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Smooth Nearness-Diagram Navigation

Joseph W. Durham and Francesco Bullo

Abstract— This paper presents a new method for reactive

collision avoidance for mobile robots in complex and cluttered GIObaI
environments. Our technique is to adapt the “divide and con-
quer” approach of the Nearness-Diagram+ Navigation (ND+)
method to generate a single motion law which applies for
all navigational situations. The resulting local path planner
considers all the visible obstacles surrounding the robot, not just
the closest two. With these changes our new navigation method
generates smoother motion while avoiding obstacles. Results
from comparisons with ND+ are presented as are experiments
using Erratic mobile robots.
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[. INTRODUCTION

Safe navigation through an environment is a fundamen- rangefinder
tal piece of most potential tasks for autonomous mobile Data
robots. Autonomous robots are being developed for search-
and-rescue [1], transportation [2], and mobility assiséan
[3], among many other applications. In each circumstance, _ _ _
the saety and performance of navigation in unknown anfd: L, The moten contel famevior considered by this pafine
dynamic environments with a potential high density of ob-
stacles is crucial to accomplishing the larger task.

One intriguing concept which has recently shown a lot of In this paper we present the Smooth Nearness-Diagram
potential in mobile applications gaps discontinuities in the Navigation (SND) method that is an evolution of ND+. As
depth of obstacles around the robot which indicate potentisompared with the ND+ navigation scheme [3], the key
paths into occluded areas of the environment. Navigatioh amlifference in our approach is that a single motion law is
exploration based solely on gaps, as opposed to the magseposed that is applicable to all possible configurations
common occupancy grid maps, has been studied in [4]. [4f surrounding obstacles. The change away from separate
introduced the Gap Navigation Tree (GNT) which containsnotion laws for different scenarios, as we will describe in
links of which gaps lead to which other gaps. NavigatiorSection Ill, removes abrupt transitions in behavior when th
based on GNTs was shown to be intrinsically distancaobot navigates near obstacles. In addition, adjustingépe
optimal without any need for distance measurements orajectory based on all nearby obstacles, not just the slose
localization [5]. two, leads to smoother paths as we will show in Section IV.

The Nearness-Diagram Navigation (ND) method [6] was
the first reactive navigation approach based on gaps. By ) ) _ o )
navigating based on gaps, ND avoids local trap situations The focus of this paper is on the reactive collls_lon avoid-
without the computational load of determining which areagnce (local planner) component of the robot motion control
of the environment are connected. The ND method usesf@mework shown in Fig. 1. The distinction between the role
tree of conditions based on the configuration of the obstacl@f the global and local planners is fundamentally important
closest to the robot to divide navigation behavior into fivd® this motion control framework and the measurement of
scenarios. The subsequent ND+ method [3] adds a sixBYCCESS for the two planners. Slmlla_r task s_eparatlon sehem
scenario to balance the division of motion laws and increas&r motion control have been considered in [7], [2] among
the smoothness of transitions between some of the scenari@§ers. _ _ _

We describe the six ND+ scenarios in more detail after IN this framework, the robot is equipped with sensors ca-

introducing some required concepts in Section IlI. pable of producing a 2-D depth map of obstacles surrounding
the robot. The most common forms of such sensors are sonar
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the goal have been determined to be dead-ends. Using thi
information, it passes a desired headifiga to the local
planner though it is not necessary to update this heading
at every sensor update. Examples of global planners which
could fill this role include GNTs [4] and D* [8], among valley .
others. Pt
The local planner considers the global goal heading and /,x”right gap _
the local obstacles visible to the robot to plot a trajectory region
which will make safe progress towards the goal. This reactiv
planner must be able to process and react to each sens
update to successfully avoid obstacles. Examples of localy 2. The circular robot detects four gaps, indicated bhéal lines,
planners include Nearness-Diagram methods, VFH [9], arid the depth measurements around it. There are two types of ¢@ps

; ; ; eated by neighboring depth measurements differing by marettte robot
Dynamic Window [10]' The local planner passes a traJeCtorgameter while at (b) one depth measurement returns no obstacdage.

etraj_ and a speed ”mitilimit_ to the _rObOt dynamics component the fight solid line indicates the angle directly behind toot. The four
which translates the desired trajectory into commandshier t gaps define regions and valleys around the robot, some of vahictabeled.
various actuators of the robot. The robot chooséhes;, Org, andfog based on the goal directiafyoqr.
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1. REACTIVE COLLISION AVOIDANCE METHOD

