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Abstract

The Autonomous Intelligent Knowledge-
building Exploration (AIKE) system explores
how an autonomous mobile robdic agent using
sonar sensors and deal redkoning can lean a
map of a @mpletely unknown environment.
AIKE generates grid-based maps based on the
notion of a "place' (i.e., a locaion separated
from other places by a mnfining gateway such as
a doa or entryway). Empiricd trials dow that
the AIKE agent explores the environment with a
faster rate of knowledge aquisition than random
exploration, leaning maps of higher acaracy by
reducing error propagation. The dgorithm
produces a high level of similarity between maps
of the same locaion creaed from different agent
starting locaions, making place recgnition
easier and providing consistency in mapping. We
describe the AIKE system in the context of a
proposed architedure for autonomous map
leaning, navigation, and map refinement. Our
approac is best suited to operate dfedively in
large mnnected spaces such as office buildings
using small mobile robas.

1. Introduction

In this paper, we explore an important asped of a
complete mobile robaic mapping system: autonomous
exploration and initial map learning. Our goal isto lean
amap o an unknown environment using a limited-sensor
mobil e roba with no a priori knowledge opening the way
for more advanced techniques in continuous locdi zation,
knowledge usage, and map refinement to build upon this
initial map knowledge.

Accurate representation of environments is important for
roba deployment. Robds assigned a task involving
travel within a spedfic environment will require éther
prior knowledge of the environment or a method o
leaning about the environment to alow successful
navigation and acawmplishment of the task. A roba must
be @le to maneuver within a designated area ad interact

with components in a dynamic manner in order to achieve
advanced goals such as those involved in seach and
rescue missions, foreign environment exploration,
mail/ package delivery, guided tours, safety inspedions,
maintenance, and many other mobil e tasks.

A fundamental asped of creding advanced mobile
robatic systems is the modeling framework for the robat's
map. Intuitively, humans think about the notion of a
place when they navigate. People are in one place and
often desire to go to another place which they can usually
visualize The mncern in this type of navigation is not
the distance between two oljeds, or which path to foll ow,
but identifying the next placeneealed to get closer to the
desired place A person may start in a room and want to
go to another room. They can visualize where they want
to go, and they can see where they are arrently locaed.
First, they find a gateway (i.e., a doar or entryway) into
another place Upon gateway traversal, they are now in a
new place This procedure mntinues until the person
reades their destination place The same idea ca be
applied to robatic navigation. If arobad perceives aroom
as a place ad centers that placein its own occupancy
grid, al other places can be mapped in a similar manner.
Gateways can then be located on maps and connedions
between places can be topdogicdly conneded by the
gateways, yielding a network of places that could
represent buildings or other structured aress.

In our system, maps are learned using a combination of
techniques. A primary search algorithm leads the ggent in
a rational manner around the spaceto credae the place
occupancy grid. A frontier (the boundary of an
unexplored locaion) finding algorithm can assist if the
primary agorithm leads the agent into a ove, and
algorithms suich as gateway determination, map
smocthing, and centroid determination further assist this
mapping.

We present an incremental approach to autonomous
exploration and map building of an unknown environment
by constructing occupancy grids (Elfes, 1989. We
introduce a omplete mapping, navigation, and updating
system using a single or multiple robds, and describe a
framework for placecentric occupancy grids conneded in



a topdogicd network cdled pacecentric occupancy
maps.
2. Conceptual Framework

We now describe our algorithms for map generation, use,
and update eicgpsulated in the AIKE (Autonomous
Intelligent Knowledge-building Exploration) and the
PIKE (Pardl e Intelli gent Knowledge-building
Exploration) systems. We use simplified occupancy as a
basis for the maps. The notion of a place in the
occupancy grids is introduced to make the occupancy
grids placecentric.

2.1 Occupancy Grids

Figure 1. Occupancy grd owerlay on an vi ronment.

