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This document is an appendix of [1]. Here, we prove that tleeddbtection of a
blocked path toward a gap is correct, and that the new gaptedlas sub-goal is
the gap that must be chased to obtain locally optimal nazigat

1 Landmark Encoding and Blockage Detection

In order to chase a gap, a disc robot first aligns either rt with the vertex that
generates the gap and then the robot travels in straighufitiethe robot touches
that vertex either wittp or rp. For chasing a right gap, the robot aligns directibn
with the vertex that generates this gap, this vertex is dalfght vertex. Symmetri-
cally, for a left gap, the robot aligns directittrto the vertex that generates that gap,
this vertex is called left vertex.

Remark 1Refer to Figure 1. Notice that if the robot alighsto a vertex that gen-
erates a right gap ot to a vertex that generates a left gap then a straight linetrobo
path toward that vertex is not collision free.

(@) Preferential direction It (b) Preferential direction rt
aligned to a vertex that generatesligned to a vertex that generates
aright gap called aright vertex  a left gap called a left vertex

Fig. 1 Wrong alignments
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Remark 2 The robot always chases gaps with the omni-directionalsehsnight
happen that eithdt orrt is aligned to the vertex that generates the gap to be chased,
but the omni-directional sensor is in the opposite extrenmlabt point, if that hap-
pens the turret swap the omni-directional sensor in ordehsse the gap with the
omni-directional sensor.

A straight line path from the current robot configuration éod/ithe vertex might
be blocked, that is, a straight line collision free path doatsexist from the current
robot position to the vertex.

To detect a blockage distancés, dr, d.' anddg' are used. If directiont is
aligned to a vertex that generates a right gap@#id> d. then a straight line robot
path toward this vertex is blocked. Likewise, if directibris aligned to a vertex that
generates a left gap adg' > dr then a straight line robot path toward that vertex is
blocked.

Whenever the path is blocked, the robot executes a detatiisttthe robot travels
in straight line toward another vertex before reaching taeex associated to the
gap been chased. The vertex that generates the originabdapdhased, which is
encoded in the GNT, is always visited. For this reason, wietltalmodified path a
detour.

In this work, we have assumed that the configuration sfgads simply con-
nected. In our paper we mainly focus in the navigation tasleéeh a static disc-
shaped landmarR in E with the same radius as the robot. Prior to navigation, the
robot explores the environment to build the GNT. In the eration phase the land-
mark is encoded in one of the nodes. The following remarkipeethe landmark
codification in the GNT during the exploration phase.

Remark 3A landmarkA is said to berecognizedf the landmark is at least par-
tially visible from the location of the omni-directional g@ensor. A landmari

is encoded in the GNT at the moment at which at least one pbiteoandmark

is occluded from the location of the omni-directional gaps®. A landmark is as-
sociated with the gap originated by the vertex that occluateléast partially the
landmark.

In the navigation task, whenever the landmark is not toteigjble from the
omni-directional sensor location, the goal given to theota a gap (which corre-
sponds to a node in the GNT, which encodes the landmark ordga lmelonging to
path in the GNT to such node). We call such a gap, the goal gap.

It is important to mention that the correct execution of theigation phase de-
pend on a correct encoding of the landmark with a gap duriegtfor exploration
phase. As mentioned above, in this work, we assumedhiat simply connected,
hence the cases shown in Figure 2 cannot happen. Cases shbigaiies 2(a) and
2(b) do not happen becauggéis multiple connected. Case shown in Figure 2(c)
does not happen becauses disconnected.

Figures 3(a), 3(b), 3(c) and 3(d) show cases, in which the geperated by the
vertices shown in the figures do not encode a landmark. Fig{@eshows a case
in which during the exploration phase the robot has chaspd ganerated by the
verticesugoq andu,. and the landmark was not detected.
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Fig. 2 Cases a) b) and c) do not happen for the assumption of a siroplyected component
for €. Cases a) and b) do not happen becagise multiple connected. Case c) does not happen
becauses is disconnected.

Notice that some vertices cannot occlude a landmark frorauhent robot con-
figuration. Figures 3(b), 3(c) and 3(d) show cases in whichnalinark cannot be
occluded at least partially by the vertex callega. Figures 3(b) and 3(c) show
cases in which the landmark cannot be occluded at leastlaftom the current
robot configuration by vertedgoa. However, verticesigoa can occlude a landmark
at least partially fronsomerobot configurations. In contrast, Figures 3(d) shows a
case in which a landmark cannot be occluded at least pgrtiglthe vertex called
Ugoal from anyrobot configuration. Notice that a landmark cannot be ocadioly
this vertex, because there is not enough free space on thleboehood of that ver-
tex to place a landmark.

