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Abstract—In this paper we describe a concise method for the feature
based representation ofegionsin an indoor environment and show how it
also can be applied for door passage independent detectiorfi tbansitions
betweenregions to improve communication with a human user.
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Fig. 1. (left) The "hall” has been presented to the robot tiat assumes the
complete depicted area as "hall” since no "door passage” peased while
traveling. (right) The user wants the robot to understarat there is some
part of the area that is NOT the hall, but, e.g., the "corridtirseems natural
to assume an "unspecified area” in the transition.
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Il. RELATED WORK

With this paper we aim to make a case for a concise method
for the segmentation of an indoor environment into a topickly  Since our presented work deals mainly with the issue of nbtgi
graph representation that is independent from particul@nsition a topological partitioning of a given environment we giveoaRrview
indicators” like door passages and that allows to generdtanaan of related work in this area. We are aware of several worksguisi-
comprehensible environment representation for a mobilwice age analysis techniques and object recognition basedsespsgions
robot. We assume such an environment representation aglcruor categorisations for rooms or regions, but due to the dichigpace

to support meaningful interaction between a user and a segpowe focus mainly on structure based methods in this brief\oeer

"general purpose service robot” in and about the environm@éfe
consider our framework offuman Augmented MappingiAM) [1,

chapter 3] a possible way to approach the issue of integratibotic
and human environment representation in general. The fvanke
subsumes different aspects of robotic mapping, spatiaéseptation
and human robot interaction. Within the context of HAM welase

One strategy is to predefine the topological structure ofreiren-
ment and use this map for localisation and navigation p&p¢a).
The limitations of such an approach in the context of andramtiéve
framework and the arbitrary environment we assume are abvio
the complete possible working environment for the robotdset®
be known in advance. Other, more adaptive methods that asthen

an interactive scenario — a “home tour” — as the most natuesl wrobot to acquire a topological representation of its eminent are

of providing the robot with the needed semantic informatidiout
the environment as it is seen by the user. The human usergjtiide
robot and gives names to things and places according to heonse
preferences, while the robot builds a suitable (hybrid) ritegt is
augmented with this information. In such a tour it is not reseeily
the case that the user will present all items actively [1,ptéra
6], hence, the system driven detection of transitions, &gm one
room into another, is essential to make sure that the remegsen
generated by the robot corresponds to the user’s undenstaafithe

based on (sensory) data obtained while travelling.

An unsupervised/autonomous method for the detectioplades
is suggested by Beesat al. [3] based on earlier investigations in
a related context [4], [5]. The definition of a “place” in tleesorks
suits the requirements and abilities of an autonomous syshert
does not necessarily correspond to a personalised repasarof a
human user. This limitation can be observed also for othemptetely
unsupervised methods of topology learning, as for instgmoposed
by Tapuset al. [6].

environment. An obvious way of detecting such changes isni fi For the representation of convex areas Krose showed that it
door passages. However, there are cases where the bordesebet possible to represent suakgions reliably by obtaining only one
two structurally (and often also functionally) differenboms (or sample range data set and transform it to its centre poinbaadng
regiong is not described by an obvious separator like a door passagéth the help of a principal component analysis to anti@pfitture
Figure 1 visualises such a "structural ambiguity”. There @frcourse scans [7]. Our representation foggionsis closely related to this
also cases where one large room serves different functegs, in proposed approach, as to the one presented by Buschka diadtiSaf
very small studios with combined "living room” and "kitcherbut  [8], who detect "room-like” structures based on (sonar)geadata,
in this work we want to focus on a segmentation based on siaict using a very similar method. However, due to the nature ofused
features that can be observed in the environment. Such ardeatrange finder data, their approach is somewhat different tovmihod
based representation should be suitable for the generaficggion regarding necessary preparation steps.

nodes in a topological graph structure and support the tietec Mozos et al. show, how thecategoryof a certain area (room,
of hypothesised transitions betweesgions Ideally, the respective doorway, or corridor) can be determined with the help of suiped
representation allows a robot to more or less immediatadpgeize learning [9], also used in another similar approach [10]. &dept

a particularregion as previously visited even when reaching it from aheir idea of using a set of features to represent a (lasageralata
new “entry point”. In this paper we describe our concise métfor set, that we obtain irregions but use an even more concise set
the feature based representatiorregionsas nodes of a topological of features [1, chapter 4]. Further Mozes$ al. label places in the
graph representation and show how it also can be applieddor d complete environment into a fixed number of categories, avhie

passage independent detection of transitions betwegions We
show the applicability of the method in different (intetige) contexts
and give one "proof-of-concept” example for a successfuopl
closing” experiment.
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do not rely on any previously defined categories for idgionsthat
can be specified by the user. This allows us to concentratéhen t
transition from oneegioninto the other, not regarding what category
(in the sense of the mentioned work) tlegionsor the transition itself
belong to.

