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Tour into the picture with water surface
reflection and object movements

By Jinho Park, Nambin Heo, Sunghee Choi and Sung Yong Shin∗
..........................................................................

Given a still picture, tour into the picture (TIP) generates a walk-through animation of a 3D
scene constructed from the picture. In this paper, we generalize TIP to deal with water
surface reflection while allowing foreground objects to move. We formulate a non-linear
optimization problem to find the 3D scene parameters with respect to the camera position,
to automatically construct a reasonable 3D scene model, provided with a set of points and
their corresponding points on the water surface. To synthesize a stream of reflected images
on the water surface in accordance with the camera movement, we propose a novel
image-based approach, which makes the best of the limited information available in the
input picture. Furthermore, we incorporate water surface movement data acquired from
water simulation on top of stochastic motion textures for objects such as trees and plants,
to create a dynamic scene. Copyright © 2006 John Wiley & Sons, Ltd.
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Motivation

A picture, whether it is a painting or a photograph, is
used as a medium to record an instance of an imaginary
or real experience. This instance reminds us of lovely old
memories or leads us to a world of imagination. Tour
into the picture (TIP) by Horry et al.1 facilitates a visual
realization of such memories and imagination. The basic
idea of TIP is to generate a walk-through(or fly-through)
animation of a 3D scene constructed interactively from
the input picture.

TIP has dealt with mainly pictures consisting of moun-
tains and hills, water with boats, skies with clouds, trees,
and buildings and streets, which together exhibit beauti-
ful scenes to remember. In the original TIP, all objects in
the picture remain still unlike in the real world, in which
objects respond to natural forces in an oscillatory fash-
ion. Moreover, each object is modeled as a billboard with
a portion of the input picture attached. However, a natu-
ral water surface shows a reflected image of the environ-
ment, which varies depending on the camera position.
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Recently, Chuang et al.2 proposed a semi-automatic
method to incorporate stochastic motion textures into a
still picture, while freezing the camera parameters. This
method is difficult to adapt to TIP without properly
addressing the water surface reflection issue, since a
reflected image on the water surface changes not only
by time-varying motion textures but also by the camera
position.

In this paper, we deal with two issues: how to gener-
alize the 3D scene model of TIP3 and how to incorporate
water surface reflection for TIP. To synthesize reflected
images of a scene on the water surface in accordance with
the camera movement, we propose a novel image-based
approach to 3D scene modeling and rendering, which
makes the best of the limited information available in
the input picture. We also employ water surface simula-
tion data on top of stochastic motion textures caused by
wind2, to make objects in the input picture move in a visu-
ally convincing way. By adding object movements with
the support of water surface reflection, our approach can
be viewed as a generalization of TIP. By changing the
viewpoint with the same support, our approach can also
be viewed as a generalization of Chuang et al.’s work.2

Related Work

Image-based rendering enables real-time synthesis
of a photorealistic image viewed from an arbitrary
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viewpoint, exploiting scene information extracted from
a set of reference images.1,3–16 TIP is a special type of
image-based rendering, where a single image is given as
the input. In principle, we cannot reconstruct a 3D scene
automatically from a single image. Thus, the user enjoys
the freedom of modeling a 3D scene according to his/her
interpretation. Horry et al.1 proposed a simple scheme,
called a spidery mesh to construct a 3D scene from a 2D
image centered around a user-provided vanishing point.
Based on projective geometry, Liebowitz8 presented
techniques for reconstructing 3D architectural models
from single images, exploiting geometric constraints
such as parallelism and orthogonality.

To lift the limitations imposed by a single vanishing
point, Kang et al.3 proposed a new modeling scheme for
TIP based on a user-specified vanishing line. This scheme
is simpler than that of Horry et al.1 and yet more general
to handle a broader class of images. By introducing the
notion of a vanishing circle, the scheme can naturally be
extended to 3D navigation in a panoramic image. We also
adopt the latter scheme for 3D scene modeling.

Recently, Kang and Shin14 further generalized the
scheme of Kang et al.3 for a single video stream and pro-
posed an interesting scheme, the so-called TIV(tour in
the video), which deals with moving foreground objects.
Chuang et al.2 animated a single picture by making its
constituents such as trees, water, and clouds move in re-
sponse to natural forces such as wind, with the viewpoint
fixed. We incorporate this idea into TIP while still allow-
ing the viewpoint to move.

