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Abstract— Model-based approaches in recognition and plan-
ning of robots work effectively, and these approaches can apply
to model-less situation using autonomous model construction
by an agent. There are problems about segmentation or shape
fitting of various objects with different scales or shapes. In
this paper, we construct a Head-mounted 3D multi sensor
for 3D environment modeling and propose a method of 3D
reconstruction for various objects using intentional behavior of
human.

I. INTRODUCTION

In recent years, the growth of robot technology is remark-
able; many robots have humanlike manipulation and motion
capabilities as like humanoids and can work both moving
tasks and handling tasks. Robots working several different
tasks need different levels or scales about recognition for
each task. Especially in daily-life environment, moving tasks
in room and handling tasks of hand-held objects are de-
manded and models are necessary for these tasks, but room
environment and hand-held objects have different scales and
tolerance, so there is different means of results in spite
of same mathematical solution can be applied. So there
are needs for modeling approach manageable different tasks
comprehensively.

We define a Daily-life environment modeling; translation
to inner representation of computers about various objects in
daily-life environment using measurement by sensors. Mod-
eling approach of real environment is useful for applications
about recognition or planning, but traditionally those are
based on manual measurement or transformation by human.
In this research, we attempt to autonomous modeling by 3D
measurements.

A big problem of automating in modeling is daily-life
environment is constructed by various objects which have
different scales or shapes. In this research, we propose an
approach using physical intervention by human to separate
object from environment and make attention to object, and
construct Head-mounted 3D multi sensors that can measure
both human behavior and 3D environment. In recent research
Kojima et. al [1] proposed a method of estimation joints
or movable parts of known furnitures supported by human
manipulation, we extend this solution to create models thme-
selves with shape information. We also propose a method
of solid modeling using hypothesis from category of object,
and present about some methods: pose estimation of sensor,
measurement 3D objects, and shape fitting for hypothesis.
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This paper is constructed as follows: related works are
described in next section. Construction about head-mounted
3D multi sensor is described in section III. Daily-life environ-
ment modeling approach is explained in section IV. Results
about modeling experimentations are shown in section V.
Finally section VI concludes this paper.

II. RELATED WORKS
A. 3D MODELING

There are many approaches proposed about 3D object
modeling. For example,factorization [2] is mathematical re-
construction methods in computer vision. Plane segment
finder [3] is boundary fitting approach using stereo vision.
There are also approaches about solid model fitting to
generalized cylinder [4] and ACRONYM [5]. But identity
or physical boundary of objects can not recognize only from
shape information. Modeling approach for recognition about
attention and model identification is needed.

Differences of modeling representation are caused by
demand for ability of aplication. E.g. MonoSLAM]I6],
Photosynth[7]using Snavely’s approach[8], and VideoEn-
hancement by Bhat et. al. [9] represent 3D information as
3D point cloud. In MonoSLAM aproach they attach impor-
tance to estimate continuous camera poses. Photosynhth and
VideoEnhancement aim to image rendering from sparse 3D
information. These approaches have no consideration about
reuse memorized 3D information to recognize identity of ob-
jects. On the other hand, view-based approach [10] realized
to reuse visual information by memorize images with no 3D
information. This suggests images and visual features are
essential to reuse object models. It is necessarynot only 3D
shape information but visual features to models.

B. RECOGNITION OF HUMAN BEHAVIOR

Intentional sensing [11] is an approach to switch a pre-
condition about sensing by recognize human intention. For
recognize intention, sensors must be able to observe human
behavior. Observation approach about human behavior, e.g.
robotic room [12] embedded sensors in environment, is
observe from third person viewing. Human behavior obser-
vation approaches from external sensors have advantage to
recognize whole body behavior, but intention or attention
of human can be observed indirect, it must be observed by
behavior estimation. On the other hand, wearable sensors can
observe directly intention by sharing attention with equipped
human. Especially, head-mounted camera provides an equiv-
alent viewing of humans, so it can observe automatically
handling or noticed object by human.
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II1. HEAD-MOUNTED 3D MULTI SENSOR
SYSTEM

There are same concepts about head mounted cameras in
wearable or ubiquitous computing. Steve Mann’s personal
imaging [13] is the epoch of wearable computing. In recent,
Tsukizawa et al. [14] developed a 3-D reconstruction system
for hand held objects using head-mounted stereo vision.

