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(57) ABSTRACT 

There is provided an image processing apparatus for 
describing a real image as a virtual object using Space data 
formed based on a photo image of the real object, and 
generating a virtual image of the virtual object using the 
Space data. The image processing apparatus captures the 
photo image of the real object from a real camera viewpoint 
position while illuminating the real object by an illumination 
light Source placed at a real illumination position. The 
captured photo image is converted into Space data in the 
form of an object for each pixel, and the Space data is Stored 
in a memory together with various illumination conditions at 
the real illumination position to allow a Search at a later time. 
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IMAGE PROCESSING METHOD AND APPARATUS 

FIELD OF THE INVENTION 

0001. The present invention relates to an image process 
ing apparatus and method for Shading or shadowing a virtual 
object using a virtual light Source upon expressing a virtual 
Space on the basis of photo image data. 
0002 The present invention also relates to an image 
processing apparatus and method for changing a real illu 
mination condition in real time and generating a mixed 
reality image in accordance with the changed condition. 

BACKGROUND OF THE INVENTION 

0003. Many schemes for describing a virtual space based 
not on a three-dimensional geometric shape but on a photo 
image have been proposed. Such Schemes are called Image 
Based Rendering (to be abbreviated as IBR hereinafter), and 
can express a virtual space with high reality that cannot be 
obtained by a Scheme based on a three-dimensional geo 
metric shape. 
0004 Attempts to describe a virtual space on the basis of 
the ray Space theory as one IBR Scheme have been proposed. 
See, for example, “Implementation of Virtual Environment 
by Mixing CG model and Ray Space Data”, IEICE Journal 
D-11, Vol. J80-D-11 No. 11, pp. 3048-3057, November 
1997, or “Mutual Conversion between Hologram and Ray 
Space Aiming at 3D Integrated Image Communication, 3D 
Image Conference, and the like. 
0005 The ray space theory will be explained below. 
0006. As shown in FIG. 1, a coordinate system O-X-Y-Z 

is defined in a real Space. A light ray that passes through a 
reference plane P (Z=Z) perpendicular to the Z-axis is 
defined by a position (x, y) where the light ray crosses P, and 
variables 0 and cp that indicate the direction of the light ray. 
More specifically, a single light ray is uniquely defined by 
five variables (x, y, Z, 0, (p). If a function that represents the 
light intensity of this light ray is defined as f, light ray group 
data in this space can be expressed by f(x, y, Z, 0, (p). This 
five-dimensional Space is called a “ray Space'. 
0007) If the reference plane P is set at z=0, and disparity 
information of a light ray in the vertical direction, i.e., the 
degree of freedom in the p direction is omitted, the degree 
of freedom of the light ray can be reduced to two dimen 
Sions. This X-0 two-dimensional Space is a partial space of 
the ray space. As shown in FIG. 3, if u=tan 0, a light ray 
(FIG. 2) which passes through a point (X, Z) in the real 
Space is mapped onto a line in the X-u Space, which line is 
given by: 

0008 Image Sensing by a camera corresponds to regis 
tering in an imaging plane the rays that passes through the 
lens focal point of the camera, and the intensity and color of 
the ray is represented as an image. In other words, the Set of 
light rays that passes through one point in the real Space, i.e., 
the focal point position, corresponds to the Set of captured 
pixels. In this, Since the degree of freedom in the p direction 
is omitted, and the behavior of a light ray is examined in 
only the X-Z plane, only pixels on a line Segment that 
intersects a plane perpendicular to the Y-axis need be 
considered. In this manner, by Sensing an image, light rays 
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that pass through one point can be collected, and data on a 
Single line Segment in the X-u Space can be captured by 
Single image Sensing. 

0009. When an image is sensed a large number of times 
by changing the Viewpoint position, light ray groups which 
pass through a large number of points can be captured. When 
the real Space is Sensed using N cameras, as shown in FIG. 
4, data on a line given by: 