In this section we present the Smooth Nearness-Diagrafh Locating Gaps and Valleys

Navigation method (SND) for collision avoidance which fills A gap occurs at an angle where two contiguous depth
the role of the local, reactive planner in the motion contromeasurements are either separated by more than the robot
framework in Section II. diameter2R or one of the measurements returns no obstacle
The SND method works as follows: first, the rangefindejn range. The first type of gap occurs at (a) in Fig. 2, the
data is analyzed to determine the structure of obstaclgecond at (b). See [6] for more on calculating the location
surrounding the robot as described in Section IlI-B. The begf gaps from rangefinder data. #eft gap” means that the
heading which makes progress towards the goal directiagfloser measured obstacle falls on the left side of the gap, as
set by the global planner is then selected as presentediin(a) in Fig. 2, indicating that there may be an occluded
Section 1lI-D. In Section IlI-E we describe how the SNDfree area on the left. The opposite holds for right gaps.
method deflects this heading to avoid any nearby obstacles.Each pair of consecutive gaps definesegion A valley
This process of determining a safe trajectory is repeated f@ a navigable region with either a left gap on its left side, a
each sensor update. right gap on its right side, or both. Each valley is defined by
two gaps, one of which we will call thesing gapand refer
to by the angléd,g. When a valley is defined by two left or
: ; ) i ) ‘frght gaps, the gap on the appropriate side of the valley is
algorithm and so we ywll carefully define these relationship Org. If the valley is defined by a left and a right gap (as is the
Let S! be thg unit circle attgqhed to the robot's refe'rencgase in Fig. 2), then the gap closest to the heading provided
frame. We W|_II_ measure posmo_ns (ﬁ\l cour_lterclockW|se by the global plannefy, is selected asyy. The other gap
from the positive horizontal axis (directly in front of the of the valley is referred to ag.
robot). Positive angles less thanare on the left of the  nqe the Jist of valleys surrounding the robot is assembled,
robot, negative on th? right. _each#yq is compared againsly. The valley which best
_For anglesa, § € S', we letdist(a, §) be the geodesic 15tches this headingjes; is selected as shown in Fig. 2.
distance betweenn and ;3 defined by dist(a,f) = The mechanism for selecting the best valley are the same as
min{diste (@, 4), distee (@, §)}, wherediste (o, 5) = ((@ = i, the ND and ND+ methods, the differences come with the

f)mod 27) anddistec(a, ) = (5 — a)mod 27) are the  ggjection of a desired heading and adjustments for nearby
path lengths fronx to g traveling clockwise and counter-

A. Definitions
Angles and angular distances play a significant part in o

. . . , obstacles.
clockwise, respectively. Heréxmod 27) is the remainder
of the division ofa by 27. C. ND+ Method Description
Given a scala, we let proj(d) take value in[—, ], The ND+ method divides behavior into six scenarios based
where the maproj : R — [, 7[ is defined by on the obstacle point closest to the left and right side of the
proj(8) = ((6 + ) mod 27) — 7. (1) robot [3]. The top classifier,. onv or high safe_ty, depends on
_ _ _ _ whether an obstacle falls within the safety distare
Given ab< b, we define the saturation functioat, ) : 1) HSGR: High safetyfyea is in Vhes;
R — [a,b] by 2) HSWR: High safetyViestis wide;
if +<a, 3) HSNR: High safetyljest is narrow;

. 4) LSGR: Low safetyfgoar iS in Voesi
sati, 1 (2) = f b, 2 goa .
satfa.p) (2) s ' s 2) 5) LS1: Low safety, close obstacle on only one side;
b, if 2> 0. 6) LS2: Low safety, close obstacles on both sides.



