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5.1 Introduction

Inaccurate sensors, world unpredictability, and imperfect control often
Cause the failure of traditional planning and navigation methods for real-
Hme mobile robots. More reactive approaches to navigation have been
txplored by [1, 4, 33]. In particular, Brooks [4] proposed the subsumption
E?":}"«_”f'-'fm“ﬂ: as an incremental method for building layers of robot compe-

tengjpg, consisting of simple rules that tightly couple sensing and action.
11-.-1_=T:1,l-e subsumption ar::-_hirerru'_re 11:.15 been used successfully in f‘l.l"_ﬁ:' reac-
! :’IIEI'H{S such as [Iﬁ_. 5, 10, 'Jn] 5.:: far, these 5}'sten15r have h.E"'El'{ limited
3 fuii-.lfjltluns requiring no explicit 111h=lmml r::prv:_ﬂ'llt-.armn_, which nup_used
. {f:ﬂf‘fl;a] !Hultatmn on T-FH: domain i.ff applications for fhE‘IHE'('hIH"{'-
I'E']JI‘ESHL:{; : assical problem of pa,Fh pla.nnl_ng, for example, requires some
b hltg:r .d ion of space. Any sf:ulut:ml superior to r;mdum_ walk Ilet‘l’:‘s:‘jlt-i:IIEE
nal model of the robot’s current location, the desired goal location,

j_:hE relationship between the two.

M“ﬁtaf:l 1.1?:1[111511.3-__: is discusseg extensively in the literature [31 2:} 34].
“tlutions rely on centralized world models, whose compatibility with
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completely reactive systems is debatable [7]. Hybrid systems offer a com-
promise by employing a reactive system for low-level control and a planner
for higher level decision making. They separate the control system into twa
or more communicating but basically independent parts.

In contrast, we address the problem of integrating representation into a
fully reactive, nonhybrid system, with the goal of maintaining a map of the
environment and using it for path planning. We introduce a distributed
map representation that merges directly into a homogeneous subsumption-
based system, thus eliminating the need to separate the planning and execu-
tion parts of the system. Our approach extends the repertoire of integrated,
fully reactive systems to domains requiring internal spatial representation,

Our system’s task is to explore an office environment and to construct
and maintain a map based on landmarks it discovers. The user can select
a particular landmark (e.g., a specific corridor), or landmark type (e.g.,
the nearest corridor) as the goal. The robot then employs the map to plan
and execute the shortest known path to that landmark. After reaching the
destination, the robot is either given another goal or it continues to explore
and update its map. If the robot fails to reach the goal, it detects its failure
and changes the map appropriately.

All algorithms we describe were implemented on a mobile robot, The
data were gathered by running the robot in unaltered office environments
with static and dynamic obstacles, including furniture, other robots, and

people.

5.2 The Robot, Toto

Toto, the testbed robot we constructed, consists of a circular omnidirecs
tional three-wheeled base capable of following an arbitrary continuous [Jﬂ:tll-
On the base is mounted a ring of 12 ultrasonic ranging sensors, rangiig
from 0.9 to 32 feet, and a flux-gate compass, providing four bits of hearing
(Fig. 5.1). The robot is programmed in the Behavior Language, 8 ﬂ'f]e'
based parallel programming language that compiles into the subsumption
architecture [4]. : :
The robot was tested over a period of 2 months, in over 40 trm.IE:. -
a cluttered office environment. The data were gathered by attaching &

marker to the base of the robot and recording its path on the floor cOVE
with l-square-foot tiles,
5.3 Sensor Characterization

ir reliability off€8

Real sensors are noisy and inaccurate. Maximizing the
involves data interpretation using complicated physical models.
to explicit error modeling, we minimized overhead computatio
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Fig. 5.2: This figure illustrates the organization of the compass and sopgp
regions. The sonar cones remain constant relative to the shown forward.
pointing vector. The compass reflects the local magnetic field. The twyg