There ae numerous papers describing in detail the
spedfics of the occupancy grid framework and credion
dynamics (e.g., see Moravec 1988. In our
implementation, ead cdl within the occupancy grid is
assgned one of three values. 0.0 (unoccupied), 0.5
(unknown), or 1.0 (occupied). Before mapping
commences, a blank map is creaed consisting of a grid
with al positions initialized to 0.5. The agent will then
move aound in the ewironment using sonars or other
percepts to fill in gid evidence Occupancy evidence is
considered persistent. This prevents a majority of false
readings from removing previous evidence of occupation
due to having to rotate the roba in placefor eat pose
due to < 36(° sonar coverage aound the roba. This
techniqgue may cause problems for noisy sonars to to
pladngirreversibly incorred datain the map, so the sonar
aqquisition routines should get the best possble data
before commiting the data. In our experiments we found
this to be the best approach for our robas. Figue 1
ill ustrates a typicd occupancy grid in the context of this
work.

2.2 Place-Centric Occupancy M aps

Locdions such as a spedfic room, hallway, ledure hall,
etc. are important artifads of a building or structure. We
focus primarily on mapping structured aress uch as
these, and the inherent structure of such places consists of
definite locations or places. The ideabehind placecentric
occupancy grids is to capture information about a single

place in a single occupancy grid. This information is
stored in a graph vertex. Places can be mnneded to eat
other through gpteways, openings or connedion points
from one place to another place such as doaways,
entryways, or portals. We aeae atopoogicd graph by
mapping placecentric graph vertices and conneding them
through cateway edges. Figure 2 ill ustrates a building
and the associated topdogicd placecentric occupancy

grid graph.

4
5

2

[

i

Figure2. Placecentric occupancy grid.

There is only one placerepresented per occupancy grid.
A map consists of many occupancy grids conneced
together. The use of a topdogicd network for
representation alows for easy use of path planning and
seach agorithms as well as other existing gaph
algorithms. As an extension, each vertex could store not
only the placeoccupancy grid, but also information such
as placefeaures, names, and GPS coordinates. A series
of maps could also be stored for trackking a dynamicdly
changing environment.

2.3 The Autonomous Intelligent Knowledge-Building
Exploration (AIKE) Agent

The AIKE agent architedure mnsists of three man
modes of operation: exploration, navigation, and
refinement. In exploration mode, the aent explores an
environment and creaes a map of that environment, the
roba uses those generated maps in navigation mode to
perform a task, and, since the world is dynamic, an agent
in refinement mode will perform refinement of places to
update or improve the maps.

Exploration involves creding the map of a building with
no a priori knowledge. The first step is to open the map
structure to allow for mapping of places. Then, the agent
maps a placeby creding a placecentric occupancy grid,
determining what extra information needs to be wlleded
for this place and storing the map and al i nformation in a
structure.  Next, the aent determines the gateways
available from the place stores this information in the
structure, and then follows the gateways, mapping eat
locaion and creaing structures to add to the map. Upon
completion a machine-usable map representation is
generated and stored for future use. Figure 3 ill ustrates
thiscycle.
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Figure 3. AIKE exploration mode flow.

Navigation mode is a utility mode. The ayent is primarily
interested in reading the locaion required for the
spedfied task. Once d the goal location, additional
functions may be cdled on to perform tasks not defined
by the AIKE software. Flags in the map structure can
signal to the AIKE software that there may be unique
handling requirements for the current place For example,
the agent may desire to use a elevator. An eevator
handling routine may be cdled to allow the agent to use
the devator and then return the agyent bad to the AIKE
software.

2

Get goa
Map current location

l /'
Determine location l

i \ Compare placeto pacesin
current map
Determine path
to gaal

l

yes
Follow path through Lost?
places to goal

no

Goa Spedal routine

Task routine

Figure 4. AIKE navigation mode flow.

Once agoa is given, the first step for the aent is to
determine its locaion. It will perform exploration of the
current place ad then compare the current placeto al of
the places in the current map. The best match will be

used as the starting location. A path to the goal placewill
be generated and traversed. Along the path, the agent will
continually check its current location to make abest effort
to ensure it is moving along the proper path. If the ggent
gets lost, it will initiate exploration and placematching to
try to locae itself. If the agent cannot locdize itself
within a map it will resort to exploration to build a map.
Once 4d the goal, the agent may execute alditional outside
routines to complete the task. Figure 4 ill ustrates the flow
for navigation mode.

Refinement mode is a speda case of the exploration
mode. In refinement mode eisting maps are updated to
refled changes and greder map detail. Continuous
locdizaion routines are used to ensure @rred placement
within the maps. The AIKE agent incorporates the
necessary components for building, using, and updating
robatic maps. It provides an extensible framework for
mobhile roba usage and task assignments combined with
the key asped of environmental mobhili ty.

