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ABSTRACT

The capturing of panoramic 360° images has become a popular
photographic technique. While a panoramic image gives an im-
pressive view of the environment, many people have difficulties to
understand the spatial scene arrangement from this flat image. In
this paper, we present a new visualization technique for panoramic
images based on a coarse reconstruction of the indoor environment,
in which the panorama was captured. Applications of this are,
for example, real-estate or hotel advertising, featuring virtual tours
through the apartment. We use a semi-automatic reconstruction
process, in which the user marks the room corners in the panoramic
images. These can be translated into viewing-angle measurements,
from which our algorithms can compute the exact sizes of the walls,
based on a pre-defined geometric model.

Categories and Subject Descriptors

[.4.8 [Image Processing and Computer Vision]: Scene Analy-
sis; 1.2.10 [Artificial Intelligence]: Vision and Scene Understand-
ing3D/stereo scene analysis

General Terms
Algorithms

Keywords

3D scene reconstruction, panoramic images.

1. INTRODUCTION

The capturing and display of panoramic 360° images has be-
come a standard technique which is used in a variety of applica-
tions. The most frequently-used model for capturing panoramic
images is to project the environment around a fixed camera loca-
tion onto a virtual cylindrical surface. There are two commonly
used ways to display these panoramic images. The first approach
shows the unrolled surface of the cylinder in a very wide image.
Since this image shows all directions around the camera at the same
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time, the panoramic image can be very confusing to the viewer. An-
other popular form of presentation is through an interactive viewer.
These Panoramic Image Browsers (PIB) show a rectified sub-view
of the scene, where the user actively controls the viewing direction
of a virtual camera. The disadvantage of this representation is that
it is not possible to get a fast overview of the scene, and it is not
possible to see the complete environment on a static medium like a
paper copy.

In [5], different projections of the whole panoramic image are
compared with respect to the visual quality for the viewer. These
include projections known from geography, such as the Merca-
tor projection. They further propose to use a perspective multi-
plane projection, where walls are projected onto different planes.
This eliminates geometric distortion and results in a more pleasing
viewing experience than the traditional panoramic images with bent
lines. However, for 360° panoramas, the user will still be confused
by looking in all directions at the same time.

A comparable approach was chosen in [2], where a new visu-
alization technique for panoramic images based on a coarse 3-D
reconstruction was proposed. It is based on the observation that the
spatial arrangement of the environment is an important feature that
helps the observer to orientate himself within the scene. For this
reason, it was assumed that the panoramic image is recorded within
a rectangular room of unknown dimensions. By marking the four
corners of the room in the panoramic image, the room dimensions
and the camera position could be recovered and the panoramic im-
age could be projected onto a virtual room of the same geometry as
the original.

In this paper, we further extend this approach by concentrating
on panoramic images that were recorded inside more complex in-
door environments, not necessarily limited to rectangular room.
Our reconstruction algorithm also allows the scene to span sev-
eral rooms. This is an important special case that enables many
new application areas like hotel room advertising, or presentation
of real-estate.

Since it is not always possible to cover the whole scene within
a single panoramic image, our algorithm allows to reconstruct the
3-D layout of the floor-plan from a set of panoramic images. Once
the geometry of the floor-plan is known, a 3-D model of the room
walls can be synthesized and the wall textures can be added using
the image data from the panoramic image. The proposed presenta-
tion provides a flexible way to visualize the scene. On one hand, the
virtual camera can be placed outside the room, such that the viewer
obtains an overview of the whole scene appearance and room lay-
out. On the other hand, the virtual camera can also be placed at the
position of the original camera. Interactively rotating this virtual
camera at this position provides views that equal the output of the
PIB technique.
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Figure 1: Panoramic input image of a rectangular room with marked room corners. The measured angles are also indicated in the

simple floor-plan on the right side.

2. RECONSTRUCTION OF FLOOR-PLANS

Several algorithms for 3D reconstruction have been proposed.
They can be divided into algorithms without pre-knowledge about
the scene and algorithms making use of a scene model. Algorithms
of the first class are usually very complex to implement [3] and they
are probably not robust enough in cases of low-textured surfaces.
Algorithms of the second class employ a complete geometric model
of the object or scene, and they only adjust the sizes in the model
based on the observed images. An algorithm of this second class is
described in [1]. Another algorithm [4] considers specifically the
reconstruction of room shapes from panoramic images. Compared
to our algorithm, it supports more general geometries than a collec-
tion of walls, but compared to our proposal, it is more complex to
implement and to use.

