores all edges and reencounters the access this conﬁguration. Exploration is complete for the L2-HGVG.



Control law After the accessibility procedure, the robot will be at some conﬁguration on the L2-GVG edges and will
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Figure 9. Placements of the robot L2 along the L2-HGVG. (a) L2R-edge, (b) L2-HGVG.



start tracing the ﬁrst rod-HGVG component using a control method. Choset introduced a control law for generating GVG.21,22 According to this work, to avoid the jagged path generated, the robot moves along the tangent space of the L2-HGVG edges. For the L2-GVG, the path smoothly traces the roots of the expression 2



ðDaj ðqÞ  Dai ðqÞÞT



3



6 7 GðqÞ ¼ 4 ðDbi ðqÞ  Dai ðqÞÞT 5



~ i ðc1 ðtÞÞ c_1 ðtÞ ¼ rD ð15Þ



ðDbk ðqÞ  Dai ðqÞÞT For the two-identical-link L2R-edge, the path smoothly traces the roots of the expression22,23 " GðqÞ ¼



ðDaj ðqÞ  Dai ðqÞÞT 



v, ðCi  Cj ÞT



ð16Þ



where the conﬁguration q in the L2-HGVG edge moves in the direction



ð18Þ



Second, when the robot achieves two-way equidistance, it will move away from the two closest obstacles until it has three-way equidistance from obstacles Ci,Cj, and Cj. The robot follows this path as ~ i ðc2 ðtÞÞ c_2 ðtÞ ¼ Tc2 ðtÞCFij rD



#



q_ ¼ vðrGðqÞÞ þ ðrGðqÞÞy GðqÞ



of the robot in a way that merges the prediction and correction phases such that the robot avoids the jagged path generated. According to this work, robot accessibility to the GVG edge is achieved in two steps: ﬁrst, the robot moves away from the closest obstacle Ci until it has two-way equidistance from obstacles Ci and Cj with 1 ¼ 2, and we formulate the path as



ð19Þ



where p is the projection operator and Tc2 ðtÞ projects onto the tangent space Tc2 ðtÞ. In this process for the L2 robot, the robot maintains a ﬁxed orientation, with  1 ¼  2.



Connectivity ð17Þ



where a and b are scalar gains, v 2 NullðrGðqÞÞ, the null space ofrGðqÞ, and ðrGðqÞÞy is the Penrose pseudoinverse of rGðqÞ, i.e. ðrGðqÞÞy ¼ rGðqÞT ðrGðqÞðrGðqÞÞT Þ1



Roadmap properties of the L2-HGVG Accessibility The robot can access the closest L2-GVG edge CFabcd ijkl in conﬁguration space from a conﬁguration in free space. Lee and Choset have introduced an access method for generating the GVG.16 This method performs sensor-based planning by accessing the heading



The connectivity is proved in the three separate steps. First, the L2R-edges are connected. Proof: The GVD is connected and this had been demonstrated. The L2R-edge is deﬁned by the tangent space of the GVD, so the L2R-edge is connected. Second, the L2-HGVG is connected. Proof: As described previously, an L2-GVG edge may be a closed curve or a bounded one-dimensional curve with end conﬁgurations. If the L2-GVG edge is a closed curve, there must be a conﬁguration with 1 ¼ 2 on this edge. In ‘‘Roadmap for L2 robots from the HGVG’’ section, we have proof that the L2R-edges and L2-GVG edges can be connected at the conﬁguration with 1 ¼ 2. If an L2-GVG edge is a bounded
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one-dimensional curve with end conﬁgurations. At these end conﬁgurations, the robot is able to choose an appropriate edge to trace that emanates from the components. L2-GVG edges and L2R-edges can be connected, so the L2-HGVG is a roadmap.



Conclusion In this work, we have studied a new GVD-based roadmap for planar two-identical-link mobile robots, called L2-HGVG. This roadmap is deﬁned in terms of workspace distance measurement and therefore can be constructed using only sensor information without prior knowledge of the environment. This procedure requires a workspace distance function and the gradient lifted into conﬁguration space. The conﬁguration space of the planar two-identical-link robot is four-dimensional and the L2-GVG edge is one-dimensional. It has four-way equidistance from obstacles. Because of the higher degrees of freedom of the robot, there are some conﬁgurations on L2-GVG edges that have more than one tangent space to the edge, so there are intersections of the L2GVG edges in conﬁguration space, with corresponding set-meet conﬁgurations. These are new properties diﬀerent from those of the GVD and rod-GVG. The L2-GVG is not necessarily connected, and we have used the L2Redge to connect dispersive L2-GVG edges to produce the roadmap L2-HGVG, where the robot is tangent to a GVD structure with the same orientation of the two rods. In the L2-HGVG, the robots have a higher degree of freedom than robots in the GVD and rod-GVG. The L2-HGVG edges record environmental information with the higher degree of freedom robots. Nowhere in the process can the robot obtain prior information on the environment except by changing direction at its current position. The two-identical-link robot constructs a roadmap representation of the conﬁguration space. It has been demonstrated here that a two-identical-link robot can successfully build the L2-HGVG map in an unknown environment. This method represents total path planning, and it is valid for environmental conditions. The L2-HGVG edge is the safest path for the robot because it is at the maximum distances from obstacles. This characteristic is very signiﬁcant when studying the GVG edges of highly articulated robots. In future work, we will focus on aspects of path planning for general two-link robots. Our ultimate goal is to perform exploratory motion in a dynamic environment through perception of that environment. Declaration of Conflicting Interests The author(s) declared no potential conﬂicts of interest with respect to the research, authorship, and/or publication of this article.
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Appendix Notation a a,b,c,d,e c CF CF Ci D i,j,k,l,m,n L L2 P P q q Qa r Ra S SS