During the exploration phase, the robot chases gaps. Ntitateif the vertex
that generates a chased gap can encode a landmark (it cadegartially such
landmark) then the robot shall be able to reach the vertex@unth it either with
rp or Ip. Otherwise, the selected vertex cannot encode a landmarktfre current
robot configuration.

In order to more formally characterize vertices that carodeca landmark, let
define a reachable region related to a given right vertex.

Definition 1. Refer to Figure 3(e), a reachable region is a circle with timt ra-
dius. The circle delimiting the reachable region is toughtime right vertex; there
is a bitangent line between poinp and the right vertex and another bitangent line
between pointp and a point on the reachable region placed diametricallypsep

to the right vertexuo.

There is an analogous reachable region for a given leftxerte

Remark 4Refer to Figure 3(e). For a simply connected configurati@tep” and a
no blocked robot path toward a goal vertgx,. If there is any obstacle (a segment
or a vertex) inside the reachable region delimited by thecrexe shown in Figure
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Omni-directional u Omni-directional Ugoal
sensor goal sensor
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Fig. 3 Vertices that cannot occlude a landmark

3(e) then this vertex cannot be reached by the robot by irayalstraight line path
from its current configuration towardy and touchug (which is the goal vertex)
with the point at which the omni-directional sensor is pthéeitherrp orIp). Con-
sequently, for path continuity, a landmark with the samepstend size of the robot
and located beyond the reachable region cannot be reactbd bybot. Also from
the initial robot configuration the landmark cannot be odeldi partially or totally
by up given that there exists a clear line of sight between the efivaictional sensor
placed at pointp andup, which delimits the area visible from the omni-direction
sensor, but the landmark cannot be placed beyond that liieh, the landmark is
partially or totally occluded from the omni-directionahs®r initial position.

The exploration phase is executed following the same praegutoposed for the
GNT for a point robot. That is, the robot chases gaps at rangatihall the gaps
are primitive gaps. For no blocked paths toward the goal lgapdbot chases a goal
gap traveling a straight line path from its current configiorato the vertex that
generates the goal gap. Whenever the path toward a goal ageied an optimal
detour is executed. In section 2, we will describe the metb@arry out the optimal
detour.

Now, we present a lemma that guarantees that the landmaokrisctly detected
and encoded in the GNT for a disc robot chasing gaps at random.

Lemma A. A landmark is correctly detected and encoded in the GNT éxerthe
following procedure during the exploration phase.
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1. Gaps are chased selecting them at random.

2. For a no-blocked path toward a goal gap and a simply core@configuration
spaceé, robot executes a straight line path toward the gap beingelga goal
gap). Ifthe goal gap is aright gap then rt is aligned with tiegtex that generates
the right gap and the omni-directional sensor is placed atlf phe goal gap is
a left gap then It is aligned with the vertex that generatesl#it gap and the
omni-directional sensor is placed at I p.

3. Iftraveling a straight line path, robot is not able to rdeihe vertex that generates
a goal gap and touch this vertex either with point rp or |p thée robot will
collide with an obstacle. If a collision is detected the ggap is marked as a
primitive gap.

4. A landmark is encoded in a gap (corresponding to a node énGINT) at the
moment at which the landmark is partially occluded by theesegenerating the
gap.

5. Whenever the path toward a goal gap is blocked an optimalgés executed.

Proof. To prove this lemma, we show that executing the procedutedli; the

lemma, all gaps are eventually marked as primitives andtteabmni-directional

sensor senses all portions of the environment able to ereclashelmark. 1) First, the
exploration phase for a point robot is guaranteed to tertainhasing gaps at ran-
dom, all gaps will be marked primitives gaps (See lemma 3]n [& [2], since the
robotis a point, all vertices are reachable. For a disc-sthapbot some verteyoa
that generates a goal gap might not be reached for the disttraleling a straight
line no-blocked path, from the robot configuration that mdigeitherrt or It with

Ugoal- A vertex that cannot be reached by the robot is called nohadzle vertex.

Symmetrically, a vertex that can be reached by the robotliscceeachable vertex.

Consequently, for a disc-shaped robot some gaps might niésegopear. From re-

mark 4 if the robot cannot toualye, either withrp or Ip then a landmark cannot

be at least partially occluded by, from the omni-directional sensor location at
the moment the collision occurs, and the gap can be markeg@sigive gap even

if it does not disappear. Hence, if a collision is detected@t touche®)E with a

point different torp or Ip) then the chased gap is marked as a primitive gap even if

it does not disappear. Therefore, all gaps will be markedriasitive gaps. 2) For

a point robot, the exploration phase guarantees to see thkewhvironment with

the omni-directional sensor [2]. A landmark is detectedh®ydisc robot whenever

the omni-directional sensor is able to see a disc-shapehiiark at least partially.