2.1 Reconstruction algorithm concept

Our algorithm falls into the second class mentioned above, but
even though the reconstruction process is semi-automatic, it is easy
and fast. It starts with the user drawing a coarse top-down floor-
plan of the scene, where the sizes of the rooms need not be cor-
rect. Furthermore, the user marks the room corners seen in each
panoramic image and indicates to which corner in the floor-plan
this corner corresponds. From the positions of the corners marked
in the panoramic image, the algorithm can deduce the angle be-
tween these corners, seen from the camera position. Using these
angle measurements, our algorithm automatically adjusts the sizes
of the walls and also finds the correct camera positions, from which
the scene was captured. With the geometry known, a textured 3-D
model of the scene (usually an apartment or office) is created and
used for visualization.

The principal idea of the reconstruction algorithm is derived from
the observation that the horizontal dimension of the panoramic im-
age is equivalent to the rotation angle of the camera. Hence, if
the distance between two room corners in the panoramic image is,
e.g., 1/5 of the image width, the angle between those two corners
at the camera are 72°. For the simple case of a rectangular room,
we obtain 4 angles, as shown in Figure 1. Since all angles sum
to 360° degrees, this only gives three independent measurements.
However, this is enough to reconstruct the three parameters of the
setup (ratio of wall sizes, and camera position). This is the special
case, for which an efficient reconstruction algorithm is proposed in
[2]. The algorithm described in the following extends this to more
general floor-plans.

Our algorithm starts with an initial floor-plan that defines the
room layout (position of walls and constraints about perpendicular
walls), but that does not yet include the correct wall sizes. For an
example, see Fig. 2. This figure shows a user-supplied geometric
room model, where the outline of the room is specified, in which
the correct wall sizes are still unknown. The basic principle of

the algorithm is to compute the corner-to-corner angles from the
current model and compare them with the angles measured in the
panoramic image. Subsequently, an optimization process is carried
out to adapt the wall sizes such that the differences between angles
in the model and the measured angles are as small as possible.

2.2 Model Parameterization

The floor-plan reconstruction algorithm uses two types of infor-
mation for the estimation:

o the angles between room corners measured from their posi-
tion in the panoramic images, and

o the predefined geometrical layout of the room. This geomet-
rical model includes the relative position of the walls, but not
their size. The model also implicitly contains pre-knowledge
about right angles between walls.

A floor-plan is parameterized by the 2-D positions of the room
corners and the camera positions. The camera positions are re-
quired to carry out the texture mapping.

Let us first consider a simple example of a rectangular room and
one camera. This configuration gives 4 x 2 parameters for the room
corners plus two parameters for the camera position. However, the
absolute placement of the room in our coordinate system is arbi-
trary, so that we can fix one corner to a predefined position, like
(0,0). Moreover, we can fix the overall rotation angle of the floor-
plan, and as absolute size cannot be determined, we can also fix the
length of one wall to, e.g., unity. The easiest way to do this is to fix
the position of a second corner to, e.g., (0, 1). In total, this reduces
the number of degrees of freedoms by four.

The reduction from ten parameters to only six was obtained by
eliminating superfluous degrees of freedom in the parameteriza-
tion. On the other hand, we can add more pre-knowledge about the
room geometry. For example, we can assume that the room shape is
rectangular. This pre-knowledge can be expressed with three con-
straints, each forcing one wall to be perpendicular to another wall.
These three constraints further reduce the number of free parame-
ters from six to three. This makes a reconstruction of the geometry
possible, since we have three independent measurements of corner-
to-corner angles.

For the general floor-plan reconstruction, we enforce the con-
straints for perpendicular walls implicitly through the parameter-
ization. We use the convention that the rotation of the complete
floor-plan is such that (most) walls will be aligned along the hori-
zontal and vertical coordinate axes. This is basically transparent to
the user, since this is the way he would draw the floor-plan anyway.
Each wall that is aligned to the coordinate axes can be parameter-
ized with only three parameters. For example, a vertical wall is
parameterized by the two corner positions, but both positions share
the same x coordinate.
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Figure 2: Room corners are specified by coordinates z;,y;.
Horizontal and vertical walls will reuse the same z; or y; co-
ordinate for both corners. This implicitly encodes the pre-
knowledge that these walls have to be horizontally or vertically
aligned. Camera positions are assigned their own pair of z;, y;
coordinates.

Furthermore, we also add the normalization of the floor-plan po-
sition and size as hard constraints in the parameterization. For
this, we select one vertical wall and define one corner postition
to (zo,y0) = (0,0) and the other corner position to (zo,y1) =

)

An example is depicted in Fig. 2. The room shape has eleven

walls, but it is parameterized with only six free parameters x1, . . ., x3,

Y2, ...,Ya. Additionally, the two camera positions add four pa-
rameters T4,Ys, &s5,Ys. From the image of the left camera, we
can obtain nine independent angle measurements, since the cor-
ner p4 is occluded. The right camera can contribute seven angle
measurements (note also the angle [37.9.12). In total, we have 16
measurements for 10 parameters and the reconstruction is possible.
Note that a reconstruction would also be possible with only the left
camera. In this case, we would only have nine measurements, but
also only eight parameters, since the position of the right camera
is not included. On the other hand, a reconstruction from only the
right camera is impossible, since we would have eight parameters
to estimate from only seven measurements.