24 The Parallel Intelligent
Exploration (PIKE) System

The PIKE System is an extension of the AIKE
architedure for multiple ggents. PIKE ads asa command
and control center for multiple roba collaboration and
coordination. It serves as a ceitral repository for location
maps, preferably stored by GPS coordinates. PIKE
coordinates map refinement by granting requests for
mode shifts by agents to refinement mode. In this manner
only one agent may update aparticular place ad provide
updated maps bad to the PIKE System. PIKE monitors
agents in exploration mode and can fadlitate cordination
efforts for potential map merging.

Knowledge-Building

PIKE is implemented through a mncurrent server that
registers agents via Ethernet connedions. A token system
is used for ead place within a map to alow for
refinement mode shifts - only one agent is allowed to be
in refinement mode per map pace The map library is
maintained in a database and maps are issued to registered
agents upon request. As newer maps are available, map
updates are performed. Multiagent coordination consists
of tradking each agent's position and preventing agents
from colliding at gateways. PIKE can cause any
registered agent to "pause” or "halt.” PIKE also provides
feadbad to the observer on the status of all registered
agents.

An advanced feaure of the PIKE System is the aility to
assst in paralel mapping of a building by performing
map merging on generated maps. This can be
acomplished by looking for structural similarities in
maps and piedng a complete map together from parts.
PIKE could dred agents to follow certain gateways that
have not been explored, but identified by multiple agents.
Throughout this paper, the "map" refers to a locd map
built by one agent. Multiple locd maps can be merged to
form a global map.



3. The Environment

Mapping in our experiments was conducted by two RWI
Pionee 1 robds. The robats are controlled by Pentium-
based notebodk computers running the Saphira 6.1f
software with a C++ interface using the Pionee
Applicaion Interface (PAI) libraries. All measurements
were taken by instrument and were not estimated. For the
current system, unknown environments are asumed to be
comprised of orthogonal walls. For our experiments,
borders are composed of either cinder block wall or
reinforced cadboard. Gateways are dassified as an
accessble opening greder than 50 cm and lessthan 110
cm wide. Only one ewironment with a gateway was
tested in our experiments, which does leal to another
space

Our agorithms were tested using a Pioneea 1 roba
manufadured by Red World Interface Inc. Dueto aladk
of 36(° sonar coverage, in order for the Pionee 1 robot to
gain a complete view of its surroundings for a single
position in spaceit must rotate in a complete drcle for
eath pose. To compensate for sonar inacarades and
speallar refledions, we take a series of readings from
eah sonar and keep the lowest valid returned value.
Each sonar realing uodates occupancy values of grid
locations that overlap the crresponding sonar cone.

4. Autonomous M apping of Places

We now present the mapping mechanism used in the
AIKE system. Algorithms for mapping, including the
diredion dedsion agorithm, as well as the asisting
algorithms that find frontiers, smooth maps, and find
gateways are described.

4.1 TheMapping Method

Maps are aeded by initializing an occupancy grid map
for a cetain placewith occupancy values of 0.5. These
values will be updated during exploration. Because sonar
readings outside of two meters are often inaccurate, the
map is updated by a 2 meter square locd bounding gid.
This locd map, centered at the roba's current position
(pose), dides around the map to perform updates. The
size of ead grid spacewithin both the entire map and the
locd map is 10 cm2. Figure 5 shows a sample occupany
grid for asingle roba with a map and moving locd grid.

Mapping starts by colleding occupancy evidence from
the robat's sonars and updating the locd grid. Updating is
performed by the interpretation of sonar readings as
described in sedion 4. Due to speadlar refledions and
noisy sensors, occupancy vaues are persistent. |If
occupancy was not persistent, overlap in sensor
information would cause dl locd grids to appea fasely
unoccupied. AIKE credes a grid map from occupancy
evidenceindicaed by sonar readings. After the locd grid
is mapped, it is used to update the map. Using the map
and the locd grid the roba deddes upon the next pasition
to occupy, and moves to that locaion. The mapping
continues until the placehas been completely explored.

)
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Figure5. Occupancy grid.