In the HAM framework we define aegion as follows: A region
is a functionally and / or structurally delimited area of andoor
environment, that can be a container for one or several patér
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locations and objects. A region offers enough space to méwig The first three features describe the properties ofréggon while
(typically regions correspond to, e.g., rooms, corridodelimited the latter two are used to link the correspondiagion node into the
areas in hallways) graph structure as described previously. Although thoatufes are
For this work we focus exclusively omgionsand their structural related to each other we found in some empirical tests tregt &
properties. Thaegionsthat have been labeled in the assumed towontribute to the distinctive power of the description [bapter5].
form the nodes of a topological graph structure that (amaihg@ro The features over a range data $&f; : 0 < i < N}, whereN is
entries according to the HAM model) contain subgraphs sséng the number of data point¥; = (x;,y:) are computed as follows. To
known, viable paths (navigation graphs). We introduce algeneric compensate for the distortion of the laser range dafatisetcentroid
node, the “genericegioni’ as a starting point and to cope withof the data set is computed as a range weighted average
situations in which entities of other conceptual levelg.(docations)

are specified without the surroundimggion being named before. X =(79),

The general assumption is that ®dion node” in the topological with N1
graph is generated when the user shows a partigegion to the I 1 Z o
robot. This can also happen when the robot detects a sigmifica Zf-vzﬁlri i—0 o

change in the environment — a hypothesised transition from o

regioninto another — and asks for clarification of the situationjlevh 1 N—1

the user did not (yet) introduce any new region actively. = =x—1— Z riYi
A new region node is linked into a topological graph structure on Yo Ti iso

two levels: A high level edge describes the topological lgtween \nerer, = /27 + 42 is the distance of the data point from the origin
two nodes, i.e., the fact that it is possible to somehow trawen one 4t the data set, i.e., the position of the laser range findee. data set
regionto a neighboring one. The so far existing navigation graghs @ then transformed to the SEK! = (z; — T, yi — ) : 0 < i< N}

those regions are rebuild so that the high level edge reseivéeast rgative to the centroid. This allows estimation of the arehordered
one concrete instantiation, describimgwto travel. This concrete link by the data set to

is represented as a (metric) path vector relative torélgeon node’s N2

geometrical centre point. In addition to the topologicaké between - (Z m/_) "t
the graph nodes, eachgion node is described with its centre point — ’ -
X and angléed relative to the starting position of the tour. To derive .

these metric links we make use of a (corrected) positiormedé. with 1 , N 12
Since the metric links betweeregion nodes are described relative mi = gtan(aips — aq)r;
to the corresponding node "origin”, we believe it would besgible gng
to decouple small local (metric) maps from the global metie

if necessary. Hence, we assume an arbitrary, "classic” Isimeous
localization and mapping (SLAM) method as suitable for theppse wherer; is the distance of the transformed point from the centroid.
of retrieving a sufficiently correct pose estimation. Since this estimated covered area is depending on objecthein
vicinity it represents an index of clutter, which is helptol differ-
entiate between regions of the same basic layout, but witarent
furnishing.

To actually compute the representation for tbgion nodes in our  \we perform a principal component analysis (PCA) to obtai th
topological graph structure, we rely on statistical feesuderived 10 eigenvectorsE; and E» of the data set. We then estimate the
from laser range data sets. This is a very concise, compo&lly o featuresil and [2 as the maximum distances represented in
rather inexpensive and flexible method and we propose to wsqHe data set along the bearing anglesff and E-. To make sure
not only for the description of theegion nodes specified by the {hat such a point is found, a tolerance threshold around iy

user, but allso for contin.u.ous comparisons of hyp.othes'rggldan angle is employed. The data set is now represented by theuplad
representations for transition detection. The detectibtransitions ,.cgpDesc = (name,m,11,12,e) and stored as properties of the