2.3 Geometry-parameter estimation

The central task in the floor-plan reconstruction is to estimate the
model parameters based on the angle measurements that were mea-
sured in the panoramic images. The model parameters consist of
the coordinates x;, y; of the wall corners and the camera positions.
According to the geometric constraints, some of these coordinates
can appear in the specification of several positions. All coordinate
values that appear in the model are collected in a parameter vector

V= (ZE() :07.’1717.’132,.’133,..., Yo :anl = 17y25y37"')a (1)

in which three entries are fixed (namely zo = yo = 0, and y1 = 1)
to remove the superfluous degrees of freedom. To find the corre-
sponding coordinates for a position p;, we use two index sets m;
and n; into the parameter vector v to define p; = (Zm,;, Yn 1.)T.

From the captured panoramic images, we obtain a set of angle
measurements M = {(, j, k) }. Each measurement gives an angle
o, 5,1 between corners p; and p;, as seen from camera position p.
Furthermore, we can compute corresponding angles 3; ; » from the
geometric model as
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Figure 3: With the non-oriented angle 3; ; ., it cannot be dis-
tinguished on which side of a wall the camera is located. The
oriented angle 3; ; , has a single minimum at the correct side.
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Figure 4: Definition of angle differences. While 3; ; . is the
inner angle between the two vectors (a), 3; j.% 18 defined as the
angle from p; to p; in counterclockwise direction (b).

where d;x = p; — pr and dji = p; — P& are the vectors from
the camera position k to the corners ¢ and j. This equation defines
Bi,5,% as the inner angle between these vectors. We can now define
a cost function, computing the total error between the measured
angles and the angles present in the current floor-plan model, as

Ev)= Y

(i,3,k)EM

1Bijk — ikl 3

This error is minimized with the vector v as variable using a Quasi-
Newton optimization.

The convergence robustness of this optimization depends mainly
on the convexity of the cost function £. When considering again
the definition of (; ; 1 from Eq. (2), we notice that the definition
gives the inner angle §3; ;rx € [0;7] between two vectors. This
means that the angle is the same for the camera being on either side
of the wall. In the optimization process, this has the disadvantage
that there is a local minimum on each side of the wall (Fig. 3).

To prevent this effect, we do not actually use the definition of
the angle 3; ;,, but we apply the oriented angle ﬁ;_j,k, which is
defined as the angle from corner p; to corner p;, measured in
counter-clock-wise direction (see Fig. 4). We can compute the ori-
ented angles as

;o {BM if det [k | dyi] < 0,
Bijk = . C))
21 — By if det [dik | djk] > 0.

Using this angle definition, this term introduces a single minimum
at the correct side of the wall, and the error increases monotonically
with increasing distance from the optimal position (Fig. 3).

When v is computed, the exact sizes of the walls and the camera
positions are known, and the panoramic images can be projected
back to the wall planes. We obtain a set of textured quadrilaterals
that can be rendered as a 3-D model.



3. EXPERIMENTAL RESULTS

An example result for the floor-plan reconstruction is shown in
Figure 5. The input images for the floor-plan reconstruction were
captured with a digital still camera and combined into a panoramic
image later. The computation time for the reconstruction was clearly
below one second in all of our experiments. We evaluated the accu-
racy of the reconstruction result by comparing the normalized size
of the walls in the reconstruction with their real sizes. The average
deviation was about 4%, which is probably mainly due to an inac-
curate alignment of the input images. Moreover, for simplicity, we
assumed that the walls itself have no thickness, which is obviously
wrong in reality and which also leads to small deviations in room
size.

4. CONCLUSIONS

We have proposed a visualization technique for panoramic im-
ages recorded in an indoor environment. Our algorithm recon-
structs the room geometry from the panoramic images and presents
the panoramic image as the projection onto the room walls. The
reconstruction algorithm requires only minor user assistance. Our
conclusion is that the proposed visualization can provide a more
comprehensive presentation of the scene to the user than a flattened
panoramic image where the room geometry is not visualized. Ap-
plications of our proposal, especially for the floor-plan reconstruc-
tion, are the advertisement of apartments, or digital museums for
which virtual tours could be made available online. Another ap-
plication could be the reconstruction of scenes in surveillance sys-
tems, in which the objects are extracted from the video and inserted
into the 3-D model at their corresponding real-world position.

It should be noted that both reconstruction algorithms can also
be used directly with panoramic video instead of single images,
providing video textures on the walls of the 3-D model. Even for
the video application, the geometry model only has to be computed
once, if the positions of the cameras are fixed.
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Figure 5: Example reconstruction for a complete apartment
from six panoramic images. The estimated camera positions
are indicated with small cubes inside the rooms.