Overview and Contributions

Our system consists of three steps: 3D scene modeling,
motion generation, and rendering. For 3D scene mod-
eling, we generalize the 3D scene construction scheme
based on a vanishing line.3 We first show how to esti-
mate the distance between the image plane and the cam-
era, the height of the camera above the water surface,
and the distance between the background plane and the
camera, to build the framework of a 3D scene model. We
then describe how to place the foreground objects on the
ground and the water surface. We finally explain how to
extract three types of maps, that is, the texture map, the
reflection map, and the mask map, from the input pic-
ture for each of scene components: the foreground ob-
jects, the ground, the water surface, and the background.
The extracted maps are used later for rendering. In par-
ticular, the reflection maps facilitate synthesis of the re-
flected images of the 3D scene on the water surface while

varying the camera position. For motion generation, we
use stochastic motion textures in Reference [2] as well
as water simulation data generated with a commercial
tool.17 For rendering, we describe how to produce an
image from the 3D scene by exploiting the three maps
extracted from the input picture.

From the modeling point of view, our contribution
is a non-trivial generalization of the TIP scene model3

to support the movements of the water surface and the
foreground objects. From the technical point of view, our
contribution lies in an image-based scheme for generat-
ing a reflected image of the 3D scene from the water sur-
face. Our contribution also lies in a novel semi-automatic
scheme to estimate the 3D scene parameters with respect
to the camera position: the distance of the image plane
from the camera (the camera focal length), the distance of
the background plane from the camera, and the height
of camera above the water surface plane. Together, the
two schemes can handle moving objects in the environ-
ment, including the water surface itself, in a visually-
convincing way.

The remainder of this paper is organized as follows:
We describe how to model a 3D scene from an input pic-
ture, followed by motion generation and rendering. After
showing results, we discuss limitations and weaknesses
of our approach. Finally, we conclude this paper.

3D Scene Construction

3D Scene Framework

In this section , we describe how to construct the frame-
work of a 3D scene model, that is, the global structure
of the scene model from a picture. We generalize the 3D
scene model of Kang et al.3 to handle water scenes in-
cluding seas, rivers, lakes, and so on. The vanishing line
and the height of the camera above the ground plane are
given by the user. On top of the two major components of
the 3D scene framework, the background plane and the
ground plane, we introduce the water surface plane as
a new component. The foreground objects are placed on
the ground plane or the water surface plane. We assume
that the water surface plane is parallel to the ground
plane and perpendicular to the background plane.

Under the assumption that the normal vector of the
ground plane points in the global-up direction, this plane
can be placed in the 3D scene as illustrated in Figure 1(a),
since the vanishing line Sh of the image and the camera
height hc from the ground plane have been given. To also
place the image plane, the background plane, and the
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Figure 1. (a) 3D scene model and (b) 2D schematic diagram.

water surface plane, we will automatically extract three
3D scene parameters with respect to the camera position,
the focal length f of the camera, the height hw of the
camera above the water surface plane, and the Euclidean
distance d between the camera and the background
plane, provided with a set of ordered pairs of points on
the input picture, where each ordered pair consists of a
point on the background plane and the corresponding
point (reflected point) on the water surface plane.

Let S and S′ be a pair of points on the image plane corre-
sponding to the point X on the background plane and its
reflected point X′ on the water surface plane toward the

camera, respectively. Figure 1(b) shows a 2D schematic
diagram of the 3D scene model. We define Xh, R, Xw, and
R′ as follows:

Xh = the projection of the vanishing line from C onto

the background plane,

R = the intersection point of the background plane

and the ray
−−→
CX′ mirror-reflected at X′,

Xw = the intersection line between the background

plane and the water surface plane, and
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R′ = the reflection point of R about the water surface

plane.

We also denote by Sh and Sw the projected lines of Xh

and Xw from C onto the image plane, respectively.
Without loss of generality, suppose that the user pro-

vides m pairs of points, (Si, S
′
i), 1 ≤ i ≤ m, where Si =

(xi
s, y

i
s, f )T and S′

i = (xi
s′ , y

i
s′ , f )T are the points on the im-

age plane corresponding to a point Xi on the background
plane and its reflected point X′

i on the water surface
plane, respectively. Then, we can formulate a constrained
optimization problem as follows:

minimize
d,f,hw

∑
i

∥∥∥∥
(

xi
sd

f
− xi

s′d

f
,
yi

sd

f
+ yi

s′d

f
+ 2hw, 0

)∥∥∥∥
2

subject to f < d (1)

ys′d < −fhw for all i, and

f1 < f < f2

where f1 and f2 are user-specified values that constrain
the acceptable range of the focal length f . For details
in formulation, please refer to Reference [18]. We solve
this problem for f , d, and hw to locate the image plane,
the water surface plane, and the background plane in
addition to the ground plane specified by the user.