SENSOTS are used inclepcndenﬂ}t

5.4 The Basic Navigation Algorithm

three comp etencies, integrated intg a

! e _ . o 1:
rbot’s control system consists o ; tegr
e ntation: (a) basic navigation: ohsta.

rior-based represe

homogeneous, hehavior-base . £a . -

cle avoidance and boundary tracing,(b) landmark detection, a:;td {ic} map

i ate, ing,

related computation: map construction, map update, and pa;1 pﬁfm Gfl
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Fig. 5.3: The perceptual zones around the 1ulmt._cnruapnni;fre&i&ns
relevant obstacle and boundary conditions in the environment. il
. . i isj avigati ; COT
are used to implement basic collision-free navigation rules that
ke o

a robust boundary-tracing behavior.
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# y r J1ES,
Lower level competencies do not depend on the higher level ones, e

we designed them hy keeping in mind the -.r-.ntlir.n, int-u.;gr;tE:r ;Jrri.i::e;;"jmg
basic navigation algorithm was f]u:iig:uedttu facilitate lan ll111keﬁp‘ 10 rald

as well as map construction (24]. Its pnm:—:ry. task was .:? i wollisions
moving safely through an unaltered office environment, avoi
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with objects ang People. The ryleg for reactive wandering were augmented
with & rule thag made the rohg maintain a sma]] distance from objects,
(ie., avoid OPen areas). Thi, behavior is useful as the accuracy of the
SONATE i5 maximized ip the Proximity of detectah]e objects, which ig where
the robot cap obtain the most information about the Environment,

The robot’s velocity was limited by the sonar refresh rate. 200msee per
pair of SENSOLS, a new data get for the entipe SONAr ring wag obtained at 0.83
Hz. This limited the robot’s velocity from the maximum of 2 m/sec to (.2
m/sec. Based gn the cirenlar arrangement of the BOnars, ohstacle avoldance
and boundary tracing were implementpd by Segmenting the Space around
the robot intg relevant SEnsory regions (Fig. 5.3). The area in front of the
robot was divided into tWo regions: the danger zope and the safe zone, The
threshold between the zones (0.3 m) was derived from the robot’s velocity
and the minimuy fange of the sonay Sensors (0.25 m). [t guarantees that
at least two sets of Sonar data gre available hefore reaching ap obstacle,
thus decreasing the probability of collisiog,

An object in the danger zone is an obstacle. Ap object in the safe zope
causes the rohot 1, turp appropriately tq avoid it. The edging distance is
a threshold dividing the area on each side of the rabot. The robs stays
within the edging distance of the qundar}-' it ig fuﬂuwiug. The fnllmving
basic behaviorg utilize the 20nes to prodyce huundnr}f tracing;

— | }~—-. Gemaral ﬂm.-.-mory

| 1|'.:u:~$r|g
T }_,_I
s i Convey -E‘J_lurn:ls.-g
EERRREE B Tracing
r [
i L IZ-:|I-‘lsn:m-r'nna-vah
I_ '!l'r'ﬂ‘.lldEl'I.llg

F 6. 5.4: A schematic showing the incrementa] interaction of the low-Jeye]
Havigation behaviogs resulting in bmmdar}' tracing, The addition of each
New behavigy adds to the overall C0mpetence of the robot,

('i"-'fh@hm?ior Stroll
Cond
((and (<= (min (sonars 1 » 3 4) danger-zone))
(not stopped))
(stop))
((ang (<= (min (sonars 1 o 3 4q) da.nger—zona}}
(stopped))
(move backward))
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(t
{move forward))))

Stroll: If an obstacle is detected within the dnngu_r zune._.tl;ie r.ol:lo:
a danger zone, it backs up. This a!.!nwj_- the robo

minimizes unnecessary motion in avoiding
acles are detected, the robot is repeatedly
continmous motion. Stroll

stops. If stopped within
to escape tight situations, and
transient obstacles. If no obst :
given a target distance, resulting in smooth,
alone provides safe forward motion.