0010 can be input in correspondence with a focal point 
position (X,Z) of the n-th camera (n=1, 2, . . . , N); as 
shown in FIG. 5. In this way, when an image is sensed from 
a Sufficiently large number of View points, the X-u Space can 
be densely filled with data. 
0011 Conversely, an image observed from a new arbi 
trary viewpoint position can be generated (FIG. 7) from the 
data of the X-u space (FIG. 6). As shown in FIG. 7, an image 
observed from a new viewpoint position E(X,Z) indicated 
by an eye mark can be generated by reading out data on a 
line given by equation (1) from the X-u Space. 
0012. In the mixed reality space that takes a photo image 
into a virtual Space, real and virtual Spaces are mixed. For 
this reason, image processes which are easy to implement in 
a real or virtual Space alone may become hard to implement. 
0013 Image processes using photo image data do not 
eXcel in addition of shades and generation of a shadow by 
means of Virtual illumination. This is because although 
shades or Shadow change in accordance with the three 
dimensional pattern of an object, it is hard to reconstruct 
shades or Shadow Since photo image data does not have any 
information pertaining to the geometric shape of the object. 
That is, a technique for rendering a virtual object on the basis 
of Space data including geometric shape information, ren 
dering Shades to be added to that object or rendering a 
shadow formed by the object is known to those skilled in an 
image processing field based on geometric shape informa 
tion (e.g., computer graphics (to be abbreviated as CG 
hereinafter)), but is unknown in an image processing field 
using a photo image Such as a ray Space or the like. 
0014. One difficulty in generation of a mixed reality 
Space involves changing a real illumination condition and 
mixing a virtual image with a real Space in real time in 
correspondence with the change in illumination condition. 
0015 Conventionally, the brightness of a real space is 
measured by a batch method, and the detected illumination 
condition is reflected in the mixed reality Space. 

SUMMARY OF THE INVENTION 

0016. The present invention has been proposed to solve 
the conventional problems, and has as its object to provide 
an image processing method and apparatus Suitable for 
recording Space data, which is Suitable for generating shades 
of a virtual object from Space databased on a photo image. 
0017. It is another object of the present invention to 
provide an image processing method and apparatus for 
generating Shades of a virtual object from Space databased 
on a photo image at high Speed. 

0018. It is still another object of the present invention to 
provide an image processing method and apparatus capable 
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of appropriately generating Shades even when the position or 
condition of a virtual light Source is arbitrarily changed. 
0019. It is still another object of the present invention to 
provide an image processing method and apparatus capable 
of generating Shades for a virtual object described in Space 
data based on a photo image. 
0020. It is still another object of the present invention to 
provide an image processing method and apparatus capable 
of pasting a Shadow image to a virtual object image from 
Space data based on a photo image. 
0021. It is still another object of the present invention to 
provide an image processing method and apparatus Suitable 
for real-time processes for directly generating a shadow 
image from Space data, and pasting the Shadow image in a 
Virtual space. 
0022. It is still another object of the present invention to 
provide a mixed reality presentation apparatus for construct 
ing a mixed reality Space in response to a change in real 
illumination condition in real time. 

0023. Other features and advantages of the present inven 
tion will be apparent from the following description taken in 
conjunction with the accompanying drawings, in which like 
reference characters designate the same or similar parts 
throughout the figures thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0024. The accompanying drawings, which are incorpo 
rated in and constitute a part of the Specification, illustrate 
embodiments of the invention and, together with the 
description, Serve to explain the principles of the invention. 
0.025 FIG. 1 is a view for explaining the principle for 
generating ray Space data; 

0026 
0027 FIG. 3 is a view showing the space shown in FIG. 
2, which is expressed by ray Space data; 
0028 FIG. 4 is a view for explaining the principle of 
generating real Space data when there are a plurality of 
Cameras, 

0029 FIG. 5 is a view for explaining the principle of 
generating ray Space data when there are a plurality of 
Cameras, 

0030 FIG. 6 is a view for explaining the principle of 
generating ray space data (X+Zu=X) at an arbitrary view 
point position from ray Space data when there are a plurality 
of cameras, 

0.031 FIG. 7 is a view for explaining the principle of 
reconstructing a real Space from an arbitrary viewpoint in 
FIG. 6; 

0.032 FIG. 8 is a block diagram for explaining the 
arrangement of an image processing apparatus according to 
the first embodiment of the present invention; 
0.033 FIG. 9 is a view for explaining storage of ray space 
data in the first embodiment; 

0034 FIG. 10 is a view for explaining a scheme for 
obtaining a photo image with Shades of an object at each of 

FIG. 2 is a view for explaining data in a real Space; 
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a plurality of different camera viewpoints when the object is 
illuminated from a plurality of different illumination posi 
tions, 
0035 FIG. 11 is a chart for explaining the process for 
generating ray Space data of a photo image with shades of an 
object; 
0036 FIG. 12 is a view for explaining generation of 
shades of a virtual object illuminated by virtual illumina 
tions placed at L and L when Viewed from Virtual view 
point position i; 