Recently head-mounted vision approach aimed to “cap-
turing images from near human’s view point”. When using
images similar to human’s viewing, system can search from
database or construct 3D model about noticed object by
human. In this paper we aim to reconstruct loci of human
walking using images in walking behavior. In recent works
there is small attention area such as reachable range of human
hand, we consider to movable range of human walking as
attention area.

Fig. 1 shows a constructed sensor system. The system
is composed of a stereo vision sensor (SVS STH-DCSG-C
made by Videre Design Inc. : (A) in Fig. 1), two LRFs (URG-
04LX made by HOKUYO Inc. : (B) in Fig. 1) and a motion
sensor (A3U9S made by NEC Tokin Inc. : (C) in Fig. 1).
Multi sensors are connected to backpacked PC (Mac Book
Pro made by Apple Inc. , 2.53GHz Core2Duo CPU, 2GB
Memory), and obtained information provide to human using
HMD. System is also equipped Bluetooth remote controller
for interaction with human to notify intention.

Stereo vision is a core of system. Stereo camera can obtain
3D information by 1 frame capturing, this is an advantage
from monocular vision obtaining from plural images. Camera
module is connected by IEE1394 to PC, frame rate is
15[fps](in VGA capturing) or30[fps](in QVGA capturing).
Each camera has 81.2° view angle.

Laser range finder can obtain high accuracy range data
on 2D plane. It is difficult to dense 3D information from
single sensor because of limitation in measurement range,
s0 we attempt to equip two sensors in different angle. These
sensors can obtain a part of floor and walls which have sparse
textures as 2D lines. Frame rate of these sensors are 10[fps].

Motion sensor is used to estimate sensor pose without
measurement from external sensors, is composed by acce-
laration sensor , gyro sensor , and magneto sensor. Only
this sensor is affected drift in equipped sensors, so estimated
pose from this sensor is used as initial pose for estimation
using visual odometory with stereo vision. Frame rate of this
sensor is high speed against other sensors, about 125[fps], it
is obtained synchronous with stereo vision.

Sokuiki Sensor

Bluetooth

usB
Motion Sensor

"VGA HMD

Head-mounted 3D multi sensor system

Stereo Vision |EEE1394

IV. SOLID MODELING IN DAILY-LIFE
ENVRIONMENT

In this section, we propose a method of solid modeling
by primitive shape fitting with 3D point clouds for various
objects with different scales and shape in daily-life envi-
ronment. 3D point clouds are obtained by merging between
measurements in different frames using visual odometry pose
estimation. Also we construct a method of shape fitting using
combination shape features of artificial objects: plane feature
and symmetric feature.

A. VISUAL ODOMETRY

A continuous camera poses estimation method is con-
structed by 3D feature tracking using KLT tracker[15] with
stereo depth estimation [16].

Feature points selected or tracked by KLT tracker are
estimated 3-D position on current camera coordinate using
stereo disparity. Relations between measured points and
camera poses for each time ¢ are:

tC _ tTtiltflc (1)
oo = T o 2)

where *71T, is a homogeneous transformation matrix of
camera pose from t — 1 to t, *p,, is a nth feature point on
a camera coordinate in ¢, *C' is homogeneous representation
of camera coordinate. Eq. 2 is not equivalent because of
measurement errors. An error minimization equation is:

NP
min Y ||"ps — T2 il 3)
i=1

where NV, is a number of all feature points. This equa-
tion can be solved by closed form using Dual Number
Quaternion[17]. However least mean square is sensitive
for outlier, therefore we employ least median for robust
estimation. Finally the minimization becomes:

min median||’p; — "Ty—1" 'pi||? (i=1..Np) &

B. PLANE SEGMENT FINDER

We apply plane fitting to 3D point clouds using plane
segment finder [3]. When a plane L, is defined in 3D space,
likelihood betwenn L, and 3D points is defined as:

N
vp = Zexp(—0.02df) (5)
i=1
where NN,, is a number of 3D points, and d; is distance
betwenn the <th 3D point and L,,. L, which maximaize this
likelihood is estimated by paricle filter.