From [2], it is guaranteed that a point omni-directionals®ris able to see every

portion of the environment that at some moment was occlugietdieachable ver-

tex. For a disc robot, a no-reachable vertex cannot totaibyunle a disc landmark
when the robot chases the corresponding gap, hence thedak@ndetected surely.

3) The landmark is encoded in a node in the GNT when the larklimarccluded

by an obstacle. In order to show that a landmark is correcttpded in the GNT

only two cases need to be considered. a) There exists a vhdetas occluded the
landmark at least partially, then landmark is encoded inGhT. b) Landmark is
totally visible from the omni-directional sensor locatianthe moment all gaps are
marked as primitive gaps. Finally, if a blockage is detettadard agye, then the
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robot executes a detour with guarantees that the vertedoeviltached 0gqog is a
no-reachable vertex, the result follows.

Lemma B. For detecting a blockage toward a right gaf¥ gistance measures d
and &} obtained respectively along preferential directions [dahare sufficient to
detect blockages or declare the robot path collision free.

Proof. For a simply connected configuration sp&ceGiven that in the exploration
phase only vertices that can occlude a landmark will be gigea goal to the robot
then there is not obstacle inside the reachable region iassddo the vertex that
generates the right goal gap, and the obstacle that bloeksdth toward the right
goal gap must cross the line along preferential diredtidom a current robot posi-
tion. Therefore distance measurgsanddg! obtained along preferential directions
rt orlt are able to detect obstacles that block the path toward thieggp or declare
the path to reach the vertex that generates the goal gapicolfree.

There is an analogous lemma for detecting a blockage towtftl gapg- or to
declare the robot path collision free.

Refer to Figure 3(f), this figure shows a case in which theexebeing chased
cannot occlude a landmark, hence during the navigationepthés vertex is never
given as a goal to the robot, therefore blockage detectiongulistance measures
along preferential directiort andlt (which are not sufficient to detect robot colli-
sion) are not required, since the vertex is never chased.

2 Optimal Detour

The main complication is to determine which is the vertex thast be reached
by the robot to obtain an optimal detour (in the sense of Heeln distance), or
equivalent which is the new gap to be chased. Our approachdose the new
vertex (or equivalent a new gap) yielding the optimal defsurased on the main
following definitions and remarks.

Remark 5Forlt aligned to a left vertex ott to a right vertex. There is a bitangent
line either betweehp and the vertex associated to the gap to be chased and
that vertex. There might be other vertices that generatetefght gaps, but notice
that those vertices do not cross the bitangent segment éeteither p or rp and
the vertex, otherwise the bitangent segment does not exist.

Remark 6 A robot clockwise rotation can be executed either wp.or w.r.t. the
robot center (a clockwise rotation in place). Similarly,abot counterclockwise
rotation can be executed either wit.or w.r.t. the robot center (a counterclockwise
rotation in place).
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Fig. 4 A uy vertex. a) blockage detection, b) turret motion and sub-gekection, au, vertex,
c) turret moves omni-directional sensorrp to execute a rotation in place based on feedback
information. d) The robot starts a straight line motion todvay,

Remark 7The selection of the gap (or equivalent a vertex) that cpoeds to an
optimal detour depends on the robot sense of rotation. Wetluzde verticesi,
andun. First, we intuitively describer, anduy, vertices for a clockwise and coun-
terclockwise rotation. Eithew, or up corresponds to the vertex associated to the
optimal detour. Later a more formal definition is provided.

For a clockwise rotation, next vertay, is the first vertex in clockwise order
after the original goal vertex, which is aligned withand is reachable by the robot
traveling a straight line path. Previous vertgxis the last vertex in clockwise order
before the original goal vertex, which is aligned wlittand is reachable by the robot
traveling a straight line path.

For a counterclockwise rotation, next vertgxs the first vertex in counterclock-
wise order after the original goal vertex, which is aligneithvit and is reachable
by the robot traveling a straight line path. Previous veugsis the last vertex in
counterclockwise order before the original goal vertexichtlis aligned withrt and
is reachable by the robot traveling a straight line path.

Here, we describe the selection of bathanduy vertices considering the case
in which the robot is not touching the boundary of the envinentdE. Later, we
point out some extra considerations that must be taken odouant for the case, in
which the robot is touching the boundary of the environnat#at

Figure 4 shows an example of the blockage detection and thetism of the
new gap. Figure 4 shows the case af,avertex. Figure 4(a) shows the momett
is aligned to the goal gap (a right gegﬁ, sincedr' > d, then the path to the vertex
that generates the goal gg@is blocked. First, the turret swap the omni-directional
sensor tdp and the laser pointer 1, see Figure 4(b). Figure 4(c) illustrate a turret
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Fig. 5 A up vertex. a) blockage detection, b) turret motion and sub-gekection, au, vertex,

¢) turret moves omni-directional sensorrp to execute a rotation in place based on feedback
information., d) d) turret moves omni-directional ltp to chase the left gap and robot starts a
straight line motion toward.

motion to bring the omni-directional sensorrp in order to execute a rotation in
place based on feedback information. Finally, robot chheegapgR, see Figure
4(d).