number of two rods for L2 index of the rod point on obstacle configuration face dual edge set of obstacles distance index of the obstacle length of rod two-identical-link mobile robot revolute joint of robot position vector of the joint point P configuration of robot dual configuration end point of the a-th rod point on robot a-th rod of robot configuration space two-way equidistant surface



a 



orientation of the a-th rod Kronecker delta



Downloaded from pic.sagepub.com at S. RAJARATNAM SCHOOL OF INTL STUDIES on September 28, 2016



























[image: Hierarchical Planar Correlation Clustering for Cell ... - CiteSeerX]
Hierarchical Planar Correlation Clustering for Cell ... - CiteSeerX












[image: Numerical deembedding technique for planar ... - EEE, HKU]
Numerical deembedding technique for planar ... - EEE, HKU












[image: Tree Exploration for Bayesian RL Exploration]
Tree Exploration for Bayesian RL Exploration












[image: Numerical deembedding technique for planar ... - EEE, HKU]
Numerical deembedding technique for planar ... - EEE, HKU












[image: Hierarchical Planar Correlation Clustering for Cell ... - CiteSeerX]
Hierarchical Planar Correlation Clustering for Cell ... - CiteSeerX












[image: Next Generation Multicut Optimization for Semi-Planar Graphs]
Next Generation Multicut Optimization for Semi-Planar Graphs












[image: Robust Strategies for Selecting Vision-Based Planar ...]
Robust Strategies for Selecting Vision-Based Planar ...












[image: planar mems supercapacitor using carbon nanotube forests]
planar mems supercapacitor using carbon nanotube forests












[image: Next Generation Multicuts for Semi-Planar Graphs - OPT 2017 ...]
Next Generation Multicuts for Semi-Planar Graphs - OPT 2017 ...












[image: Javascript Data Exploration - GitHub]
Javascript Data Exploration - GitHub












[image: Exploration Flyer.pdf]
Exploration Flyer.pdf












[image: Nonlinear electroseismic exploration]
Nonlinear electroseismic exploration












[image: Arrangements of Planar Curves - Semantic Scholar]
Arrangements of Planar Curves - Semantic Scholar












[image: TcruziKB: Enabling Complex Queries for Genomic Data Exploration]
TcruziKB: Enabling Complex Queries for Genomic Data Exploration












[image: Statistics for Data Exploration and Modeling (SDEM-01) Participant ...]
Statistics for Data Exploration and Modeling (SDEM-01) Participant ...












[image: Active Exploration by Searching for Experiments that ...]
Active Exploration by Searching for Experiments that ...












[image: A User-Friendly Methodology for Automatic Exploration of Compiler ...]
A User-Friendly Methodology for Automatic Exploration of Compiler ...












[image: Design Space Exploration for Multicore Architectures: A ...]
Design Space Exploration for Multicore Architectures: A ...












[image: Geography exploration Lesson for Map Scale en espanol.pdf  ...]
Geography exploration Lesson for Map Scale en espanol.pdf ...















Sensor-based exploration for planar two-identical-link ...






four degrees of freedom, and hence the roadmap is one-dimensional in an unknown configuration space R2 Ð’ T2. The. L2-generalized Voronoi ... sensor-based incremental method for motion plan- ning in an unknown environment. ...... generalized voronoi diagrams using graphics hardware. In: Proceedings of the 26th ... 






 Download PDF 



















 555KB Sizes
 0 Downloads
 186 Views








 Report























Recommend Documents







[image: alt]





Hierarchical Planar Correlation Clustering for Cell ... - CiteSeerX 

3 Department of Computer Science. University of California, Irvine .... technique tries to find the best segmented cells from multiple hierarchical lay- ers. However ...














[image: alt]





Numerical deembedding technique for planar ... - EEE, HKU 

Technol., Palo Alto, CA, 2005. BIOGRAPHIES. Sheng Sun received the B.Eng. degree in information engineering from the Xi'an. Jiaotong University, Xi'an, ...