{defbehavior avoid

(cond
{(and (<= (somar 1 or 2y gafe-zone)

(<= (sonar 3 or %) gafe-zone))
(turn left))
((¢= (sonar 3 or 4) safe-zone)
{(turn Tight))))

Avpid: The robot turns (by a small, fixed angle o = 30 d-lsglr?eest;

width of sonar cone) in the opposite direction from an mbi,aclelxk |tt! n:;dcs

i : its <. If obstacles are detected on Doth SLOES,

safe distance of its front sonars. _ d on o
illation is prevented by istently choosing the same delau

oscillation is prevented by consis \ gl : 4

{left). In conjunction with stroll, this rule generates collision-free wandering

behavior.

{defbehavior align
{cond . ) :,
((and (< (sonar T or 8) edging-distance
(> (sonar 5 or &) edging-distance))
(turn right)) . _ }
((and (< (sonar 9 or 10) edging-distance
(> (sonar 11 or 0) edging-distance))

{turn left))))

Align: If an object is detected within the edﬁing d;lsta“
of the rear-lateral sonars (10 and 9 or E_and T}, B;“ : ;Hk‘:s
sonars (0 and 11 or 5 and 6) on the same 51:J|.|:._ tlnf}ru :cr .g E
turn in that direction. The combination of u?mrz:._, 3 {‘c- 5 4
the robot to follow straight and convex curved boundaries.

{defbehavior correct
(cond . . :
((and (< (somar 11) edging-distance
(> (somar 0) edging-distance))
(turn left))
({and (< (sonar 8) edging-distance)
f> (somar 5) edging-distance))

nce range of oné
by the lateral
arn r-degres
| and olign allow®
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Correct: This behavior prevents the robot from losing track of a lateral
boundary containing a sharp turn by monitoring the pair of sonars on each
side of the robot (0 and 11 or 5 and 6). If the rear of the two sonars (11 or
6) detects an object within the edging distance, and the front (0 or 5) does
not, the robot makes an a-degree turn in the same direction. By turning, it
gets the boundary in the range of both of the sensors in the pair, effectively
returning to a position aligned with the boundary. In conjunction with the
rest of the wandering behaviors, correct allows the robot to track arbitrarily
sharp turns. Figure 5.4 illustrates the incremental addition of navigational
competencies resulting in boundary tracing behavior.

The boundary-following behavior does not distinguish between, or dif-
ferentially treat, various kinds of boundaries in the environment. The be-
havior is general, independent of what types of objects and structures form
the boundaries, as long as they are detectable by the sonars.

Figure 5.5 shows a cumulative plot of four real-time runs in a large, un-
altered office area. The room is cluttered with chairs, tables, doors, a water
fountain, moving people, and other robots. The data show reliable bound-
ary following in all trials, independent of the robot’s starting position. The
robot also remains in the middle of empty corridors if the corridor width
is less than the sum of the edging distance on both sides of the robot. In
a wider corridor, the robot follows the wall it initially approaches. Even
without the use of position control to direct the robot to specific Cartesian
positions, the navigation rules result in stable paths that show repeatable
convergence around the detected object boundaries.

5.5 Landmark Detection

The robust, repeatable navigation behavior enabled the robot to safely
wander about and explore its environment. Next we added the ability to
detect landmarks used in spatial mapping. Sonar-based systems usually
Perform landmark detection by matching sensory patterns to stored land-
I'mI.‘Ii models or signatures (e.g., [13]}. These approaches are “static” in
their use of a discrete snapshot of the world based on a single set of sensor
j_ata. However, the expected accuracy of any one data point is low, and
r;f':[‘iiif HLTITHE signlatu.re:ﬁ are generated in dij'fermff t['%:q]lg due to 5.;-511-501- Ar-
k. mirtul-nhe. Stf:liu' nlatl:'hr.l‘ef +_-m.upenlsatot by m_a:lul-u:mng er}*nr ?sr::ml.fc:s
Whee) 5]_17-1[{g positional Precson that a often difficult to maintain due to
- Sipping and other factors producing further cumulative errors.