Remark 8If a blockage is detected then the turret always swap the-alinectional
sensor to the opposite extremal robot point to consideratices (right and left)
that might represent an optimal detour (see Section 2.2).

Figure 5 shows the case ofig vertex selection. Figure 5(a) shows the moment
is aligned to the goal gap (a right gsg@, sincedr' > d, then the path to the vertex
that generates the goal gg@is blocked. First, the turret swap the omni-directional
sensor tdp and the laser pointer 1, see Figure 5(b). Figure 5(c) illustrate a turret
motion to bring the omni-directional sensorrp in order to execute a rotation in
place based on feedback information. Finally, the turretesdghe omni-directional
sensor to poinktp to chase the gagib, see Figure 4(d).

Remark 9 For an optimal detour, only one eithegg or un can exist. Ifuy exists then
it will be the first vertex to be visited by the robot to obtam@ptimal path toward
the original goal gap. Symmetrically,uf, exists then it will be the first vertex to be
visited by the robot to obtain an optimal path toward theiagaggoal gap.

The following remark points out some extra consideratidrad must be taken
into account for the case, in which the robot is touching theraary of the envi-
ronmentdE.



Detours for Optimal Navigation with a Disc Robot 9

Remark 10ltis important to notice that when the robot reaches a giwtex com-
ing from a detour, the robot might not be aligned to originahlggap. It might
happen that the robot cannot align eithieor It to the original goal gap, because
this motion will produce an unnecessary robot translatm, the global optimality
would be lost. For an example of this situation see Figuren@ziure 6(b) robot
reaches al, vertex, but it cannot aligrt with the vertex that generates the original
right goal gapgg, because this motion will produce to lose global path oplitjma
the robot would translate unnecessary. Notice that, franhrbbot configuration, it
is needed to detect a vertexor u,. Consequently, the detectionwf or u, vertices
needs to be performed whether or ftatr rt is aligned to a vertex generating a goal

gap.

Omni-directional
sensor

Omni-directional
sensor

(a) robot detects &, vertex and it movef) robot reaches a, vertex, it cannot
toward it. alignrt with the vertex that generates the
original right goal gagf .

Fig. 6 Robot reaches a vertex after having executed a detour, calpoit alignrt with the right
goal vertex, because path optimality will be lost

To determineup anduy vertices, it is necessary to compute distandgsand
d.l. Itis also necessary to compute two angles. 1) the angléhbabbot needs to
rotate (either counterclockwise or clockwise) to alijito a right vertex, this angle
is calledfr and 2) the angle that the robot needs to rotate (either callot&wise
or clockwise) to alignit to a left vertex, this angle is calle] .

To compute these distances and angles, we locate the edrtilmeal reference
frames Either a reference frame defined by paiptand a right goal vertex or a
reference frame defined by poilg and a left goal vertex (See Sections 2.1 and
2.3).

To find a vertexu, or a vertexup, we use two orders. One order w.r.t distance,
distancelr' is used to consider vertices that generate right gaps. Syrically, dis-
tanced, ' is used to consider vertices that generate left gaps. Arr énala smaller
to larger distances including botiz' andd.! is generated. The second order is an
angular order (also from smaller to larger), vertices adeered by angle including
both6r and6,, anglebr is used to consider vertices that generate right gap$iand
is used to consider vertices that generate left gaps.

Now, we defineu, andup based on these two orders. Indeed, these definitions
help to obtain an algorithm to determingor up. Recall that, andup depend on
the robot sense of rotation. The following definitions cdesiboth cases, whether
the robot executes a rotation in place or whether the robextiers a rotation with
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respect tdp (a counterclockwise rotation) or a rotation with respeatgda clock-
wise rotation).

Definition 2. For a clockwise robot rotation, a given vertexhat generates a right
gap, is au, vertex if and only ifu is thefirst vertex in clockwise angular order of the
vertices that generate a right gap enjoying the next prigsett corresponds to the
optimal detour, and the distandg' related to thenext vertexn clockwise angular
order that generates a left gap is larger (posterior in theroof distance) than the
distancedr' related to the vertem in question that generates a right gap. Refer to
Figure 9(a) and Tables 1.

Definition 3. For a clockwise rotation, a given vertaxhat generates a left gap is a
up vertex if and only ifu is thelastvertex in clockwise angular order of the vertices
that generate a left gap enjoying the next properties. ltesponds to the optimal
detour, and the distanci' related to thgrevious vertein clockwise angular order
that generates a right gap is larger (posterior in the orfldistance) than the dis-
tanced, ' related to the verten in question that generates a left gap. Refer to Figure
9(b) and Table 2.