The ND+ method determines the desired trajectory for the The foundation of the SND method is the measurement
robot by deflectingd,y based on the two closest obstaclef the threat posed by each of th¥ obstacle distance

and the width ofVjest measurements from the rangefinder. An obstacle is consid-
o ) _ ered a threat if it falls within the safety distanég of the
D. Determining Desired Heading boundary of the robot and the threat meastirecreases as

The two gaps Ofhes; Org andbog, define thefree walking  the obstacle gets closer to the robot.
areafor the robot which makes the best progress towards the N
. , . Ds+ R — D;
goal. We will now define two angles based on this valley, si = satg 1) — D,
first the safe rising gapsg: S

(6)

where D; is the distance to thé" obstacle point measured

b 0rg — arcsin R%fs , If Oy is a left gap from the center of the robot and that operator capss
srg = Brg + arcsin R—gé)s . if fig is a right gap at 0 when the obstacle is outsides and 1 if the robot is

touching the obstacle.
where 6y and D are the angle of the rising gap and the Using this measurement of the danger posed by each
distance to the obstacle creating the gap from the center \6kible obstacle we can define the deflection from the desired
the robot. This adjustment 4 will point the robot in such heading to avoid each of these obstaclgs,
a way that the obstacle creating the gap will not erigr o .
as the robot moves towards the gap. WHég is narrow, d; = s - proj (distee (6 +7),0a)) € [-m,x[  (7)
it is possible thatsy will point too close tofog. For these where ¢, is the angle towards thé” obstacle point and
narrow valleys it is better to head towards the angle whicthe term proj (distcc ((6; 4+ 7) ,64)) is the position offy
bisectsVpesy Omia defined by: measured counter-clockwise from the angle directly away
. . . from the obstacle. This angular distance is weightedsjby
Ormid = {Grg N d?StC(erg’ Oog) /2, !f frg !S a I?ft 9ap whens; is 0 and the obstacle is outsides, the deflectiony;
Org + distec (Org, 0og) /2, if brg is a right gap is also 0. When the robot is touching tif& obstacle and
) ) “4) s 1, ¢; is at full strength and will point directly away from
where the half-width ofijest is subtracted front,y for left  he obstacle regardless of the valuefgf

gaps and added for right gaps. _ . To define the relative importance of eaéhwe use the
Under most circumstances, the desired heading for thgm of the square of all the danger coefficients:
robot 6y will be whichever offlsy and g is closer tofg: v
Stotal = Z 5|2 (8)
=1

0. — Omia, if dist(0g, Omid) < dist(@d,esrg),
4= Osigy  €lse

_ With this we can now define the total obstacle avoidance

Remark 1 (Comparison to ND+)Both 0sg and Omig are  deflection Aavoid @s the weighted sum of adl;:

all also used by some of the cases in the ND+ method.

The key difference is that our approach chooses whichever — N s? 5 9
is closer tod in all scenarios, removing a source of non- avoid = Z Stotal € [=mml. ©)
smoothness in some of the transitions between the cases in
ND+ (particularly LS1 and LS2). e When there is a single obstacle point insidg the effect of

It is also worth noting that if the goal of the robot is toEd. (9) is equivalent to the obstacle avoidance deflection in
assume a particular position, thép should be set t@goa the LS1 (close obstacle on one side of _the robot) condition
when 6404 falls betweerd,y andfog. We consider this to be from [3]. However, when there are multiple obstacle points
a special case as moving through the environment safely iigside Ds (either from multiple obstacles or large obstacles),
the primary goal of the reactive planner. In addition, som&d- (9) accounts for all of them and finds the weighted net
visibility-based tasks can be accomplished with distancévoidance deflection. Terms for whichis larger will have

(®)

i=1

optimal paths simply by chasing gaps [5]. more pull in the sum, as will obstacles closerftpbecause
of the differencing in Eq. (7).
E. Obstacle Avoidance Method The safe angular trajectory for the robot is then the

With the desired headingy determined, the SND method goal di_rected anglé@y adjusted by the obstacle avoidance
will consider deflecting this trajectory based on the configdeflectionAayid:
uration of obstacles surrogndmg the robot. In [3], theT ND+_ Ouraj = Od + Davoi: (10)
method separated the actions the robot would take into six
different scenarios based on the proximity of obstacles dNote that since); is formulated as a deflection away from
the left and right of the robot, the width 0fyes; andfgoa. g, if the robot is very close to an obstacle, thép; may
Our approach is to generate a single obstacle avoidance rpleint in nearly the opposite direction 8. When the robot
which works under all scenarios and considers all of thmoves away from the obstaclé\,oig Will shrink and the
obstacles around the robot, not just the closest two. robot will follow 64. There is also no hard constraint against



moving towards one obstacle (particularly one outsiel¢ the top right corner of the map and then towards the top

in order to avoid another. left. The robot’s goal is to move through the environment in
Equation (10) determines the new heading for the robothis way, not to assume a particular position.