HS::":'WI-‘]“T*ITI an Hl'fE'I'Hat.ix’t',_“d:.'namic” a,?pl'mu‘]u to Iandm.ark detection,
Of the 1.§lFIJ?F1111101]S]F. monitoring the 1‘nhnf- 8 SEN5OTS 'arurrl taking advantage
for 1o, .l;nr e;.unrlt*ﬂg.'.mg boundary-tracing ht*it.‘-r.‘.:1ur. The I:.rn{lm-,u-].: detec-
Oves Hm-‘: Er ie#_lrures n the world _tlmt ll.n‘i.’t.‘ physical extensions detectable
A fllm.-jle (Le., 1t IllUI!._ltOI‘E ?'or cnnsmt_enmes in the Sensory data as the robot
12 next to objects in the environment). Spurious sensor errors are



Matarié
172

e comsory conditions
R i Lree § e::iﬁ‘?' sENE0OTY
filtered out through dynamic averaging. Three sp

: < he Tobot is
are monitored: the compass bearing, 0 dﬂen.lml_E :; ltl;xzh:zhim . to check
moving straight, and the sonar data on both md-mht .‘s:-*heucver e robatadl
for a persisting boundary on nithor_ or 1futh ::':]dr‘_'h. e reraged compass
peatedly detects short readings on its right side, IF}“::T wall is incremented.
bearing is stable, the confidence cmmturlfc-r A Tig 11-5 s " onfilei
An analogous rule applies to left wnﬂ:_s. Simultaneot it o inatioaill
in both walls indicates a corridor. When the appri 1! pous 2 Iamdma
confidences reaches a preset threslm‘lid r, the fjmwtlininimum tengthoil
detected, and the confidence counter 15 :'esct.l T i8 thr*‘-:r e T adept thil
continnous landmark boundary, represented in coun et -
algorithm to other types of environments, 7 15 set tuh% e ciaa elocitrit
we want the robot to detect. In our ffasc, based on :: l-unlaudnmrk hatidl
sumption, T is equivalent to the masmum length.}u -]am Al  abinetil
in the office environment (chairs, table h*lgs. trash ¢ i -1;]E e arki

We chose three large, stable, and I'Ellﬂh}}' rlf.-r.e.tl -clPL e anduiil
left walls (LW), right walls (RW), and _r.ﬂrnd.nrﬁli'.f-j;mﬂﬁﬁ ). It ameHiE]
type was added, corresponding to long irregular ; Ifmluf tigmttl Stz
the system to represent the environment as a collect ol he el
of fef:ﬂ.u:'e-.; describing the path the robot traversed. ot orabling
ronment the robot happens to be, it finds and fnll'::-*-'*hr 8
it to classify the area into one of its four 1&11:.1111&1‘}: 3 }1 i

The landmarks used by the system are Llesw’.“ime i
tectable, but due to their size produce 2 mthf:r'f‘p(c;mtm]. k.
space. BY introducing additional sensors or 11-:151_.t|‘.u!131 }_..:hp.';*iorﬁ ol
itv of landmarks can be refined. Although adrhtmll 2 etiriri
I‘l::E['lII!l‘t‘d for detecting different 1&111‘1“1:—?1“;. tﬂwﬁ tlh:nain ol
planning properties of the representation would re s detiatio

The qualitative, procedural nature of F-lie 1:111(1111;0[ paie on ot

adds robustness to the system by not r?lg;mgtﬂn ﬁenla]'k_ e tection OVER L
control. Figure 5.6 illustrates the locations nt].rmd_ull i o thout posit
trials in a room cluttered with fu:ninlne and peupli\- i it E_m
control, the data show some clustering. The Hn.r.n'riule’p process, are det®
deviations in the compass bearing dur‘tn t-‘.ltr'['fwaldf:m ol
repcam‘{ﬂy independent of the robot’s starting P g g
wed. sls0 D8
fnn[ﬁvsides following object }murlularios._ the ru1_n.1|t-a:1":zmmw ‘ umh;h:
find landmarks located in the middle of open "" bility is provh e g/
continuous bmmdnr_:.' i eies Dxﬂurul -[;ip:nltu m; open # E.alstrlﬁgbi
behavior that occasionally moves the robot o antinues Lo move jzed
stimulated to go into an open area, the mhat'm:'thvr i reco
until it encounters an object whose boundary 15 e