C. SYMMETRICAL SEGMENT FINDER

We propose a method of symmetrical shape detection from
3D points with definition likelihood about planar symmetry
based on a method of Podolak et. al. [18]. Fig. 2 shows an
image of evaluation of likelihood. 3D points P are created
mirroring from point clouds at one side Fy when point clouds
P, are separated to plane L. Then nearest neighbor search
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is applied to all points of P} and P;, and the matching
point exists when distance between current point and nearest
neighbor d; is below constancy. This calculation apply to
Py similarly. If assuming the number of points where the
matching point exists to be a likelihood, it is possible to
catch with a plane search that maximizes the likelihood Thus
likelihood v, of symmetric plane L, with P, is:

(1 (di~0)
Ve = ; { 0 (otherwise) ©)

a

@ :P0
® ® ®:P1
.?Tdi 0:P0’

(@]

Fig. 2. Planar symmetric likelihood

D. RECTANGLE DETECTION

After deciding base coordinate using plane segment finder
and symmetric segment finder, we apply rectangle detection
to 3D points to detect a face composing cube. Fig. 3 shows
an image of rectangle detection. Likelihood v, of rectangle
and points P is defined as:

N
Vpeet = Y exp(—0.02d7). (7)
=0

where N is a number of P, (z,y) is center of rectangle,
w, h are width and height of rectangle. Rectangle fitting is
realized using particle filter that maximize the likelihood
Urect With parameters (z,y, w, h).
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Fig. 3. image of rectangle detection

V. MODELING EXPERIMENTATION IN DAILY
LIFE ENVIRONMENT

In this section, we present some experimentation and
evaluation about proposed modeling methods for different
objects in daily-life environment. Methods of modeling are
switched from intention notified using remote controller.

A. ROOM AND DOOR ESTIMATION

We propose a method of model construction of room
and door. Fig. 4 shows the algorithm of method. Images
of experiment are shown in Fig. 5.

Firstly, we obtain an outward form of a room. A size of
room is estimated by detecting walls on all sides when room
is defined as a large cube. Human faces for each wall as
sequence of obtaining all sides walls. Sensor direction is
obtained from magnetic azimuth and gravity vector, and all
range data are projected on 2D ground plane. If walls of
another side are detected simultaneous, walls can registry.
An accerelation vector and a horizontal laser range finder
are used in wall detection. Range data considered slant of
sensor system can be obtained when human is stopped and
gravity vector is estimated using acceleration vector from
motion sensor. Walls estimated by robust line fitting to laser
range data. In this experiment human stands on near center
of a room, and room size can be estimated by estimate walls
on all sides sequentially. In this expreiment, estimated size
of room is 9680 x 5040[mm], this includes about 1% errors
from ground truth 9750 x 5000[mm].

Secondly, we construct a model of door. When door is
closed, door is cannot detected because the door is buried
in the wall. Thus we propose a method using opening door
behavior of human. We apply door size estimation. A door
should be opened for door estimation. In our method, door
is estimated by measurement with facing to opened door. It
consider to difficult about estimation using images because
of door is constructed plate, has sparse texture, and is larger
than human. So estimation method uses laser range finder
similarly to room. Fig. 6 (a) shows constructed door model.
Estimated size of door is 802 x 2350[mm], includes about
2% error from ground truth 800 x 2320[mm].