0037 FIG. 13 is a view for explaining shades added to 
the virtual object shown in FIG. 12; 
0038 FIG. 14 is a view for explaining a scheme for 
extracting ray Space data RS corresponding to viewpoint 
position i and illumination positions L and L. from data 
Stored in a disk, 
0039 FIG. 15 is a flow chart showing the control 
Sequence until a photo image with Shades of an object is 
captured and is converted into ray Space data; 
0040 FIG. 16 is a table which stores illumination con 
ditions set upon obtaining ray space data shown in FIG. 15; 
0041 FIG. 17 is a flow chart showing the control 
Sequence for generating an image with shades of a virtual 
object when an arbitrary virtual illumination is Set, 
0042 FIG. 18 is a flow chart for explaining a rendering 
routine in FIG. 17; 
0043 FIG. 19 is a flow chart for explaining a restart 
routine in FIG. 17; 
0044 FIG. 20 is a view for explaining the principle of 
controlling the pixel value in accordance with the illumina 
tion position with respect to an object; 
004.5 FIG. 21 is a view for explaining the principle of 
generating a Silhouette Serving as a Source of a shadow 
image of an arbitrary object; 
0046 FIG. 22 is a view showing an example of the 
silhouette extracted by the principle of FIG. 21; 
0047 FIG. 23 is a view for explaining a change in 
silhouette obtained by FIG. 22 with changing virtual illu 
mination position (to be lower); 
0048 FIG. 24 is a view for explaining a change in 
silhouette obtained by FIG. 22 with changing virtual illu 
mination position (to be higher); 
0049 FIG. 25 is a view for explaining the principle of 
generating a mapping plane in the first embodiment; 
0050 FIG. 26 is a flow chart showing the control 
Sequence for generating a shadow image beforehand; 
0051 FIG. 27 is a flow chart showing the control 
Sequence for pasting a Shadow image generated beforehand 
to a virtual object; 
0.052 FIG. 28 is a view for explaining a method for 
generation of a simple Shadow image, 
0053 FIG. 29 is a block diagram for explaining the 
arrangement of a mixed reality presentation apparatus 
according to the Second embodiment of the present inven 
tion; 
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0.054 FIG. 30 is a view for explaining the arrangement 
of an illumination unit used in the apparatus of the Second 
embodiment; 
0.055 FIG. 31 is a block diagram functionally showing 
operations in principal parts of the mixed reality presenta 
tion apparatus, 
0056 FIG. 32 is a view for explaining a GUI used to 
change illumination conditions, 
0057 FIG. 33 is a flow chart showing the control 
Sequence of a mixed reality Space management module; 
0.058 FIG. 34 is a flow chart showing the control 
Sequence of a CG image generation module; and 
0059 FIG. 35 is a view showing the arrangement of a 
modification of an illumination device. 

0060 FIG.36 shows a table stored in a memory, in which 
illumination positions (Ln) and ray space data RS(Ln) are 
registered. 

0061 FIG.37 shows a table stored in a memory, in which 
illumination positions (Ln) and shadow data SHADOW(Ln) 
are registered. 
0062 FIGS. 38A to 38C show change of a displayed 
object in accordance with operation of Virtual illumination. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0.063 Preferred embodiments of the present invention 
will now be described in detail in accordance with the 
accompanying drawings. 

First Embodiment 

0064. An image processing apparatus and method 
according to the first embodiment of the present invention 
will be described in detail below with reference to the 
accompanying drawings. The image processing apparatus 
and method have a function of rendering Shades to be added 
to a virtual object by a virtual illumination from ray Space 
data, and rendering a shadow by the Virtual illumination. 
0065 FIG. 8 shows the arrangement of an image pro 
cessing System of this embodiment. The hardware arrange 
ment shown in FIG. 8 is that of a normal workstation. More 
Specifically, the hardware arrangement itself is the same as 
that of a normal WorkStation. 