3D Scene Decoration

By placing the three planes as well as the ground plane in
the 3D space in accordance with the scene parameters, we

have constructed the framework of the 3D scene model,
or the global structure of the model. We add local details
to the model by locating the foreground objects on the
ground plane and the water surface plane, and attach-
ing the three maps to each of scene components. We now
describe the map construction procedure for our gener-
alized 3D scene model, while minimally duplicating the
results in References [1,3].

Given an input picture, we first interactively extract
the texture for every foreground object from the picture.
As illustrated in Figure 2, the rectangular sub-picture that
is bounded by the red box (specified by the user) is the
texture for the object. The boundary of the object is traced
manually using an interactive tool.3 The pixels inside the
object are marked with the mask map by turning the cor-
responding mask bit on. The pixels outside the object
are regarded as transparent. After extracting the texture
for a foreground object we fill the hole, the portion of
the picture hidden by the texture, by using an interac-
tive tool.19,20 We repeat this process until all foreground
objects have been extracted. Instead of image masks, one
can adopt Bayesian matting to achieve more precise com-
position of scene components.2

We next extract the texture for each of the three planes.
As illustrated in Figure 3(a), let Xw and Xg be the inter-
section lines of the background plane with the ground
plane and the water surface plane, respectively. By pro-
jecting Xw and Xg onto the image plane, we obtain their
corresponding lines, Sw and Sg. If Xw is coincident with
Xg, then Sw = Sg.

As shown in Figure 3(b), we use Sw to divide the
input picture into two parts: the top and the bottom.
The bottom part is the texture for the water surface.

Figure 2. Extraction of foreground objects: (a) input picture, (b) texture map, (c) mask map, and (d) reflection map. Image courtesy
of Shad Sluiter.
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Figure 3. (a) Input picture partitioning and (b) texture and mask maps for the background, the ground, and the water surface.

We interactively trace the boundary between the
ground and the water surface, and turn on the mask
bit corresponding to each pixel on the water surface.
Next, we use Sg to divide the resulting picture into
two parts after masking out the pixels that belong to
the water surface. The top part is the texture for the
background, and the bottom part is that for the ground.
We also turn on the mask bit corresponding to each
pixel that belongs to the ground. The mask map of the
background is obtained trivially by turning the all mask
bits on.

We adopt the billboard model1 to represent a fore-
ground object, in which a billboard is the axis-parallel
rectangle in the 3D scene model: The projection of the
billboard onto the image plane bounds the texture of the
foreground object in the input picture. Since the extracted
textures from the input picture are distorted due to fore-
shortening, we must nullify the distortion to use the tex-
tures later for rendering. For the foreground objects and
the background, the texture correction can be done by

adopting the inverse texture mapping scheme in Refer-
ences [1,3]. As illustrated in Figure 4, this scheme maps a
texture back onto its billboard. However, in order to ap-
ply the scheme to a texture, the object’s geometry should
be captured beforehand.

Since the position of background plane is known, we
can correct the foreshortening effect trivially for the back-
ground texture. For the texture of a foreground object
(billboard), however, we need to compute its geometry
for this correction. We first project the two corner points
on the bottom edge of the texture onto the ground plane
(or the water surface plane) to determine the corner point
positions. Assuming that the plane containing the object
is perpendicular to the ground plane (or the water surface
plane), this also gives the depth of the object. The posi-
tions of the remaining two corner points are determined
by projecting them onto the plane containing the object.
Given the geometry, we map the texture back onto the
object to obtain an undistorted texture, which is stored
in the object’s texture map.
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Figure 4. Inverse texture mapping.

The texture of a foreground object or the background
is invariant with respect to the camera position. How-
ever, the image of the same object on the water surface
is determined by light reflection toward the camera, and
thus varies from frame to frame depending on the cam-
era position. We build a reflection map that is invariant
with respect to the camera position unlike the reflected
image on the water surface.

The size of a reflection map is set to the same as that of
the corresponding texture map, so that we can establish
a natural pixel-by-pixel correspondence between the re-
flection map and the texture map. Let P ′′ be a reflected
point of P about the water surface plane. As illustrated
in Figure 5, the color value of the pixel of the reflection
map corresponding to point P on the scene component
is sampled from point P ′ on the water surface plane, at
which the ray from the camera to the reflection point P ′′

makes a mirror reflection toward point P .
The reflection maps for the foreground objects are first

created, followed by those for the ground and back-
ground planes. Among the foreground objects, the re-

Figure 5. Reflection map construction.

flection maps are created in depth order from the camera.
Whenever a reflection map is created for a foreground ob-
ject, this object is immediately removed, and the resulting
hole on the input picture is filled manually to process the
next object.