[image: alt]





Tree Exploration for Bayesian RL Exploration 

games. Our case is similar, however we can take advan- tage of the special structure of the belief tree. In particu- ..... [8] S. Gelly and D. Silver. Combining online ...














[image: alt]





Numerical deembedding technique for planar ... - EEE, HKU 

Uniform feed lines. (b) Periodically nonuniform feed lines. (c) Equivalent circuit network. Figure 6. Extracted effective per-unit-length transmission parameters of periodically nonuniform microstrip line. (a). Normalized phase constant. (b) Characte














[image: alt]





Hierarchical Planar Correlation Clustering for Cell ... - CiteSeerX 

3 Department of Computer Science. University of ..... (ECCV-12), 2012. Bjoern Andres, Julian Yarkony, B. S. Manjunath, Stephen Kirchhoff, Engin Turetken,.














[image: alt]





Next Generation Multicut Optimization for Semi-Planar Graphs 

For short hand we refer to an edge e as â€œcutâ€� if e1 and e2 are in separate components and otherwise refer to e as â€œuncutâ€�. We denote the set ofÂ¯X that define a multicut using MCUT. We define MCUT using the following notation. Let C denote th














[image: alt]





Robust Strategies for Selecting Vision-Based Planar ... 

sensorimotor.cs.umass.edu/projects/torso/index.html. ..... a thumb position within a grasp, due to the constraints deriving from the hand geometry and .... Due to the amplitude of the subject, numerous articles and books about dexterous .... the theo














[image: alt]





planar mems supercapacitor using carbon nanotube forests 

Mechanical Engineering Department, Berkeley Sensor and Actuator Center ... applicable in various systems including energy harvesters, ... store/release energy, making it a popular candidate in applications like vehicle regenerative braking and camera














[image: alt]





Next Generation Multicuts for Semi-Planar Graphs - OPT 2017 ... 

In this work, we formulate image segmentation from the perspective of constructing a multicut [9] over the set of image pixels/superpixels [13] that agrees closely with an input set of noisy pairwise affinities. A multicut is a partition of a graph i














[image: alt]





Javascript Data Exploration - GitHub 

Apr 20, 2016 - Designers. I'm a sort of. Â« social data scientist Â». Paris. Sciences Po mÃ©dialab. I just received a CSV. Let me grab my laptop ... Page 9 ...














[image: alt]





Exploration Flyer.pdf 

Day 8 - Mount of Olives, Garden of Gethsemane, Mount Zion, Western Wall,. Southern Steps. Mount of Olives (Acts 1), Garden of Gethsemane (Matt. 26), Mount ...














[image: alt]





Nonlinear electroseismic exploration 

Aug 5, 2004 - H. - _- o 0o0. 2 1 ..|4. 03:5'. 6 0. o a. Mn. 0m 8. Me. 0m T. n n b. 50 1| - 4.I. FIG. 26. FIG. 1C .... The seismic waves are detected at or near the surface by seismic receivers. .... 13 illustrates a shift register of degree 4 With fe














[image: alt]





Arrangements of Planar Curves - Semantic Scholar 

Computer Science Department. D-67653 ... Conics and cubics A conic (or conic curve) is an algebraic curve of degree at most 2 and a cubic (or cubic curve) is ...














[image: alt]





TcruziKB: Enabling Complex Queries for Genomic Data Exploration 

independent online databases. The technology ... online access to sequence data, â€œOmicsâ€� data and ... works with data providers to make data available in RDF;.














[image: alt]





Statistics for Data Exploration and Modeling (SDEM-01) Participant ... 

Jun 29, 2014 - C. Total Amount Payable ... Registration forms will not be accepted without course fee. 2. ... Course fee in full (Cash, DD or online transfer). 8.














[image: alt]





Active Exploration by Searching for Experiments that ... 

... we first compute a control policy: â—‹. We uniformly draw a state-action point (x,u), and we compute a predicted transition: ... Illustration. â—‹ ... Illustration. â—‹. Performance analysis: 50 runs of our strategy (blue) are compared with 50 un














[image: alt]





A User-Friendly Methodology for Automatic Exploration of Compiler ... 

define the compiler-user interface using a methodology of ... Collection (GCC) C compiler [9]. .... For example, the Intel XScale processor has a special regis-.














[image: alt]





Design Space Exploration for Multicore Architectures: A ... 

Power efficiency is evaluated through the system energy, i.e. the energy needed to run ... Furthermore, in Section 7, we evaluate several alternative floorplans by ...














[image: alt]





Geography exploration Lesson for Map Scale en espanol.pdf ... 

Geography exploration Lesson for Map Scale en espanol.pdf. Geography exploration Lesson for Map Scale en espanol.pdf. Open. Extract. Open with. Sign In.


























×
Report Sensor-based exploration for planar two-identical-link ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