Our obstacle avoidance layer also specifies the speed Iin;&it

S Robot Model
vimit Of the robot to maintain safety near obstacles. o ) ) . )
For simplicity we have used a circular, differential-drive
Vlimit = (1 —min{s1,...,5n}) - Umax (11)  robot with R = 0.25m and a weight ofi2kg. The simulated

laser rangefinder samples= 1024 points over a full360°

wherevmay is the maximum velocity of the robot. The robot " . o

. V\ﬂth a range of4m. The linear and angular velocities are
slows down based upon the closest obstacle, coming to aftéa ed atimay = 0.5m/s and wmax — 1.0rad/'s while the
stop if it ever touches an obstacle. P max = - max

Remark 2 (Smoothness Properties of SNDhiroughout (s)a?:‘%ilboundary around the robot is set/fg = 1.5k =

IseCtilr?r;II”Ici\;\éirgilaenc?ergu:: d tgatt;zinus':l? naeasrlgglﬁbggté?ns A differential-drive robot in Player/Stage accepts two mo-
aw y Y arby &on commands: rotational and linear speeds. These speeds
into account, SND produces smoother motion than ND+

. : 7 L : ire calculated fronflys; and vimir USing the following equa-
We show simulations confirming this in Section IV. Beyond, ¢ ey Ylimit 9 ged

these arguments, we conjecture that the continuous version 0
of Eq. (10) is continugusly dependent on the position of w = sat[_1 1] (“al> - Wina (14)
the robot. Let us provide some arguments to support this /2

conjecture. For a rangefinder with infinitesimal angular o sat 7/4 — |Ora] o (15)
resolution, Eq. (8) becomes: (0.1] /4 fimit
5 If Ouaj points in the opposite direction as the current robot
Stotall 2, Y) = 7{5(0‘>x’y) do. 12) heading, the robot will first spin in place fof*. Once its

. . . heading is within7 of 6y, the robot will begin moving
wheres(a, z, y) is the continuous version 6f from Eq. (6).  ¢4\yard  with a velocity proportional with its alignment to

S_ince It includess _is depe.ndent linearly on the visibility Oiaj. Equations (14) and (15) are similar to the those used in
distance, Eq. (12) is reminiscent of the formula for the are%]

of the visibility space of the robot:
B. SND Simulation
Ayisivie(r,y) = %r(mx,y)Qda. (I13)  The route chosen using the SND method is shown in
) ) _Fig. 3. The robot successfully navigates the cours8iiec,

For a polygonal environment, possibly non-convex and witQjoying down to squeeze between tight obstacles. At regular
holes, the area of the visibility space is locally Lipschitznieryals a square bounding box is left behind on the map
continuous everywhere except at the internal reflex Ve“icer’ndicating the progress of the robot. The relative speeds fo
of the environment (an impossible position for a robot ofjifferent sections of the map can be interpreted from the
non-zero size) [11]. In future work these observations “tou'density of these gray trails. Denser sections also correspo
potentiall)_/ be ex.tended to prove that the contingqus VBrSiQq the parts of the path where the robot passes close to
of Aavoig iS continuously dependent on the position of thg)nstacles, sinceim: is determined by the closest obstacle
robot. * inEgq. (11).

IV. SIMULATIONS C. ND+ Simulation

To demonstrate the differences in the execution of the The route chosen using the ND+ method from [3] is shown
SND method and the ND+ method presented in [3], wén Fig. 4. The robot does not complete the course after
implemented both in version 2.0.3 of the open-sourcelipping the last obstacle, coming to a full stop af?étsec.
Player/Stage robot software system [12]. One of the sthsngtOther close brushes with obstacles can be seen along the path
of Player/Stage is that the same code can run either a realtaken, particularly between B and C. In each case the robot
simulated robot. We will show results from SND running onis operating in the LS2 case where there are close obstacles
a physical robot in Section V, but simulations allow the twaon both sides of the robot.
methods to be directly compared with no differences other The collision and other close brushes with obstacles using
than their actions. For the simulations we used a raytrad¢D+ result from the combination of two decisions in the
accuracy of0.02m. LS2 case handling. To provide a smoother bridge between