0.066. This system presents a virtual space to the user on 
a CRT 23. The user can freely walk through that virtual 
Space or can manipulate (move, rotate, enlarge, or the like) 
an object in the virtual space by operating a mouse 28. More 
Specifically, an object in the real Space is converted into ray 
Space data on the basis of a photo image, and the converted 
data is stored in advance in a disk 25. When the viewpoint 
position moves as the user walks through, a ray Space data 
object image at the moved viewpoint position is generated, 
as has been explained with reference to FIG. 7. This image 
is mapped on a transparent plate laid out in the virtual space 
by a texture mapper 24, and the entire virtual Space includ 
ing the mapped image is rendered and displayed on the CRT 
23. The texture mapper 24 also maps the texture of a shadow 
to a transparent plate laid out on the bottom portion of the 
object. 
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0067 FIG. 9 explains the recording method of ray space 
data stored in the disk 25 in this system. That is, as has been 
explained in FIGS. 1 to 7, ray Space data expressed by a 
Single line in an (X, u) space corresponds to a photo image 
that was converted in this line image. 
0068 Referring to FIG. 8, reference numeral 29 denotes 
a color camera for obtaining a photo image. The camera 29 
is mounted on a moving mechanism 30, and a CPU20 drives 
the moving mechanism 30 in accordance with a control 
program (to be described later) to move the position of the 
camera 29. The CPU20 can detect the moved position of the 
camera, i.e., the moved viewpoint position (including pos 
ture), via the moving mechanism 30. Reference numeral 32 
denotes an illumination light Source. This light Source is 
moved to an arbitrary position via a moving mechanism 31. 
The moved position is detected by the CPU 20. 
0069. The camera 29 and, especially, the illumination 
light Source 32 are movable to Sense Shades generated by 
illuminations (real illuminations) at a plurality of known 
positions. This System generates ray Space data with Shades 
in advance on the basis of real shade images. Also, this 
System holds silhouette images of an object viewed from the 
light Source positions as a Shadow image database. 
0070 <Generation of Shades by Virtual Illumination> 
0071 FIG. 10 explains the principle of capturing shade 
data. Referring to FIG. 10, reference numeral 100 denotes 
a real object, which is a circular cone 100 in this example, 
for the sake of simplicity. Also, in FIG. 10, reference 
numerals 101 and 102 denote image Sensing routes, along 
which a plurality of image Sensing positions are designated. 
In the example shown in FIG. 10, the route 101 vertically 
makes a round of the circular cone 100, and the route 102 
horizontally makes a round of the circular cone 100. For 
example, when the circular cone 100 is sensed at 36 points 
of viewpoint positions in 10 increments along the route 101 
(one round=360), 36 images of the circular cone 100 can be 
obtained, and these 36 color images are those of the object 
100 with shades. The sensed images are converted into ray 
Space data by the aforementioned method, and are Stored in 
the disk 25. 

0072 Referring to FIG. 10, reference numerals 200 and 
201 denote moving routes of the illumination light source 
32. The moving routes 200 and 201 have, e.g., semi-circular 
arcuated shapes, and are perpendicular to each other. That is, 
the routes 200 and 201 respectively have 180 moving 
ranges. ASSuming that the light Source 32 moves in 10 
increments, 18 points of illumination positions or each of the 
routes 200 and 201 (a total of 36 points) can be obtained. 
0073. As will be described later, the number of illumi 
nation positions influences the precision of the shapes of 
shades and shadow. Hence, the 10 increment width along 
each of the horizontal and vertical image Sensing routes is 
merely an example, and the increment width can be arbi 
trarily increased/decreased as needed. 
0074. In this example, ray space data are respectively 
generated at 36 points of illumination positions. Each ray 
Space data are generated from 36 imageS. If RS represents 
one object, the object RS can be expressed by RS(L) since 
it has an argument L of an illumination position. FIG. 11 
illustrates a state wherein a real image RIICL) (i is the 
viewpoint position along the route 101 or 102) obtained by 
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sensing the real object 100 illuminated from the illumination 
position L by the camera 29 is temporarily stored in the disk 
25 and is converted into a ray space data object RS(L), and 
the converted object is Stored. 
0075 FIG. 12 explains a scheme for generating shades 
upon rendering a virtual image 100' of the object 100 at a 
certain Viewpoint position in a virtual Space with a plurality 
of virtual illuminations. In the example shown in FIG. 12, 
three virtual illuminations (L, La, L) are set in the virtual 
Space, and the virtual illuminates (L, L.) are ON, and the 
virtual illumination (L) is OFF. Then, light shades must be 
formed on regions 300 and 301 of the surface of the circular 
cone 100 as a virtual object, and a dense Shade on a region 
302. When the virtual object 100 formed with such shades 
is viewed from Virtual viewpoint position i, a virtual image 
shown in FIG. 13 should be obtained by rendering. In order 
to implement Such rendering, a ray Space data object image 
RS,(L) generated at viewpoint position i by Setting a light 
at the illumination position L and a ray Space data object 
image RS(L) generated at viewpoint position i by Setting a 
light at the illumination position L2 can be mixed, as shown 
in FIG. 14. 

0.076 FIG. 15 is a flow chart for explaining the storage 
Sequence of ray Space data according to the first embodi 
ment. An image of a real object illuminated by an illumi 
nation L is captured at camera viewpoint position i (Step 
S10), and the captured image is saved (step S12). This 
operation is repeated for all a plurality of predetermined 
viewpoint positions i (steps S14 and S16). The plurality of 
image data obtained in step S10-S16 are converted into ray 
space data RS(L) of the illumination L (step S18), and the 
converted data are saved in the disk 25 (step S20). The 
aforementioned process is repeated for all the illuminations 
(steps S22 and S24). In this manner, the camera 29 is 
directed to the real object at each of a plurality of camera 
Viewpoint positions i, the real object is illuminated from 
each of a plurality of illumination positions L to capture 
images of the real object, the captured image data are 
converted into ray Space data RS in units of illumination 
positions L, and the converted data are Saved in the disk 25 
as shown in FIG. 36. 