By the way in which a reflection map is created, it con-
tains the color information for reflected images on the
water surface for a scene component such as a foreground
object and the background. This information is exploited
later to synthesize a reflected image on the water surface
in accordance with camera movement, while avoiding
the complicated process of light interaction with the wa-
ter surface.

Object Motion

In this section, we describe how we incorporate object
movements into TIP, inspired by the work in References
[2,14]. We deal mainly with passive objects such as trees,
water, boats, and clouds, the movements of which are
driven by natural forces such as wind. The one excep-
tion is that a boat may also have its own driving force.
To make these objects move, stochastic motion textures
in Reference [2] are employed. A commercial water sim-

ulation tool, RealFlow�17 is also used to make the water
surface move and interact more dynamically with other
objects such as the ground, rocks, and boats. For stochas-
tic motion textures, we refer the readers to the work in
Reference [2]. Here, we briefly discuss how we exploit

the tool, RealFlow� for our purpose.
The local coordinate frame of the water surface is first

constructed so that the surface lies on the x-z (y = 0) plane
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with the x and z coordinate axes intact. The boundary of
the water surface (or an interacting object) is traced us-
ing its mask map and fitted to a NURBS curve. This curve
is reflected about the vertical plane containing the curve
end points, to obtain a closed curve. Extruding the lat-
ter curve, every foreground object is approximated as a

(generalized) cylinder. A module of RealFlow� called

RealWave� is employed for water surface simulation.

Based on a fractal wave, RealWave� alone gives the
movement of the water surface when the surface does
not interact with other scene components. This module is
equipped with features to control the global water move-
ment with parameters such as water speed, the maxi-
mum wave height, and the number of octaves, and so
on.

A dynamics solver in RealFlow� is employed to sim-
ulate interaction between the water surface and rigid ob-
jects. We deal with three types of objects: static, floating,
and moving. A static object (e.g., a rock and a bridge)
is not affected by water movement although the object
itself interacts with the water surface. A floating object
(e.g., a boat at anchor) moves passively due to the move-
ment of the water surface. Driven by the user-given ex-
ternal forces and trajectory together with the results from

RealWave�, a moving object (e.g., a sailing boat) in-
teracts with the water surface to create dynamic waves
propagated from the object.

The output of RealFlow� includes the geometry of the
water surface in the local coordinate frame and geometric
information on the interacting objects such as positions
and orientations. We use the simulation data to animate
the water surface and the objects interacting with it.

Rendering

The camera (pinhole) in the 3D scene is moved to syn-
thesize a novel image stream in an on-line manner. In
particular, the 3D scene at each frame is rendered, ex-
ploiting the three maps that we have built initially while
also fixing the focal length f to the initially computed
value.

Our choice for rendering is ray tracing. A ray is shot
from the camera center to each pixel of the output image.
An intersection check is performed between the ray
and the scene components in order of the foreground
objects, the ground plane, the background plane, and the
water surface plane. Among the foreground objects, the
intersection check is performed in depth order from
the camera.

Suppose that the ray hits a scene component such as
a foreground object, the ground, or the background that
has a higher priority than the water surface. Let P and P ′

be the intersection point on this component and its cor-
responding point on its texture map, respectively. P ′ can
be considered as the texture coordinates of point P . If the
component is a moving object, then P ′ is obtained by can-
celing the displacement of P made by motion. Therefore,
the color value at a pixel of the output image is sampled
from the texture map unless the pixel’s mask bit nearest
to point P ′ is turned off. In particular, the color values of
the four nearest pixels to point P ′ is bilinearly interpo-
lated to acquire the color value of the output pixel. If the
mask bit is turned off, the ray proceeds further into the
3D scene to repeat the intersection check.

Now, suppose that the ray hits the water surface. Let P

and P ′ be defined in the same manner as given above. If
the mask bit of the nearest texture pixel to P ′ is turned on,
then the ray from the camera to the output pixel is mirror-
reflected about the normal vector at P . The normal vector
at P does not necessarily point in the global-up direction,
since this vector could have been perturbed by the move-
ment of the water surface. Now, the mirror-reflected ray
takes over the role of the ray from the camera. Specifi-
cally, the mirror-reflected ray is traced to determine the
color of the output pixel in the same way as the original
ray is traced, except that the reflection map of each scene
component substitutes for its texture map. For a moving
object hit by the mirror-reflected ray, the displacement of
each point by motion is nullified to access the reflection
map for color sampling.