can then be handled independently from or as a complement dgrespondingegion

explicit cues like, for instance, door detectors as used thero  2) Detecting transitions while travellingWhile travelling through
approaches [11]. the environment the available range data sets are conshuosed to
1) The region representatioriVe represent specifieg@gionswith  generate a "hypothesisedgion’ representation of the surroundings,
the help of a number of statistical features computed fron6@ 3 which is compared to a previously specified one to decide thehne
laser range data set [1, chapter 4]: the environment has changed significantly so that it apdiealy to
« Massm: The free space surrounding the robot ("clutter index”have entered a nevegion [1, chapter 4].
« Lengthll andi2: The length along the two principal components To compare tworegion representations we compute a distance
of the data set (overall "size”) measured from the relative differences in each of the descriptive
« Excentricitye: The excentricity of the ellipse described by thdeatures:
two principal components (overall "shape”) d = Vm2s2 D«
« Centre pointX: The centroid of the data set .
« Angle 8: The angle of the first principal component relative tovith
the origin of the map / the starting point of the tour jo= (1 B M) for fe{mili2e)

fcu'r‘
1| ocationandobjectcorrespond to other spatial concepts used in the HAM
framework, forming a conceptual hierarchy. We use the tkrcation for a 2as a result of the equidistant angular resolution with whidaser range
large, not as a whole manipulated object or a particular kapace” (more finder scans the environment objects in the direct vicinftithe sensor are
or less static, e.g., a table, the fridge, the coffee-maker)l define ambject represented with considerably more data points than abjéett are further
as small and dynamic (manipulable) item (e.g., a cup or a termantrol). away

and

1 2
my—1 = §tan(04l]\771 —ap)(rv—1)
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with f..r and fi,, standing for the respective feature of the currerib use theregion representation for the detection of transitions in
and the hypothesised representation. We evaluated salistahce the environment and evaluate the suitability of the methmdtlie
measures in initial empirical tests and found the preseatedmost generation of a human comprehensible representation oh@ooi
suitable to capture the changes being implied by the streiobfi  environment. We evaluated the runs (guided tours) in thdéereht
the environment. If the distance measuteexceeds a threshold aenvironments with respect to the following criteria:
significant change in the environment representation iothgsised. . Consistency of the generated separatiomegionsin the envi-
To improve stability, we assume that the change has to béestab  ronment with the “common understanding” of this separation
over a number of data cycles. Additionally it is obvious ttieg robot « Detection of “obvious” transitions (doorways) and ambiigsi
cannot have entered a neegion when it has not moved, hence we where, e.g., a hallway opens up into a larger area.

apply a minimum distance threshold between transition atietes. « Loop closing ability on the conceptual / semantic level when
Those two conditions allow to lower the computational effand coming back to a previously specifigdgion through a new
make the system more stable. entry point

The hypothesisedegion representation is compared to the pre- . Overall numbern of detected ambiguities / transitions (and
viously accepted current one. In the case that a significaabge requests for confirmation from the system for the fully imple
is detected, the hypothesised representation is checkaihsall mented systems), withCorr being the number of expected
other available representations (nodes in the graph) whethy of transition detections between structurally differentaargjiven
them matches sufficiently well and is not completely unikiel have the path of the robot.

been entered, given its (metric) position. If none of thevimmasly « Number nSens of ambiguities detected in a sensible range
specifiedregionrepresentations match, the system assumes to be back (approximately 1 to 2 meters in a standard indoor / domestic

in the “genericregior’. Given appropriate interaction capabilities,  environment) from an obvious transition in the environment
a transition detection with the hypothesis for the actualered (e.g., a doorway)
region can lead to a confirmation dialogue with the user, which then s Number nSpurious of obviously spurious (erroneous) detec-
can result in the specification of a nawgion The corresponding tions of ambiguities (e.g., in the middle of an open area)
representation is then added to the graph and is used asdabgted . NumbernMiss of obviously missed transitions into a struc-
current one for further comparisons. turally different area
The generation of a new, explicitly specifietgion was not con-
IV. | MPLEMENTATION AND EVALUATION OF THE SYSTEM sidered as a detected change, but when this speaiégidn was
We investigate our method for the representatiorregfions and obviously left a detection should have occurred, otherwisaiss is

counted.