Thirdly we propose a method of estimation knob position
and addition to constructed door. Knob’s precondition is to
handle by human hand, thus knob position considered from
hand detection using measurement of handling behavior. At
this time, there is problem about which side is fixed edge.
Knob’s position must be opposite side from fixed side, so
fixed side is considered by knob positioning simultaneous.
In our method, knob’s position related with door is estimated
by registration with fixed side and bottom edge after knob
estimation using hand position detection. Fig. 6 (b) shows
a result of knob positioning. In this experiment estimated
height of knob is 1060[mm] includes over 100[mm] from
ground truth 920[mm)]. It considered a hand position shift to
upper because a part of arm is included hand region in hand
detection.

Finally relative positioning between door and wall is
needed because door is fixed to wall. Fixed position of door
is estimated using registration door with wall. When door is
opened, space that is same size of door appears in wall, so
door position is estimated by measuring space. However, we
must consider about fixed side of door and opening direction
of door. When door open to outside of the room there is no
problem, but door open to inside of the room, wall detection
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Fig. 4. Algorythm of room and door modeling

is prevented by opened door. Thus door positioning uses edge
of space in side of free side of door. Fig. 6 (¢) shows a result
of door positioning using our approach. In this case estimated
position of door is 2420[mm] from side wall, includes under
1% from ground truth 2400[mm]. Especially result shows
that estimated result matches the ground truth.

B. TABLE MODELING

We consider to a table modeling as important structure
in room. Table has rectangle top plate and 700[mm] height
from floor in general, and table is not measure whole size
at once according to its size. Algorithm of a table modeling
is shown in Fig. 7. In proposed method table is estimated
online. Firstly base frame and end frame is decided by
intention of human. Side edges of table must be visible
in both frames. Camera locus from base to end frame is
obtained by visual odometry, initial pose is decided from
gravity vector. Online visual odometry runs about 5[fps].
Secondly top plate is detected form range data of laser range

(a)
(b)

(c)

Fig. 6.

Experimental result

Range Data

Vector
. % » a :
Visual Qdometory Upper Plate Detection
L ¢ Registration

Algorithm of table modeling

Registrated Points Estimated Table

Image of experiment: table estimation

Fig. 8.

finder, by detected line segments using robust line fitting.
When line segment is 700[mm] height, parallel by floor and
visible then it is line segments composing table top. Fig.
8 shows image of experiment. Fig. 9 shows experimental
result by table top estimation and registration. Estimation
of table takes about 0.3[s]. In this case estimated table size
is 1163 x 764[mm] includes about 10% errors from ground
truth 1250 x 800[mm)].

C. CHAIR FITTING

Chair is a part of daily-life environment, has sparse texture
similarly to other furniture, and is composed complex curves
to fit human body. Complex curves are difficult to represent
by solid model, but can approximate by constructive primi-
tive solid model. We propose methods of chair detection and
modeling using abstract chair model. We define abstract chair
primitive model. Primitive model is composed by a sheet,
a back rest and two arm rest, each parts are represented by
cube. For chair detection, particle filter is composed using 3D
edge points as input, and number of points inside primitive
as likelihood. Abstract chair primitive is larger than real
instance for apply various size of chair. The size of detected
chair can obtain by 3D points inside each part, and which
exist or not about arm rest using a number of points. Also
color of each part can be decided by color of input images.
Fig. 10 shows a image of experiment. In proposed method
there is a precondition that chair measures from front, human
help recognition by moving chair to proper pose. Obtained
chair models are shown in Fig. 11. Fitting between 3D edge
points and abstract chair primitive run about 10[fps] using

Fig. 9. Experimental result of Table fitting; table registration
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Fig. 10. Image of experiment: chair fitting

Fig. 11.

Experimental result of chair fitting

about 2000 input points and 20 particles. Modeling worked
well whether armrest was exist or not, and can decide that.