0.077 AS explained later, appropriate ray Space data can 
be obtained by searching the table shown in FIG. 36 based 
on relative position between the object and the virtual 
illumination (step S62 of FIG. 18). 
0078 FIG. 16 shows various illumination conditions of 
the illumination device at the individual illumination posi 
tions. These illumination conditions were recorded upon 
Storing ray Space data of a real image. When an application 
program of this image processing System implements walk 
through in a virtual Space, it virtually turns on/off the 
respective illuminations (virtual illuminations) in accor 
dance with its Specifications or by receiving a user instruc 
tion upon rendering a virtual object in the virtual space. That 
is, as has been explained above in relation to FIGS. 12 and 
13, an image of a virtual object with shades is rendered 
considering the sum of the contributions of all ON illumi 
nations. 

007.9 FIG. 17 shows the control sequence for rendering 
an image by that application program. 
0080. In step S30, viewpoint position i to be rendered is 
determined. It is checked in step S32 if rendering of ray 
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Space data objects pre-stored in correspondence with View 
point position i of interest is complete. If rendering is not 
complete, the flow advances to step S34, the table shown in 
FIG. 16 is searched for virtual illuminations the user (or the 
application program) wants to turn on. Processes in Steps 
S38 and S40 are done for a ray space object RS(L) 
corresponding to a designated ON Virtual illumination. Note 
that LN is the number of a designated ON Virtual illumi 
nation. FIG. 18 shows the rendering process in step S38 in 
detail. 

0081. If L represents the number of the ON illumination, 
steps S60 to S64 process an object RS(L). That is, the 
relative position of the object with respect to the illumina 
tion L is computed in Step S60, and object data is acquired 
by searching the table shown in FIG. 36 in accordance with 
that relative position in Step S62. In Step S64, an image of 
the object RS(L) is generated in consideration of illumi 
nance of the illumination L. For each of R, G, and B values 
which do not consider any illumination, the pixel value of is 
changed larger with increasing illuminance value and 
decreasing distance to the illumination. That is, as shown in 
FIG. 20, considering the illuminance (R) and position (i.e., 
distance Do) of a real illumination, with respect to a virtual 
illumination (illuminance R, distance D.) located in the 
Same direction as the real illumination, a pixel value P of a 
Virtual image is given by: 

P=f(P. D. D. R. Ro) 
0082 where P is the pixel value of a real image, and f is 
a predetermined function. 
0083) 
0084) Referring back to FIG. 17, the next ON illumina 
tion is referred to in step S40, and the flow returns to step 
S36 to repeat processes in step S38->step S40. 

In this manner, rendering of an object is completed. 

0085. Upon completion of the process in step S38 for all 
ON virtual illuminations, the flow advances to step S42 to 
compute the Sum of pixel values of that pixel computed for 
the respective Virtual illuminations. In this case, the Sum of 
pixel values can be obtained by Simply adding the pixel 
values of the respective generated images at the correspond 
ing pixel position. It is checked in Step S44 if the Sum of 
pixel values computed in Step S42 overflows, i.e., exceeds 
the gamut of the display device (CRT23). If YES in step 44, 
a restart process is done in Step S46. In the restart process, 
the illuminance of the Virtual illumination is decreased not 
to cause any overflow, and rendering is redone. FIG. 19 
shows details of the restart process. 
0086. In step S66, objects are marked to indicate over 
flow. In step S68, the set illuminance values of all the virtual 
illuminations (see the table in FIG. 16) are decreased. In 
step S70, a virtual environment is rendered again. 
0087. On the other hand, if it is determined in step S44 
that no overflow is detected, the next object is referred to in 
step S50, and the flow returns to step S32. If YES is 
determined in Step S32, ray Space data have been processed 
for all pixels for one frame, and as a result, a virtual image 
under a condition that two virtual illuminations are ON 
(FIG. 12) is generated, as shown in, e.g., FIG. 13. 
0088 <Effect of Shade Addition> 
0089. As described above, according to shade generation 
of this embodiment, Shades from an illumination at a desired 
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position can be appropriately generated even for a virtual 
object expressed by IBR data (having no geometric shape 
information) of the ray space theory or the like. 
0090 <Addition of Shadow by Virtual Illumination> 
0.091 The image processing apparatus of this embodi 
ment also has a function of adding a shadow by a virtual 
illumination in addition to addition of shades by the virtual 
illumination. The shape of a shadow is dominated by the 
geometric shape of an object and the shape of a plane (to be 
referred to as a "mapping plane' hereinafter) on which the 
Shadow is projected. However, Since an IBR image Such as 
ray Space data or the like does not have any geometric shape 
for an object, it is conventionally difficult to implement 
processes pertaining to a shadow, as described early. The 
image processing apparatus of this embodiment generates a 
Shadow image in advance like in Shading. The mapping 
plane is generated using a So-called “bounding box” known 
to those who are skilled in the CG art. 