Mapping completion is often hard to determine from
information avail able within a system. The aent may be
stuck in a wve ad cannot see other unexplored aress.
The boundary of unexplored territory is cdled a frontier
(Yamauchi, 1998. If stuck, before the agent dedares that
mapping is complete, it should try to find any frontiers.
This is accomplished by performing an increasing spira
seach within the map starting from the aurrent position of
the agent. If thereisafrontier, and thus more unexplored
space then the roba will need to move to new locaions
in the unexplored space This means that a cntinuous
locdizdion and movement routine is necessary such as
the method presented by Sebastian Thrun et al. (1998) or
the Continuous Locdization software avail able from the
Navy Center for Applied reseach in Artificia
Intelligence (www.aic.nrl.navy.mil/~adams/cont-loc;
Schultz and Adams, 1998. For our experiments,
mapping terminates when no frontiers remain in the
agent’slocd grid.

After the map is complete and a placecentric occupancy
grid has been creaed, some map cleanup may be neeled.
It isimportant that all generated maps look similar even if
mapping started from distinct starting positions. All maps
will neal to be ceitered within the map by finding the
centroid o the place ad redigning it to the center of the
map so that subsequent maps leaned from the same place
maintain the same reference point (their centroid).

At this point, gateways are determined, and mapping
moves to the next place Gateways are determined by
identifying gaps in walls that med a spedfied size
threshold. New places conneded by gateways are added
to the seach list. All of the mapped places sould be
linked into a topdogicd map representing the current
building or structure. A global tagging method (e.g.,
GPS) may be fixed to the network to assst in map
retrieval based on gobal paosition.

The method presented in this gudy builds a map from a
locd grid moving with the agent through the current place
until it is fully explored. Frontier finding, gateway
determination, and centroid determination will improve
map quality and assist in continuing exploration.



4.2 Primary Mapping Algorithm

Mapping is performed by functions MapPlace and
DetermineMoveDirection. MapPlace first cdculates the
locd grid pasition, then updates the locd grid with sonar
information and applies locd grid information bad to the
map. Exploration is performed by determining the next
diredion for the agent to move. For our experiments, the
roba moves 0.5 m at ead step.

procedure MAP-PLACE( X, y, theta, local Grid, local Map)
inputs: X, integer x location
y, integer y location
theta, integer (0-360) angle
local Grid, 2D float array
[MAX_LOCAL_X][MAX_LOCAL_Y]
localMap, 2D float array [MAX_X][MAX_Y]
static: flag, bodean
move, direction {N,E,SW, neutral}

flag « fase
move — neutral direction
/I Default valid direction -- non-biased to N,E,S,W

while moveisvalid direction

begin
updatelocd Grid(x,y,localMap,local Grid)
/I Put local map info on local grid for location
mapLocdGrid(local Grid)
/I Build local occupancy grid with robot
updatel ocdMap(x,y,localMap,local Grid)
/I Put local grid info on local map for location

move — determineMoveDirection(x,y,local Grid,localMap,move)
/I Determine next move

if moveisvalid drection
moveAgent(move,theta,x,y,local Map)
/I Move robot to new location
flag — false

eseif flagistrue
end

else
flag « true
move — neutral direction

Figure 6. MapPlacealgorithm.

The diredion in which to move next is determined by the
function DetermineMoveDirection (the choices are North,
South, East, or West). The agent cannot move to an
occupied space or badk to the previous locaion. The
linea distance to the dosest large obstade, unknown
locdion or edge of the map is cdculated for eat of the
four move diredions. If an obstade is closer than the
other criteria, a terminal vaue is <t indicaing that
mapping is complete in that diredion. AIKE then favors
the farthest distance of the remaining criteria, based on a
desire to move to the farthest unknown. Whichever
diredion is available and has the most distant feaure will
be seleded for the next move.