Both SND and ND+ are designed to handle troublesomtae HSNR (no close obstacles, Bistis narrow) case and
scenarios with very close obstacles. For these simulatiens LS2, ND+ always use$piq in LS2 regardless of the width
created a map with many tight squeezes between obstactd#sljes: In addition, the two deflection terms for the closest
where the robot could pass with less thilm total clear- obstacle on the left and right of the robot are averagedaxste
ance. The map can be seen in Fig. 3, where the black regioofisbeing weighted by relative proximity of the obstacles.
are obstacles. Instead of using a global planner for theseWhen the robot collided with the environmerty is
simulations the robot is instructed to follow gaps towardsocated directly in front of it whilefn,q is angled to the



Fig. 3. Simulation results showing path followed by SND mettlmdugh  Fig. 4. Simulation results showing path followed by ND+ methasing

tight obstacles. the same conditions as Fig. 3. Constraints on the selectialy aind the
weighting of deflection angles in the LS2 case of ND+ causerdhet to
collide with the environment and get stuck.

right. Though the robot is touching the right obstacle ared th
deflection anglejr points directly away from the obstacle,
its influence is divided by two when averaged with the
The combined pull to the right dfyiq andd /2 is equal to
dr/2 and the robot does not avoid the collision.

gaps merge or split and the valley width changes suddenly,
Omia jJumps as well. By selecting whichever 6§y or Omiq
is closer tofyg, SND reduces these effects. ND+ also shows
sharp changes in behavior when transitioning between LS2
D. Comparison of Paths Generated and LS1 where it switches from followingmig to Osrg.

To demonstrate the increased smoothness of the paths V. EXPERIMENTAL RESULTS
generated by SND, we recordégl; over the course of these  For these experiments we used the Erratic mobile robot
simulations. In Fig. 50y is shown for (a) SND and (b) ND+ platform from Videre Design with an on-board computer and
and is plotted against the distance traveled by the robot scHokuyo URG-04LX laser rangefinder. The vehicle platform
that points on the graphs roughly correspond. While tragelinis roughly square(40cm x 37cm) with two differential
through the open starting area the two methods are fairtftive wheels and a single rear caster. The laser s6&ds
similar but differences are clear once they enter the tiglgoints over240° at 10Hz. The on-board computer runs
corridor labeled A. The sharp changedig; for ND+ in this  the same SND code used for the simulations in Section 1V
corridor are the result of considering only the closestatist through Player/Stage. THe8GhzCore2Duo processor runs
point on the left and right of the robot. In tight scenarioshwi the reactive SND method in less tha@msec and we then
many obstacles points, the direction towards the closést powait for the 10H z updates from the laser.
will change frequently as the robot moves. These frequent Fig. 6 shows a picture of the robot navigating an obstacle
changes cause the many sharp turns in Fig 5(b) near A. Bpurse. A video of the SND experiment is also included
using a weighted sum over all the obstacle points, SNih the submission of this paper. As shown in Fig. 7, the
avoids these sharp changeséy while still emphasizing SND method in (a) produces smoother changes in heading
the closest points. Similar improvements in smoothness neahile avoiding obstacles than the ND+ method shown in
obstacles can be seen at B and C. (b). Increases in sharp transitions when compared to the

While leaving the A corridor, ND+ suffers from severalsimulations are expected since the rangefinder has only
large spikes iy, Most of these spikes are the result of gaps 240° field of view. By summingd; over all obstacle
merging or disappearing, smaller sharp changes can also f@nts, SND reduces the sharpness of these field of view
seen in the SND plot. As mentioned in Subsection IlI-B, botteffects, in addition to the other improvements mentioned in
ND+ and SND use the same mechanisms for determinirfgubsection IV-D.
which valley is the best to follow, the differences are in
picking fsrg Or Omig and then adjusting due to obstacles. The VI. CONCLUSIONS AND FUTURE WORKS
spikes are larger for ND+ because under the LS2 condition We have presented the Smooth Nearness-Diagram (SND)
it always choose8g regardless of the width df,ese When local navigation method for reactive obstacle avoidance.
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Fig. 7. Theta trajectory plots for the experiment using (aPSH) ND+.

Fig. 5. Comparison of the angular headifigy output by (a) SND (b)
ND+ along the paths shown in Fig. 3 and 4 respectively.
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