Remark 11There are two analogous definitionsugf andup, for a counterclock-
wise rotation.

As mentioned above, key to our approach is to deterrapnand u, vertices,
which correspond to the optimal detour toward the goal gaprgby the GNT.
Figure 7(a) shows the regions in the space (called searclaidejnin which aup
andu, vertices can be located, for the case in which the robot igmathingdE
and the goal gap is a right gap. Notice that in such case tha ralght need to
rotate in place clockwise an angle within the interval defibg [0, 2m), in order to
align eitherrt with a vertex generating a right gap corresponding tq gertex, or
It with a vertex generating a left gap corresponding tp aertex.

Figure 7(b) shows the search domains, in whichpaand u, vertices can be
located, for the case in which the robot is touchétifat pointrp and the goal gap
is a right gap. In such case the robot might need to rotat&kwlise with respect
to rp an angle within the interval defined K9, %r), in order to align eithert with
a vertex generating a right gap corresponding @, aertex, orlt with a vertex
generating a left gap corresponding toavertex.

2.1 Robot is touchinggE

The planning step corresponds to the determination of ttimapdetour (equivalent
to determine au, vertex or au, vertex). Here, we provide equations to calculate
angles and distances needed to determj@ndu, vertices.
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Fig. 7 Regions in the space (called search domains), in whighandu, vertices can be located

2.1.1 Planning: aup vertex or a u, vertex

To determineu, andu,, vertices, it is necessary to compute distardigsandd, !,
and angle$r andé, .

To compute these distances and angles, we locate the edrtilmeal reference
frames Either a reference frame defined by paiptand a right goal vertex or a
reference frame defined by poimtand a left goal vertex.

Figure 8(a) shows, the location of left vertex, coordindtgs, y,. ), over a local
reference frame defined by poirg andug. The location of the vertex is computed
based on distanod, and the angléy measured w.r.y axis of the local reference
frame, and an angl@_measured w.r.t preferential directitin Notice that,6o rep-
resents an offset angle, this offset angle is needed betfaergeare cases, in which
the robot cannot aligned with the right goal vertex (see Figure 6(b)). Hence, it is
needed to determine the location of the vertices, even indbe, in whicht (or It)
is not aligned with the goal right vertex (or goal left vertex

Equation 1 indicates the coordinates of left vertices inferemce frame defined
by the pointrp and the right goal vertewyo, based on distana, and preferential
directionlt (anglef.). See Figure 8(a).

XyL = 2rsinBy + dycog 6+ L)

YuL = 2r cosfy — dysin(6y + L) (1)
The coordinates of right vertices are given by Equation 2 Egure 8(a)).
Xur = Ay o6 + Br) @)

Yur = duSin(Bo + Br)

There are equivalent equations to indicate the coordiredteght and left ver-
tices over a reference frame defined by pomaind a left goal vertex, see Figure
8(c).

Equation 3 calculates the robot rotation angle with respethey axis of the
local referent frame; equivalent to the angle needed to gigferential directioit
to a left vertex executing a robot clockwise rotation wpdintrp (see Figure 8(b)),
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(a) Location of a left vertex and a right ver-(b) Robot rotation angle$_ and 6r (these
tex w.r.t. a local reference frame defined byngles are measured wy.axis of the local

pointrp and a right goal vertexy reference frame); distanci! anddg'
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(c) Location of a right vertex and a left ver-(d) Robot rotation angle§z’ and8,’ (these
tex w.r.t. a local reference frame defined byngles are measured wy.taxis of the local
pointlp and a right goal vertex reference frame); distancig!’ andd, "

Fig. 8 Local reference frames for robot touchigg
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Equation 4 calculates distandg . Figure 8(b) shows distand!, which is mea-
sured along preferential directidnfrom pointlp to a left vertex. This distance op-
tains when robot has executed a clockwise robot rotatiom waintrp to alignlt
to a left vertex.

L=/ koL — 2r Sin(B -+ 8] + [y — 2r cos( 6 + o)) o)

Equation 5 indicates the value d&', which is measured directly by the omni-
directional sensor (see Figure 8(b)).
dr! = dy (5)

Equation 6 indicates the value 6k, which is also measured directly by the
omni-directional sensor (see Figure 8(b)).
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6r = Br (6)

There are totally analogous equations to compute ar@jies,’, dg!’ andd."
over alocal reference frame defined by pdmand left goal vertex. Refer to Figure
8(d).

2.2 Algorithm to find aup or a u, vertex

Anglesfr andf_ and distancedg! andd, ! are used to find verticas, andun.