0092 FIGS. 21 and 22 illustrate the principle of a 
scheme for generating shadow data of the circular cone 100 
as an example of a real object. 

0.093 More specifically, when an illumination 32 illumi 
nates a real circular cone 100 from the position in FIG. 21, 
the camera 29 is Set at a position Substantially matching that 
(including a posture) of the illumination 32 to Sense an 
image of the object 100 illuminated by the illumination 32. 
This image 120 has a shape, as shown in e.g., FIG. 22, and 
its Silhouette 121 should have a shape approximate to a 
shadow generated when the object 100 is illuminated by the 
illumination 32. In other words, when shades are generated, 
an image is Sensed by the camera to record photo images of 
the object added with shades in the form of ray Space data 
in advance. But upon generating a shadow, an image of the 
object is Sensed to obtain a shadow image. 

0094. The silhouette 121 serves as a basis of a shadow 
image, and will be simply referred to as an "edge shape' 
hereinafter. A shadow formed by a virtual illumination (i.e., 
a virtual shadow) can be obtained by computing the coor 
dinate transform of the silhouette to have the viewpoint 
position of the Virtual illumination as a coordinate axis, i.e., 
the affine transform. For example, when the angle of eleva 
tion of the virtual illumination is low, an elongated Shadow 
should be generated, as shown in FIG. 23; when the angle 
of elevation is high, a shadow with a short length should be 
generated, as shown in FIG. 24. 

0.095 The shape of a shadow is influenced by the shape 
of the mapping plane in addition to the Silhouette Shape. 
When the mapping plane is determined, the Shadow shape is 
obtained by projecting the Silhouette onto the mapping 
plane. This projected Shape is expressed by an affine trans 
form. 

0096. The principle of generating the mapping plane will 
be explained below. 

0097 Ashadow of an object has a shape corresponding 
to the shape of Said object. That is, a Shadow is formed 
within a range corresponding to the shape of an object. A 
feature of this embodiment is to limit the shape (i.e., range) 
of the mapping plane to that of the mapping plane of the 
bounding box of an object (virtual object). 
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0098. For example, when virtual images of two animal 
toys 301 having complicated geometric shapes in practice 
are present, as shown in FIG. 25, a bounding box that 
includes all Spatial spreads of these virtual images is 
obtained. This box is normally Set to have a rectangular 
parallelopiped shape, and is a box 300 in the example shown 
in FIG. 25. A projected shape 302 of this box is a rectangle, 
as shown in FIG. 25. This projected shape 302 serves as the 
mapping plane. 

0099 FIG. 26 shows the control sequence for obtaining 
the edge shape. 
0100. In step S100, the camera 29 and illumination 
device 32 are set at an arbitrary position L. In step S102, a 
real object is illuminated by the illumination 32 at this 
position L to capture its image. In Step S104, a silhouette is 
acquired from that image. In Step S106, pixel values in that 
Silhouette are Set to be black. Also, the transparency is Set at 
a predetermined value (which does not indicate 100% trans 
parency but allows to see through the Surface of the virtual 
object). 
0101 A process in step S108 is selectively done. That is, 
if the image Sensing plane (the camera position/posture) is 
not parallel to the projective plane (illumination position/ 
posture), a re-projection process of a shadow image is 
required. However, in the example shown in FIG. 21 since 
these planes are not parallel to each other and the angle these 
planes make is Small, errors are expected to be Small, and 
little difference is observed if Such re-projection process is 
not done. When a silhouette is obtained not from a real 
object but from a virtual object, the perspective viewing 
Volume can be set So that the rendering plane matches the 
plane of a shadow image. 
0102) A blur process in step S108 considers the fact that 
an actual shadow is blurred at its edge portion. That is, by 
adding the blur process, a Shadow image can look more 
natural. Furthermore, by increasing the blur value for a 
Shadow projected at a position farther from the object, the 
natural feel can be further enhanced. When this blur process 
is done for an Silhouette image generated from an image of 
a virtual object, it can be implemented using a pattered 
Viewing Volume used upon rendering an image using a 
depth-of-field effect. 
0103) In step S110, the obtained shadow image data is 
saved. In step S112, the next image sensing position (illu 
mination position) L+1 is selected, and the processes in Steps 
S100 to S112 are repeated until the processes are done for all 
the illumination positions. 
0.104) Note that the shadow data is saved in step S110 to 
be indexed by the relative position value between the 
illumination and object as shown in FIG. 37. 
0105. In this manner, silhouettes obtained upon illumi 
nating an object from a plurality of illumination positions 
can be prepared as Shadow images. 
0106 FIG. 27 explains the sequence for rendering a 
Shadow in detail. 