In the following we describe the test scenarios, the resudtord-
ing to our evaluation criteria being summarised in tableéaduation
results for 1) two domestic settings (ap. 1 & 2), 2) test rumghie
laboratory (lab 1 & 2), and 3) a test with a fully interactivgstem
“BIRON"%).

detection of transitions in the context of three differemiplemen-
tations. Although the used implementations were slighiffexent
regarding their integration into an interactive systemléok thereof)
the general system setup for both online runs and data toltec
consisted of a mobile non-holonomic platform with one lasarge
data finder mounted at about 30cm (in one case 50cm, but aliihb ( . _ . )
the top level of most furniture) above the ground. In all cagme 1) Domestic environment, mapping subsystem ofiyo different
stamped odometer readings and laser data were made awailah] domestic en\(lronments were considered, one being a rathal s .
depending on the interaction capabilities, also the usabsling and aPartment with narrow passages and doorways, the second bei
the raw data sets used for the specificationegfionstogether with @ medium sized flat with partially rather wide passages arehop
the resulting feature based representation. As mentionedapsly ~SPaces. In both apartments the living room, a bedroom arkitteen
we consider two types of events relevant to generate a neimrregwere presented to the rqbot. In the I_arger apar_tment alsortws
representation in the topological graph. One is the — ustiatied — were conducted, both belng actual guided tours in a usey stetip
specification of a new region, the other is the — data drivehrabot ©f the “home tour” scenario. _ _ _
initiated — detection of a structural change in the envirentnWhen 2? Test runs in the laboratory / office envw_onmermt[ the office
the user through personal initiative or as a result of a fatation envwonmept we evaluated two runs one of which covered aelgegt
discourse specifies gion, the robot acquires a 380range data of the corridor of one of our floors and two of the rooms. Witle th
set by turning around once, for the continuous comparisoBsise  4the “Bielefeld Robot Compania”, that served as platform for the demon-
"virtual scans” generated from a local nfafp compensate for the strating Key Experiment 1 (the “Home Tour”) of the integthtEU project
fact that the used robots only have one laser range findelabi@i COGNIRON, concluded in 2008 [13]

Evaluation TABLE |
We discuss our approach in the context of a number of data sets ap.1 [ ap.2 lab1 | Tab 2 BIRON
that were obtained in different indoor environments, repnging the counts & values
range from "laboratory conditions” in an office building teeal world )
conditions” in a small, actually inhabited, apartment.cilse settings &n;?é g%Y:Q"ent im im ém ém ém
range from explicit test runs, where data collections froors with a
remotely controlled robot [12] were evaluated, to a fullteiractively ECorr ig 3421 g 1 éz
controlled run conducted by a test user. These differetingsthad of nSens 18 20 13 i 9
course influence on how the system could handle a detectesitiom % of nCorr 100 83 100 100 180
after it stated its hypothesis, but the main aspect was in all casesnSpurious 0 2 0 0 3
% of n 0 9 0 0 25
3part of the software tool package "CURE”, courtesy of Palgasfelt and nMiss 0 4 0 0 0
John Folkesson % of nCorr 0 17 0 0 0




similarity distance measure d
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Fig. 2. An illustration of the similarity measure for the "BIRONWn as it is changing over time. A switch to a new marker typécatds a potential
"change”. Extreme values due to the user blocking the rangdeii are cut for readability of the plot. Jumps without maskendicate periods during which
the robot was not moving (translating), hence the simijadistances were not regarded relevant.
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Fig. 3. The run starting in the “living room” (left), leaving it andaning

back in (centre, with the hypothesis “living room” in the thgue box), and
after merging the navigation graphs inside the room (rigi@uestion marks
indicate positions where the system asked for clarificaton solid black
lines represent the navigation graphs.
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other run the applicability for loop closing was tested bedfying EngRoom

the “living room” (one large laboratory room) and the corteec
hallway, where the robot was guided back into the “living mdo
through a different door than used when leaving it (fig. 3).