Algorithm 1 aup vertex or aun vertex

1) The algorithm starts from the goal vertex.

There are two cases: Case |) corresponds to a right goakwartecase Il) to a left goal vertex.
2) Case l)

3) Detect left vertices that block the path toward a rightl geatex

To block the path toward right goal vertagoa|, left vertices must have an andge larger than
the angledr related to the goal vertex, and a distadcesmaller than distancdy' related to the
goal right vertexul .

4) Selection of a ?eft goal vertex

The left vertex with largesfi_, the last in the angular order is selected as a new goal vertex
5) Case Il)

6) Detect right vertices that block the path toward a leftl geatex

To block the path toward left goal vertagoal, right vertices must have an andlg smaller than

the anglef, related to the goal vertex, and a distadgksmaller than distanady! related to the
left goal vertexug,,.

7) Selection of a right goal vertex

The right vertex with smallest angB, the first in the angular order is selected as a new goal
vertex.

8) This procedure is repeated until the vertex selectedwgpal is not blocked.

Table 1 shows an example of the execution of algorthim 1 aadiétermination
of a u, vertex;1 indicates the subgoal vertex, indicates the vertices that might
block the path toward the subgoal vertexindicates the vertex selected as subgoal
at each iteration indicates that the distance to this vertex is smaller than th
distance to the subgoal vertex,indicates that the distance to this vertex is larger
than the distance to the subgoal vertexindicates that for a left vertices, the vertex
that must be selected as subgoal is the last in the angular, arttk— indicates that
for a right vertices, the vertex that must be selected asaallg the first in the
angular order. The algorithm determines thats au, vertex corresponding to the
optimal detour.

Table 2 shows another example of the execution of algorthémdlthe selection
of aup vertex,us is aup vertex corresponding to the optimal detour.
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Search region foup Search region fouy
i777) Search region foup, Search region fou,,
(@) Aun vertex (b) A up vertex

Fig. 9 Examples of ai, vertex and aip vertex

Table 1 Orders for selecting &, vertex

Angular order Distance order
Index | 1 2 3 4| Index (1 2 3 4
Direction| rt It rt It [Direction/It rt It rt
Type R LR L Type [LRL R
Vertex [Ugoal Us Uz Ug| Vertex |Uz Uz Ug Ugoal

— T X ® - - 1
— ® T - 1T+
— x 1 - T+
Table 2 Orders for selecting &, vertex
Angular order Distance order

Index | 1 2 3 45 6 7 Index |1 2 3 456 7
Direction| rt rt It rt It rt It |Directionfrt It It rt It rt rt
Type R RLRLRU Type [RLLRLR R
VerteX [Ugoal Up Ue Us U Ug Ug| Vertex |Ug Ue Us Ug Ug Uy Ugoal

— T X X ® - T
— ® x 1 - - T+ o+
— x T ® - - 1T+

— T X - T+ + o+

Lemma C. Algorithm 1 find the optimal detour in the sense of Euclidestatice
toward the goal vertex.

Proof. It is based on two facts. 1) The structure of the path reptegga detour
is a sequence of sub-paths between vertices. 2) Each eleh#rd sequence is
locally optimal since each vertex selected as sub-goablrethe boundary of the
restriction. In other words, each vertex selected as sabigthe one, that deforms
the path the most, toward the goal vertex. Therefore, thédtineg detour is optimal.
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2.2.1 Executing a rotation to alignlt to a up vertex or rt to a u, vertex

Once the optimal detour is determined, the robot rotatedigo & or rt with the
vertex representing the optimal detour. This rotation isceted based on sensing
feedback. The sensing feedback corresponds to an angledretweferential direc-
tion rt and a right vertex; or an angle between preferential divadti and a left
vertex.

Figure 10 shows an example of an angle between prefereigationrt and a
right vertex, for the case of a clockwise robot rotation witkpect to pointp. The
angle measuring the clockwise robot rotation is calgg

oP L

%
9
180 B o/{ " oF Bcw

directi " rt o}
Omni-directional Omni-directional <= 3 - 0
sensor sensor ‘ cw
27PR rt A
(a) Preferential directiort (b) Clockwise robot rotation w.r.t poimp

Fig. 10 Example of an angle between preferential directioand a right vertex, for the case of a
clockwise robot rotation with respect to poirg.

2.3 Robot is not touchingdE

Here, we provide equations to calculate distarti¢sindd, !, and angle$r and6_
for the case of a clockwise or counterclockwise robot rotatin place.

The planning step (optimal detour determination) is tgtafialogous to the case
of a robot rotation with respect to poinp or Ip described in Section 2.1.