0107 More specifically, ray space data of a virtual object 
for which a shadow is to be generated is read out from the 
memory in step S120. 
0108. In step S122, all virtual illuminations that may 
generate shadows are detected. Steps S126 to S134 imple 
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ment a rendering process of a Shadow image formed by an 
ON illumination of those detected virtual illuminations. 
More specifically, one ON illumination L is found in step 
S126. In step S128, the shape of the mapping plane is 
computed. The shape of the mapping plane can be computed 
if the geometric shape of the bounding box of a virtual object 
and the relative position of a light Source are given, as 
described above. The geometric shape of the Shadow map 
ping plane can be set So that an arbitrary element in its 
bounding box has a shadow projected onto that mapping 
plane. 

0109) Note that the bounding box used to determine the 
mapping plane can be used to create a simple Shadow image 
in Some cases. For example, when light reflected by a ceiling 
or external light Serves as a light Source, a very simple 
shadow image like an ellipse 305 that inscribes the bounding 
box can be used, as shown in FIG. 28. 
0110. In step S130, a shadow image is rendered in 
correspondence with the relative position of the object with 
respect to the illumination L. AS has been described above 
in step S110, the shadow image is indexed by the value of 
the relative position of the real object (virtual object) with 
respect to the illumination L (see FIG.37). Hence, an image 
corresponding to Shadow data can be read out from the 
memory using the relative position. Ifrequired, re-projection 
and Shadow image blur processes are executed. In Step S132, 
the generated Shadow image is mapped on the mapping 
plane. This mapping is implemented using texture mapping 
(24 in FIG. 8). 
0111. In step S134, the flow returns to step S134 to 
consider another illumination. If another ON illumination is 
available, in other words, if shadows formed by a plurality 
of illuminations may exist, the Shadow images generated by 
the aforementioned Scheme are mixed by known CG ren 
dering (in consideration of Semi-transparency of an image). 
0112 <Effect of Shadow Generation> 
0113. According to shadow generation of the above 
embodiment, a shadow formed by an illumination at a 
desired position can be appropriately generated even for a 
Virtual object expressed by IBR data (having no geometric 
shape information) of the ray space theory or the like. 
0114 Various modifications of the present invention can 
be made. 

0115) In the above embodiment, ray space data are 
obtained by computations, but a RAM or ROM that stores 
them as a table may be used. 
0116. The display device is not limited to the CRT. For 
example, a lenticular or HMD type display device may be 
used. 

0117 The above embodiment has exemplified a method 
of holding in advance images Sensed from all possible 
illumination positions. This is because ray Space data objects 
used have only horizontal disparities but ignore vertical 
disparities. If a ray Space data object can be generated in also 
consideration of the vertical disparity, an image of an object 
Viewed from a given position of an illumination is generated 
using that ray Space data object, and a silhouette can be 
rendered. In the ray Space theory, not only the horizontal 
disparity but also vertical disparity can be provided, and 
Such process can be implemented by expanding the afore 
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mentioned ray Space data process pertaining to the horizon 
tal disparity in the vertical direction. Hence, even when 
Shadow data are not Sensed in advance, the Silhouette of an 
image viewed from an illumination position can be gener 
ated in real time using ray Space data objects, and a shadow 
can be expressed by re-projecting the generated image. 

0118 When a plurality of illuminations are used, a sil 
houette image is generated at each illumination position, and 
shadows can be mixed by the scheme described in the above 
embodiment. 

0119) To restate, according to the present invention, 
shades can be appropriately added to a virtual object defined 
by Space data based on a photo image. 
0120 Also, according to the present invention, a shadow 
can be appropriately mapped on a virtual object defined by 
Space data based on a photo image. 

Second Embodiment 

0121 A mixed reality presentation apparatus according 
to the second embodiment of the present invention will be 
described in detail below with reference to the accompany 
ing drawings. 

0.122 FIG. 29 is a block diagram showing the overall 
arrangement of a mixed reality presentation System of this 
embodiment. 