: 1
. JegcriP® i
ing sections descr d
ag one it has followed before. The following st sgibilitie® s

reliably de-
egentation of
grmﬂ]]al"
1d be
path

L ﬂlgurit‘hm
ition

. gt . vo po
mapping algorithm distinguishes between the two I
the Anen.anace hehavior is triveered.

oy
L, b

5. Integration of Representation

173

5.6 The Mapping Algorithm

The robot’s top-level task is to map the structure of the environment based
on the spatial relationships of the landmarks, and to use this map to find
paths to any previously visited landmark the user chooses as the goal. This
differs fundamentally from building a detailed map of the world that in-
cludes features of smaller size and higher probability of impermanence. The
aim is to produce and maintain a coarse-scale map that allows the robot
to get within the sensing range of the goal. Reaching an exact location can
be accomplished by augmenting the system with special-purpose motion
planning based on the specific task and sensors used. The system is suit-
able for various applications that require the use of a map, such as sentry
and surveillance tasks, as well as prioritized tasks such as hazardous area
maintenance, plant watering, or supply delivery in a large office complex.
Reaching places that cannot be sensed from the robot’s current position
necessitates some form of path planning, which, in turn, requires a world
maodel. The traditional approach to path planning involves some type of a
reasoning engine that generates a plan by manipulating a Cartesian map
usually stored in a centralized data structure (e.g., [8, 14, 16, 21|, etc.). The
success of the plan depends on the accuracy of the geometric information
in the map. In contrast to Cartesian metric representations, graphs are
convenient for encoding topological, qualitative information (e.g., [8, 9, 17,
18], etc.). Similarly, our approach directly constructs and utilizes a graph in
which each node represents a unique landmark, and neighbor links indicate

physical adjacency, thus producing a structure isomorphic to the topology
of the environment.

9.6.1 The Distributed Nature of the Representation

1IIilr'h*'nf"»'l'r a node is activated, it spreads ezpectation to its neighbor in the
dllrrciiml of robot’s travel along the path, priming it for upcoming activa-
Hon, Mat ching an expecting node to a found landmark verifies the correct-
ess of the graph., The notion of expectation provides a contextual clue by
“Ipanding the matching window to two nodes instead of one. This infor-
fation helps disambiguate between nodes with identical type and similar
L‘Dﬂl]::la:-_iﬁ heaj'i.ugl
tlud?'l-w“. the m]fut initially ret urns to a previously vis;ilt.nr] lan_f!:tu_Jrk, the
QHMUH’rll'-‘“-‘il-’ml:h_llg tc_:l the lm'mmln will not be I:'.ﬂfechyg activation, be-
» hpp“ Ift..rl‘mlt.:-glf:nl lm.k ht‘h‘r'i.'vudﬂ and 1h_1: beginning of t.he path has not
B 1!1 established. The match 18 rec‘ngx_nzed by comparing the }m:a[m.n
Yer, iu_dl.Llrlmavk to the ﬁtu;‘ed position E'.Hl'lll'lal.':"'. Although 11.}w estimate 1s
l'llﬁ.rk .dt ( 'Ifr'ah.'. .ﬂm m&h‘_lung t:'rlt*rapu:'u 15 |JDLIIL(1L"d_|‘J}'1l']i& size of the land-
L L-J:Ulll‘:t suf'ht':-s_for 1]1:-:_mnh1guat1ng two otllj*l'wlse 1:!_:~1.1r.::-:-1] landmarks.
5e of the position estimate does not constitute position control, how-
auge it is used exclusively for landmark disambignation and not