2.3.1 Aup vertex and aun, vertex

Figures 11(a) and 11(b) show the location of right vertex, x,r) and left vertex
(xuL,%uL) On a local reference frame defined by paiptand a right goal vertexy,
Figures 11(c) and 11(d) show the location of right vere, Xz) and left vertex
(X,.,X,.) on a local reference frame defined by pdim@and a right goal vertexo.
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VAT, 8 Yot

(XuL, YuL)
@ du - d t R
rt X ‘ g ‘
du
(XURayUR)

(a) Location of left verteXxy.,X,.) (b) Location of right vertex
on a local reference frame definedx,r,yur) On a local reference frame
by rp andup defined byrp andug

V | o0 §

o TR

@ U (XY @ )
R y

y, It rt

(c) Location of right vertex (d) Location of left vertexx ,x), )
(X,r:Y,r) ON a local reference frameon a local reference frame defined
defined bylp andug by Ip andug

Fig. 11 Location of right and left vertices over local referencenies

Equation 7 indicates the coordinates of left vertices inferesmce frame defined
by the pointrp and the right goal vertedy based on distana#, and angley , see
Figure 11(a). Analogously, equation 8 indicates the cawidis of right vertices in
the same reference frame based on distalg@nd angleg, see Figure 11(b).

XuL = dycosy.
YuL = d —dysiny. 7

XurR = 0y COSYR
Yur = duSinyr

There are other similar equations to compute the coordirateeft a right ver-
tices in the reference frame defined by pomand a goal vertex. See Figures 11(c)
and 11(d).

Figure 12 shows the case of a robot rotation in place. Equ&icalculates the
robot rotation angle with respect to thi@xis of the local referent frame; equivalent
the angle measured from preferential directioto a left vertex, corresponding to a
robot clockwise rotation in place (see Figure 12(a)).

_ _ 7_ V.2
eLarCS|n<Xqu+(yuL 0)v/Xo 2= 2Yu = Yo ©)

(Yo — )2+ Xy 2

(8)

There is a similar equation to compute the angle with resgetiiey’ axis of
another local reference frame; equivalent to the angle nredsrom preferential
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(&) Clockwise robot rotation in (b) Counterclockwise robot rotation
place,d ! andf, are depicted in pIace,dR" and@,’ are depicted

y & dY (XL %L)v
H/'X'

ﬂ\dR\‘X q>

GR (XUR7 yUR) )/

(c) Clockwise robot rotation in (d) Counterclockwise robot rotation
place,dr' and 6k are depicted in pIace,dL" and8g’ are depicted

Fig. 12 Robot rotation in place: Distances and angles of alignmsed o find aip and au,, vertex

directionrt to a right vertex, corresponding to a robot counterclockwétation in
place (see Figure 12(b)). Notice that these angles are asistérmine ai, vertex.

Equation 10 calculates distandg'. Figure 12(a) shows distanck', which is
computed assuming that preferential directibrs pointing to a left vertex, and
corresponding to a robot clockwise rotation in place.

at= \/(quf rsinG)2+ (YuL — I —rcosf )? (10)

There is a similar equation to compudg"’. Figure 12(b) shows distanak’,
which is computed assuming that preferential directtois pointing to a right ver-
tex, and corresponding to a robot counterclockwise rataitioplace. These dis-
tances are used to determinegvertex.

Equation 11 calculates the robot rotation angle with resmethey axis of the
local referent frame; equivalent to the angle measured frferential directiomt
to a right vertex, corresponding to a robot clockwise rotain place (see Figure
12(c)).

eR:arcsm<—XuRr+<vuR—wm> "

(Yur—T)?+XuR?

There is a similar equation to compute the angle with resgetiiey’ axis of
another local reference frame; equivalent to the angle nredsrom preferential
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directionlt to a left vertex, corresponding to a robot counterclockwigation in
place (see Figure 12(d)). These angles are used to deteamjineertex.

Equation 12 calculates distandg'. Figure 12(c) shows distanak', which is
computed assuming that preferential directibris pointing to a right vertex, and
corresponding to a robot clockwise rotation in place.

drt = \/(qu+ rsinBr)2+ (Yur— I +r cOS6Rr)2 (12)

Figure 12(d) shows distanak!’, which is computed assuming that preferential
directionlt is pointing to a left vertex, and corresponding to a robotterclock-
wise rotation in place.

These distances are associated to the determinationofertex.

2.3.2 Executing a rotation to alignlt to a left vertex or rt to a right vertex

Once the optimal detour is determined, the robot rotatedigo & or rt with the
vertex representing the optimal detour. This rotation isceted based on sensing
feedback. The sensing feedback corresponds to the didteheeen pointp orlp
and the goal vertex, which can be a right or left vertex. Fégl® depicts a robot
rotation in place when the robot is not touchigig.