MapPlace moves the aent to the new locaion and
continues mapping. If no valid moves are possble, it will
map the same locaion. If two consecutive
DetermineMoveDirection cdls yield no valid moves,

mapping is complete. Pseudocode for these functions is
shown in Figures 6 and 7.

function determineM oveDirection(x,y,local Grid,localMap,move)
returnsdirection
inputs: X, integer x location
y, integer y locaion
localGrid, 2D float array
[MAX_LOCAL_X][MAX_LOCAL_Y]
localMap, 2D float array [MAX_X][MAX_Y]
move, direction { N,E,SW, neutral}
static: NorthRange, bodean; EastRange, bodean; SouthRange,
bod ean; WestRange, bod ean; NorthDistance, integer;
EastDistance, integer; SouthDistance, integer; WestDistance,
integer; MaximumDistance, integer

for each direction in the order { North, East, South, West}

{North, East, South, West}Range - trueif the block adjacent to
agent in that direction does not have any obstacles located in abox
bounded by aleft and right value and adepth dstancerelative
to the agent within thelocal Grid; otherwise, false

for each direction in the order { North, East, South, West}

{North, Eagt, South, West} Distance — the distance to thefirst
unknown grid location a end of the map in abox bourded by aleft
and right value within the local Map

**|f the distance to an obstade greater than adefined
threshold level of occupancy is determined before the other
criteria, then aterminal value indcating that mapping is
completein that direction is assigned to that direction

MaximumDistance — max{ NorthDistance, EastDistance,
SouthDistance, WestDistance}

if NorthDistance, EastDistance, SouthDistance, and WestDistance =
terminal values
return NONE

if NorthRange = true and NorthDistance = MaximumbDistance
return NORTH

if EastRange = true and EastDistance = MaximumDistance
return EAST

if SouthRange = true and SouthDistance = MaximumDistance
return SOUTH

if WestRange = true and WestDistance = MaximumbDistance
return WEST

otherwise return NONE

Figure 7. DetermineMoveDiredion function.
4.3 Gateway Deter mination

Finding the gateways within a map is important for
linking conneded regions. To identify gateways, we look
for gaps within the map. Ead sequence of unoccupied
cdlsin agrid row or column that is greder than the wall
smoathing threshold, but less than the maximum gateway
size, is marked as a gateway. The procedure is then
repeded for the mlumns of the map. This procedure will
identify all unoccupied regions within a spedfied size that
are verticdly or horizontally aligned with the map as



gateways, and will add the aea @nneded by the gateway
to the exploration search list.

4.4 Wall Smoothing and Centroid Deter mination

These procedures are useful for acarate map generation.
The wall smocthing agorithm fills gaps in the map
marked as occupied space The net effed is to fill holes
due to sensor imperfedions, and to smocoth continuous
walls and surfaces in the map. Wall smoothing is
acomplished by marking gid cdls as occupied when
they are surrounded by occupied cdls within a threshold
distance away. The centroid function determines the
center location for the bounding box of the mapped area
These values can be used to align multiple maps of the
same place regardlessof the roba starting position.

The dgorithms presented here aedae the foundation for
the AIKE mapping cgpabiliti es. The next sedion presents
the results of applying this approach.

5. Experimental Results

This sdion presents the results of seven different initial
mapping trials we performed in experimentation, six used
the dgorithms presented in the previous sdions and one
replacal the diredion dedsion with a random choice,
tested using three different environments. These trias
were used to map places to test the map learning abili ty of
the base dgorithms. Gateway determination and full map
building system implementation is gill in progress All
mapping exercises were performed in the UT Arlington
Robdtics Lab.

5.1 Error Propagaion

As with many robas, the Pionee 1 robas are subjed to a
certain amount of error in positioning and alignment. As
the roba moves around the ewironment, these erors
compound. Becasse we ae eploring unknown
environments, there is no frame of reference to adjust for
these arors. Error propagation is reduced by careful
cdibration and ensuring that every trial starts with the
robat fadng true north, but error still exists in the mapped
results due to these inaccurades in roba movement.

5.2 Places

The eperiments focus on mapping three ceded
environments. Thefirst isasimple red¢angular room with
asingle gateway cdled the "Gateway Place” The secmnd
is aroom shaped like the letter 'L" and is aptly named the
"'L'Place" Thelastisaroom with irregular walls and an
obstade freefloating in the space This last environment
iscdled the "Complex Place"

All three ewvironments have abaseline map creded from
the adual room layout, scded to the mapped grid size
These maps are shown in Figure 8. All roba-produced
maps were compared to these baseline images. The best
fit was determined from the final map produced in eat
trial.  Only pixels within the boundary of the room
outline, inclusive of the boundary line, were cmpared.

The number of exad matching pixels were cunted at
eat stage and dvided by the total number of baseline
pixelsto determine the level of accuracy.