D. CUBE FITTING OF FURNITURE

Furniture with large scale or build-in to wall is difficult
to measure except from front, but it can be managed as wall
when it is fixed on wall. Especially frontal plane of furniture
is important because of doors or consoles. We propose a
furniture modeling method by cube fitting from measurement
frontal plane. Algorithm of proposed method is shown in
Fig. 12. Large furniture is considered to not estimate by
one frame measurement. Measurements in plural frames are
merged using visual odometry. Then plane segment finder is
applied to 3D points to detect main plane of furniture, and
rectangle finder is applied to contour points of plane segment.
Fig. 13(b) shows input images and super impose of estimated
result, Fig. 13(a) shows an estimated furniture object with
texture mapping. The depth of furniture can not observe but
we composed it as cube using precondition that depth equals
to width of furniture. In this experiment estimated size is
512x1524[mm]. This result includes about 10% from ground
truth 580 x 1730[mm], however in aspect ratio, estimated
result is 2.98 nearly equals to ground truth 2.98. Errors in
absolute size are considered to be caused by scale error by
calibration etrror.

E. MODELING OF HAND-HELD OBJECTS

Cubic-shaped object model can construct by estimating
each face composed object independently and can compose
using estimated faces. Algorithm of our method is shown in
Fig. 14. Firstly we obtain 3D edge points of each face of an

Accel Vector

v

Visual Odometory

Estimated Furniture

-

Input Images

Fig. 12. Algorithm of large furniture modeling

(b) Input images
Fig. 13. Experimental result of a kitchen shelf

(a) obtained model

Registration
Estimated Object

Fig. 14.  Algorythm of hand-held object modeling

object. When area of region close to camera and displace-
ment of area is less than constancy over 2[s], then obtain
3D edge points. This check runs in about 20[fps]. Secondly
we estimate symmetrical line on 2D plane from obtained 3D
points. For 2D estimation, it is necessary to segment points
on plane, thus plane segment finder is applied to 3D edge
points. Then contour detection is applied for eliminate effects
from texture. Face reconstruction using symmetrical line and
texture mapping is applied after contour detection. Finally
we construct an object model using obtained faces. Order of
faces is decided as precondition, model is constructed when
difference of width of parallel faces is less than constancy,
about 10% of width. If human handles bottom side of object,
bottom side of object is considered to be occluded. Thus
height of object is estimated by maximum height of all faces,
other faces are extended to bottom. Fig. 15 shows images of
experiment, and Fig. 16(b) shows result of reconstruction.
Face reconstruction took about 3[s] for each face. Object
model was obtained in about 30[s].

We also propose a method of modeling for cylindrical
object. For cylindrical object, cylinder fitting is applied to 3D

Fig. 15.

Image of experiment: hand-held object estimation

(a) Obtained model (b) Intput images
Fig. 16. Experimental result of serial box

5589



Planar Symmetry Detection

Fig. 17.

Algorythm of cylinderical object modeling

(a) Obtained model

(b) Input images
Experimental result of coke can

Fig. 18.
points obtained using visual odometry, by planar symmetrical
detection. Algorithm of proposed method is shown in Fig.
17. Fig. 18(b) shows input images, and Fig. 18(a) shows
an obtained cylindrical object. In this case estimated size of
obtained model is 70 x 75 x 140[mm], includes about 10[mm]
for radial direction from ground truth 65 X 65 x 165[mm].

F CONSTRUCTED MODELS

Fig. 19 shows comparison between real objects and ob-
tained models. Multi scale and shape modeling using single
system was realized by switching different estimation meth-
ods for various kind of object using human intention.

VI. CONCLUSION AND FUTURE WORK

In this paper, we constructed a head-mounted multi sensor
system to observe indicated objects and human behavior
simultaneously, and composed a system to construct models
of various kind of objects which has different scales and
shapes by switching different modeling methods using hu-
man intention notified by remote controller. Auto modeling
in daily-life environment is realized using proposed method.
We showed some experimental results about modeling in real

Fig. 19.

Experimental result

environment, constructed models are with about 1 to 10%
errors, and provide online model creation.

Composed system cannot switch estimation methods atuo-
matically by recognize human behavior because of there
are only lower level interection, so we plan to implement
higher level interaction in our system. We also plan to use
obtained models to manipulate objects or manage objects
database system, with object matching and positioning meth-
ods. Especially objects having dense textures can be applied
image search algorithm to its texture to object matching and
positioning.
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