(dr')2+r2 Ip
r do \ d'
/ dr r o
rp (di)?+r2

(a) Angleaq: case of a right goal ver- (b) Angle ag: case of a left goal ver-
tex tex

9CW

(dR )2 +r2

/4

rp

ar du

(c) Angle of rotation6,,,: case of a clockwigel) Angle of rotationf.,: case of a counter-
robot rotation in place clockwise robot rotation in place

Fig. 13 Robot is not touchin@E: Computation o, and 8¢y, based on feedback over measure-
ment ofdy,

Equation 13 corresponds to a clockwise robot rotation ielét indicates the
rotation angle that the robot must execute to aligto a right vertex (see Figure
13(c)), or to alignlt to a left vertex, both cases are based on feedback distance
measuremerd, between the omni-directional sensor and the right goaéxert
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GCW = aR - Go (13)

Equation 14 corresponds to a counterclockwise robot amotdti place, it indi-
cates the rotation angle that the robot must execute to Hligma left vertex (see
Figure 13(d)), or to aligmt to a right vertex, again both cases are based on feed-
back distance measuremeitetween the omni-directional sensor and the left goal
vertex.

QCCW: aL — C!o (14)

Equation 15 calculates the value of needed to compute a clockwise robot
rotation in place.

12 2 42
ORr = arcco (dR)"+2r" — du (15)
2ry/(dr')%+r2

Equation 16 calculates the value @f needed to compute a counterclockwise
robot rotation in place.

12 o2 g2
ap = arcco (d)"+ 2 —du (16)
2r/(dg")2+r2

3 Chasing a Landmark

Laser pointer (L)
=
(&
Omni—direct(ign R Omni-directional
sensor ( sensor (O) Pa

@) (b)

Omni-directional Omni-directional
sensor (O) sensor\(?
~ o5 9 195
,,,,,,,,,,,,,,,,,, Q ,, ,,,,,,,,,,, ] ffi’jitQ\,,ﬁ,
PA

(c) (d) (e)

Fig. 14 Case Landmark

Figure 14 shows case of chasing a Landmark. The robot is nohiogdE, the
omni-directional sensor is locatedrat, the robot goal is to reach a landmatland
the path to reach is blocked.
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Let definerp, as the particular point in the boundary4f such that there is a
bitangent line between poifhp in the robot and pointp, in A. The first motion
primitive executed by the robot is a clockwise rotation iagd untilrt is aligned
with rp,. See Figure 14(a).

At that robot configuration the procedure to detect the dgekis as follows:

The turret swap the omni-directional sensor fngorto | p, While the turret is ro-
tating counter-clockwise, the gaps change orientatiortaltiee motion of the omni-
directional sensor. If one gap touches the boundary of thenfeark (the landmark
will be, at least partially, occluded by a vertex from this m@rdirectional sensor
position) then a straight line path towafdis blocked, and\ will be associated to
this gap and encoded in GNT. See Figure 14(b).

While the turret keeps rotating, the gap associated wWitmight merge with
another gap. If the gap associated'tanerges with other gap theh is associated
to the gap resulting from the merging of the two gaps. SeerEidgja(c).

The turret finishes the motion at the moment the omni-dioeeti sensor reaches
pointlp. See Figure 14(d). If one blockage is detected then the istwoimmanded
to chase the gap associated to the

The path toward vertex that generates the gap to be chasétlanignight not be
blocked. The case of a blocked path to reach a vertex is hdbglléhe selection of
aun vertex or aup vertex associated to the optimal detour to reach the vertex.

Figure 14(e) shows with dotted black lines the configurasipace. The optimal
robot path is shown with a solid line. This path first visitotwertices and later the
landmark.

Lemma D. The condition that\-ALIGN uses to detect a blockage toward a right
landmark is correct, and the gap selected as goal is the gaprttust be chased to
obtain locally optimal navigation.

Proof. Since, while the turret was rotating counter-clockwise p trauched the
boundary ofA then a clear line of sight does not exist betwégmandlp, . Given
thatlp andrp are the extremal side robot points in the direction thatndidi the
area of the robot therefore a straight collision free pattwben the robot and the
landmark does not exist. Hence a left gap must be chased tiéigltg line robot
path toward the vertex that generates the left gap to be dleagsts then this path
is locally optimal. Otherwise, the path toward the vertelslecked. In this last situ-
ation the determination of @, vertex or au, vertex determines the locally optimal
path to perform a detour.C0

There are other two cases totally analogous to case in whighdbot is not
touchingdE to chase a landmark. One corresponds to robot touching thean
ment atrp and the other to robot touching the environmempaf he only difference
among these two cases and the case in which the robot is robiihglE is that robot
will rotate either w.r.i p (when the robot is touchingE atlp) or w.r.trp (when the
robot is touchingE atrp) to alignlt with [p, orrt with rp,.
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