.............

preceeceect

Gateway Place ‘L’ Place Complex Place

Figure 8. Baseline maps for tested places.
5.3 Gateway Place Experiments

The gateway placewas used for threedifferent trials. The
first two trials used the dgorithms presented in the
previous <dion. The last triad replaced the
DetermineMoveDirection choice of roba move diredion
with a random choice Each trail had a different starting
locdion in the place

Figure9. Gateway placemap aqyuisition (AIKE vs. randam).

Tria 1 Tria 2 Random Trial

Figure 10. Final Mapping Results for Gateway Place

In this experiment, AIKE yielded an 89% acairacy to the
baseline in 16 steps taking 31 minutes and 14 seconds for
the first trial and 869% acairacy in 15 steps taking 32
minutes and 57 seoonds for the second. Both of these
results are better than the random exploration, which
produced a map with 84.4% after 20 steps taking 46
minutes and 1 seoond. Figure 9 graphs the map
aquisition rate for the threetrials. Figure 10 shows the
aquired maps. Trial one shows a 4.6% acaracy
improvement, and completed mapping nine minutes and
11 semnds faster than the random trial. It isimportant to




map quickly to minimize eror propagation caused by
excessive roba movement.

5.4 'L' Place Experiments

The'L' placewas used for two different trials. Both trias
used the AIKE algorithms presented in the previous
chapter. Trial one took 35 steps yielding an 84.1%
acaracy to the baseline in one hour 30 minutes and 28
semnds. Tria two yielded a map with 89.7% acaracy to
a baseline in 38 steps taking one hour 41 minutes and 16
seoqonds.

A comparison of the mapping results for the ‘L' place
trials is presented in Figure 11. The rate of map
aqquisition is still high. Of interest are the plateaus in the
aqquisition plot for trial two. These ae due to periods of
time where the roba was backtradking over previously
explored territory. During those times there was not a
significant amount of knowledge discovery. Figure 12
shows the aquired maps.

031/ M1 wwap2

Time

Figure 11. 'L' placemap aaquisition.

Trial 1 Trial 2

Figure 12. Final Mapping Resultsfor ‘L’ Place
5.5 Complex Place

The mmplex placewas used for two trials. Again, both
trials used the AIKE algorithms. Trial one took 41 steps
to finish with an 89.2% acaracy to the baseline taking
one hour 37 minutes and 18 seconds. It took 35 steps to
complete the map in tria two with a 90.0% acaracy
taking one hour 21 minutes and 45 seconds. The
compasite knowledge discovery graph is presented in
Figure 13.

These experimental results indicae that the AIKE
algorithms yield more efficient explorations than random
exploration, with good map aoquisition acarracy. AIKE

produces maps of high simil arity even when starting from
different initial mapping locaions and using different
robas. Although not experimentaly presented here, the
algorithmic framework we described for gateway
determination produced many fase gateways in
experimentation, map smocthing proves to be only a
marginal improvement when the initial data aquisition is
good, but centroid centering grealy improved consistency
between maps in the same referential frame. These
algorithms represent a completely autonomous approach
to exploration and map generation, without joystick
control or predefined exploration paths.

024 f —+—Mapl % Map2

Figure 13. Complex placemap aqquisition.

Trial 1 Tria 2

Figure 14. Final Mapping Results for Complex Place

A fedure that beas note in the data is the increase in
complexity of the mapping paths for robds in trials that
had to explore in a predominately westward diredion.
Due to the dirediona bias in the dgorithms, westward
exploration is often hindered by the tendency to be pulled
bak to a northessterly diredion. Changing the
diredional bias or employing a heuristic could counterac
this phenomenon. An adaptive diredional bias approac
may reduce mapping time and improve overall efficiency.

6. Related Work

Much research has focused on roba exploration and map
leaning. Many of the origina work and subsegquent
discoveries in gid-based mapping have been done by
Moravec (1988), Elfes (1989), and recently Yamauchi
(1998). Kortenkamp (1994 performed some of the first
experiments in gateway usage and determination.
Yamauchi and Langley’s (1996 work in place leaning
motivated our approach, but recently Sebastian Thrun
(1998) has developed a system for continuous locdization
that gave us a nedl to fill. Our approach is designed to



provide the beginning maps for an advanced navigation
and map refinement system so that aroba would not have
to be “joysticked” through the environment, but could
initially exploreit on its own. PIKE was motivated by the
multiple roba map leaning collaboration in the reseach
of Lopezet al. (1997).