3) Test with a fully integrated interactive systeifo test the appli-
cability of the transition detection approach the third iempentation,
integrated into the communication framework of the roboRBN,
an experiment in a laboratory environment corresponding fmart
of an apartment including living room, kitchen and hallwaygsw
conducted. An interesting aspect to the integrated systes that
for this experiment no SLAM method was available to provitle t c) d)
corrected pose estimations usually assumed. We decidesetéhe g 4 The experiment with BIRON, visualised in post-hoosuQuestion
experiment to investigate, in how far the now purely top@ab marks indicate positions where the robot asked the userdifirmation. In
mapping subsystem, including the transition detectionuldidbe the upper left corner of each image the system’s hypothdstaeocurrent

capable of representing the environment in a way that atiow&egionis shown. a) and b) Reconstruction with the help of a posenasitin
module with the room labels marked at the positions wherg tere given

meaningful .'meraCt'on with a user, relying only on the featbased to the robot by the user. ¢) and d) visualisation of the odfiyngenerated
representations. representation, based on raw odometer readings, the srasdieating the
Fig. 4 illustrates the guided tour with BIRON through the -labellipses for the three specifieegions a) / c) Starting in the “living room”,
oratory environment, conducted by a researcher acting asr*u P) / d) concluding the tour in the hallway after going througiing room
. . . . f and kitchen twice.
Since the pose estimation error was obviously mostly depgnoh
rotations of the robot platform (see the uncorrected itatgin in fig.
4 c) and d)), the accumulated error was kept on a level thawed to
hypothesise the “hallway” correctly when it was re-enteisdce no  detected rather reliably. As "obvious transitions” we ddes door
significant turning movements “on the spot” had been made @ passages, junctions of hallways (available in the officéngss), and
specification. Figure 2 illustrates the similarity measuveer time for hallways opening into a room (available in the two domesttad
the run, applying the same conditions for the detection ehasition  sets for the "medium size apartment”). Most failures of tppraach
as in the original run, i.e., a "new currerdgion representation” is have to be counted regarding "false alarms”. However, siwee
assumed (in this post-hoc run no confirmation question wagl¢ assume the user to assist the system, we consider this tyfpéuné
posed) when a significant changeé ¢ 1.5) is observed for more |ess critical than “false negatives”. Those occurred Sicatly less
than three data cycles, and the robot is at least 1 meter away f often and only in one "apartment” setting. Adaptive settifgthe
the point were the previous representation was acceptediresnt threshold values to the type of environment (“narrow aparith
one. vs. "spacious laboratory”) or the application of a more Ssjitated
4) Summary: The results from the seven evaluated runs showhange detection filter can be an option to cover such cases mo
that most of the obvious transitions in our test environmeate appropriately. A number of spurious detections in one oftkhimestic
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settings can be explained with the user being very closeaadhot involved regionshave to be changed persistently. Another interesting
(due to the interactive scenario) and thus covering largetspof aspect for future investigations is whether personal difiees can
the laser range finder’s “field of view”. Such spurious ddtett can be handled with one instantiation of an environment repriasion
obviously be avoided by increasing the number of data cyttlasa or if several are needed.
change needs to last, before a transisiton is hypothesiges.was On a more detailed level it would seem natural to investigate
done for the laboratory runs, where it seemed to have imreedianore adaptive method to decide if in fact a transition hasuiwed.
impact in the sense that spurious detections did not occat tfiThis should make the method better suitable to differenegypf
frequently, still being able to detect significant changatisfyingly. environments (generally narrow or more open) without negdd
The second laboratory run (fig. 3) showed the advantage nfiusi adjust parameters manually. Another issue is to find out iwhith
feature based representation both for the detection oitians and help of another study, where users actually would want thetrto
the representation @égions so that it is not necessary to travel backeact to a detected change and if the system acts in a conmgiblee
to a previously observed path to hypothesise a loop closuvngh way when hypotheses about the current position are gederate
would presumably be the case with a door detector in comibimat
with pure metrical SLAM. VI. ACKNOWLEDGEMENTS

The aim of the integration of the mapping subsystem with the The \york described in this paper was mainly conducted at tire C
fully interactive framework on BIRON was to see if a meaninigf (.o tor Autonomous Systems, Royal Insitute of Technology
interaction in and about the surroundings can be achievéld We  giockholm. Sweden partially funded by the European Corsionis
proposed models and used representations. For this iteegystem, pyision FP6-IST Future and Emerging Technologies undent@at

it was decided to limit the functionality of the mapping syftem  £pg_002020. We also thank the Applied Informatics grouphat t
to the rather basic situations described above, i.e., theifggation University of Bielefeld for their cooperation.

of regionsand the detection of transitions together with the resgiltin
requests for confirmation. Within this limited context theegtion
mentioned above can be positively answered at least foriscassed
environment. The robot detected all expected transitiodgoaoduced
only a very limited amount of surprising questions.
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