The original ray as wells as the reflected ray may not hit
any scene component at a point with its corresponding
mask bit turned on, since the size of the input picture is
finite. In this case, we randomly sample a color from the
texture map of the background plane. When the reflected
ray does not hit a scene component, the average color
value of the neighborhood points of the point P on the
water surface or the color value of the nearest point to P

may also be sampled for the missing ray.

Results

For experiments, we used four pictures with reflected
images on water surfaces. The second and third pictures
are paintings and the others are photographs, as shown
in Figure 6. The size of every picture was reduced to
one tenth of its original size. The experiments were per-

formed on an Intel Pentium� PC (P4 3.0 GHz processor,
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Figure 6. Input pictures. Images courtesy of edenpics.com(a), Thavibu Gallery(b), Peter Bartholomew(c), and Korea Computer
Magazine(d), respectively.

2.0 GB RAM, and GeForce� FX 5950 graphics card). It
took from several minutes to several hours to generate an
animation for each picture, depending on time for man-
ual interaction. The most time-consuming part was the
foreground object extraction and hole filling even with
interactive tools. After preprocessing, our method gen-
erated more than 10 frames per second for all 4 pictures.
The performance of the method depends on the scene
complexity, in particular, the number of foreground ob-
jects. The test scenes have at most five foreground objects
(Figure 6(b)).

The animation results are given in the accompanying
movie file. We can observe that reflected images on wa-
ter surfaces vary convincingly from frame to frame in
accordance with the camera position changes as well as
object movements. In each experiment, we assumed that
an image initially has a flat water surface. The first two
experiments (Figure 6(a) and (b)) were for scenes without
any moving foreground objects, and the others were with
moving foreground objects (Figure 6(c) and (d)). Stochas-
tic motion textures were employed to make foreground
objects on the ground move. For the water surface and the

objects on it, RealFlow� was used to make them move.

The conjugate gradient method in MATLAB� was
employed to solve the non-linear optimization problem

of estimating the 3D scene parameters with respect to the
camera position. Five pairs of points for each picture were
taken as the input data for the optimization. The solver
immediately converged to a good local minimum with a
reasonable initial guess for the parameters. Empirically,
we found that the initial guess (f, hw, d)T = (5200, 5000)T

works well. We set C = (0, 0, 0)T and hc = 180. Results
for parameter estimation are available in Reference [18].

Discussion

In this section, we discuss limitations and weaknesses
of the proposed method. As a generalization of TIP, the
proposed method shares the inherent limitations of its
predecessors.1,3 The foreground objects are represented
as billboards, which requires a special care during navi-
gation. This can partially be solved by rotating a billboard
in accordance with the time-varying camera position so
that the billboard always faces the camera.21,22

The color information in the texture and reflection
maps gives the sum of the color contributions by view-
dependent and -independent light interactions with the
environment captured at the initial camera position. In
principle, the view-dependent contribution changes as
the camera (or an object) moves. However, we use the
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initially captured maps regardless of the camera (ob-
ject) movement. Although our method gives pleasing
walk-through (fly-through) animations, the illumination
model is not quite correct in a physical sense, which is an
inherent limitation of TIP.

With a single picture as an input, manual interactions
by the user for scene modeling are also inherent in
TIP. To alleviate the user’s burden, an optimization
formulation was proposed to find the 3D scene pa-
rameters with respect to the camera position. Since the
objective function is non-linear with local minima, a
reasonable initial guess is needed for a good solution.
The water surface is assumed to be flat initially in the
proposed formulation although it can be moved after
extracting the reflection maps. With this assumption,
the initial normal vector of the water surface is trivially
obtained. Otherwise, it would be necessary to estimate
the normal vector field that matches the 2D image of the
water surface in the input picture, which is hard, if not
impossible, with a single input picture.

Conclusions

We generalized TIP by incorporating water reflection
and object movements. Technically, our contributions are
twofold: First, a non-linear formulation was presented
to find the three 3D scene parameters with respect to
the camera position: the focal length of the camera,
its height above the water surface, and the distance
of the background plane from the camera. Next, a
novel image-based scheme was proposed to generate a
view-dependent image stream with the reflected images
of the 3D scene on the water surface. As shown in
experiments, the proposed approach has worked well
even with both objects and the water surface in motion.
We leave the issues raised in Discussion Section as future
research topics.
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