7. Conclusionsand Future Work

In this paper, we have demonstrated that a mobile roba
can be used to huild an accurate map with no a priori
knowledge and no human intervention. In particular, we
show that an agorithmic gpproach using a limited sensor
mobile roba can produce maps that are 84% - 90%
acarate to a known baseline of that environment. Two
robas of the same type were used in experimentation—
the‘L’ Placetria 2 was runwith adifferent roba than the
other trials with similar results. The &ility to produce
maps of high simil arity from different initial positions and
with different robdsis evident in the results. Autonomous
mobhile robaic exploration and mapping of placecentric
occupancy gridsisredizable ssindicaed by thisreseach.

The initial results of this effort are promising, but also
point to aress where mntinued reseach is needed. The
immediate future work would involve the aedion of a
robust continuous locdizaion system for the RWI
Pionee 1 roba, which will make passhble implementation
of the frontier finding agorithm and improved mapping
cgpabilities. Accurate gateway determination is also
necessary for the aedion of the mapping structure
described here and is a problem which when solved in
combination with the dgorithms and methods presented
here will alow for the aedion of a fully autonomous
mapping system.

Acknowledgements

A note of gratitude to Dr. Pat Langley whose visit at UTA
inspired the diredion of this reseach.

References

Elfes, A. (1989. Using Occupancy Grids for Mohile
Roba Perception and Navigation. |EEE Computer, June,
46-57.

Konolige, K. G. (1997. SaphiraManua Version 61.

Kortenkamp, D., and Weymouth, T. (1994). Topologicd
mapping for mobile robads using a combination of sonar
and vision sensing. Proceedings of the Twelfth National
Conference on Artificial Intelligence, 979-984

Kortenkamp, D., Bonas®, R., and Murphy, R., eds.
(1998).  Artificial Intelligence and Mobile Robas,
Cambridge, MA: MIT Press

Langey, P. and Pfleger, K. (1995). Case-base
aqquisition of place knowledge. Proceedings of the
Twelfth International Conference on Machine Learning,
244352 Lake Tahoe, CA: Morgan Kaufmann.

Langey, P., Pfleger, K., and Sahami, M. (1997). Lazy
Acquisition of Place Knowledge. Artificial Intelligence
Review, 11, 315-342

Lopez M., Lopezde Mantaras, R., and Sierra, C. (1997).
Incremental map generation by low cost robas based on
posshili ty/necessty grids. Proceedings of the Thirteenth
International Conference on Uncertainty in Al, 351-357.

Lu, F. and Milios, E. (1997). Globally consistent range
scan alignment for environmental mapping. Autonomous
Robots, 4, 333-349.

Moravec H. P. (1988). Sensor fusion in certainty grids
for mohilerobas. Al Magazine, 61-74.

Moravec H. and Blackwell, M. (1993). Leaning Sensor
Models for Evidence Grids. CMU Robotics Institute 1991
Annual Research Review.

Schultz and Adams. (1988. Continuous Localization
Using Evidence Grids. Proc. of the IEEE International
Conference on Robatics and Automation, IEEE

Thrun, S, Fox, D., and Burgard, W. (1998). A
Probabilistic Approach to Concurrent Mapping and
Locdizaion for Mobile Robas. Machine Learning, 31,
29-53 and Autonomous Robots, 5, 253-271 (joint issue).

Thrun, S., Gutmann, J., Fox, D., Burgard, W., and
Kuipers, B. (1998). Integrating Topdogicd and Metric
Maps for Mobile Roba Navigation: A Statisticd
Approach. Proceedings of the Fifteenth National
Conference on Artificial Intelligence, 989-995.

Yamauchi, B. (1998). Frontier Based Exploration Using
Multiple Robds. Agents, 47-53.

Yamauchi, B. and Langley, P. (199%). PlaceLeaningin
Dynamic Red-World Environments. Proceedings of
RoboLearn-96: International Workshop for Learning in
Autonomous Robots, 123-129.

Youngblood G. M. (1999). Autonomous Mobile Robat
Exploration and Mapping of PlaceCentric Occupancy
Grids, thesis. The University of Texas at Arlington.