0123 Referring to FIG. 29, reference numeral 106 
denotes a Sensor for measuring the Viewpoint position and 
line-of-Sight direction of the user. This Sensor may be a 
magnetic or optical Sensor provided outside user's body or 
a sensor attached to an HMD (Head Mounted Display) the 
user wears. The measured Viewpoint position and posture 
are Sent to an image generation module 103. The image 
generation module 103 generates a CG image in consider 
ation of the Viewpoint position and line of Sight of the user. 
0.124. On the other hand, an image sensing device 105 
uses a Video camera or the like for Sensing an image of a real 
Space. The image Sensing device 105 is preferably attached 
to the head of the user when the viewpoint position and 
line-of-Sight direction of the user change. An image input 
module 104 converts an image Sensed by the image Sensing 
device 105 into an object, also generated a depth value of a 
given object in that image, and passes them on to an image 
mixing module 102. 
0.125 The image mixing module 102 mixes the CG 
image generated by the image generation module 103 with 
the video image from the image input module 104. In this 
mixing, as is well known, occlusion is determined by 
comparing the depth values of the CG image and Video 
image, and a mask corresponding to a portion to be hidden 
of a behind object is generated, thus mixing the Video and 
CG images. 
0.126 Note that the image generation module 103 
receives information that pertains to illumination conditions 
from a mixed reality space management module 108. That 
is, the image generation module 103 generates a CG with 
shades in accordance with the illumination conditions. 

0127. In this embodiment, a real illumination device 107 
is used to illuminate an object. The management module 108 
can change the illuminance, illumination direction, and the 



US 2005/0195332 A1 

like of the illumination device. The management module 
108 converts changed conditions of the illumination device 
107 into predetermined parameter values, and passes them 
on to the image generation module 103. 

0128 FIG. 30 shows an example of the illumination 
device 107. This illumination device has a light control unit 
206, which is pivotally supported by a boom 205 via a joint 
(not shown). The boom 205 is fixed to a support shaft 202 
via a joint 204. The support shaft 202 is pivotally fixed on 
a rotary stage 203, which is slidably placed on a slide table 
201. Hence, the light control unit can Slide, pan, tilt, and 
rotate. In addition, Since the joints, rotary Stage, and the like 
are driven by motors, they can be controlled by a signal from 
the management unit 108. Furthermore, the amount of light 
can be controlled by controlling the Voltage/current to be 
applied to the light control unit. Also, Since each motor, 
joint, slide table, and light control unit respectively have a 
rotary encoder, goniometer, linear distance Sensor, and illu 
minance Sensor, their position/posture information can be 
acquired. 

0129 FIG. 31 explains the relationship among the illu 
mination device 107, management module 108, and image 
mixing module 103. 

0130 A GUI 120 is a graphic user interface which is 
displayed on a display device by the management module to 
change illumination conditions. FIG. 32 shows an example 
of the GUI. Referring to FIG. 32, arrows are control buttons 
which can be changed by, e.g., a mouse. For example, when 
the user wants to Slide the illumination unit horizontally, he 
or she clicks one of the right and left arrows with the mouse, 
and moves the desired arrow in a desired direction. When the 
user wants to adjust angle, he or She Selects the arrow of a 
portion to be changed by clicking the mouse and rotates it 
using, e.g., a joystick. Using this GUI, the angles of the 
respective portions of the illumination unit shown in FIG. 
30, brightness and color of illumination, and the like can be 
changed using a keyboard, joystick, or the like. Note that in 
the GUI, the arrow of a portion to be changed may be 
Selected by clicking the mouse and the angle may be set by 
dragging the mouse in place of the joystick. 

0131 The illumination conditions set by the user via this 
GUI are sent to a controller 107b in the illumination device 
107. The controller 107b converts the illumination condi 
tions into drive amounts of the motors and the like of the 
illumination device 107, and outputs them. In this manner, 
the illumination device 107 is set at illuminance and the like 
set by the user via the GUI. 
0.132. On the other hand, the illumination conditions set 
via the GUI are converted into illumination condition 
parameters, e.g., angle, Specular, ambient, position, diffu 
Sion, and the like defined by a Space language used in the 
generation module 103. Note that these parameter values are 
determined in advance by experiments under various illu 
mination conditions. The image generation module 103 sets 
the received parameter values in a rendering routine. 

0133 FIG. 33 shows the control sequence of the mixed 
reality space management module 108, and FIG. 34 shows 
the control Sequence of the image generation module 103. 
The mixed reality Space management module 108 and image 
generation module 103 are program modules and commu 
nicate with each other via an API (Application Program 

Sep. 8, 2005 

Interface) of a predetermined protocol. More specifically, 
the management module 108 monitors in step S102 if the 
user has changed illumination conditions using the GUI. If 
YES in step S102, the module 108 computes various con 
trolled variables for the illumination unit in step S104, and 
send them to the controller 107b of the illumination device 
107 in step S106. The module 108 generates illumination 
parameterS Such as angle in Step S108, and the like and Send 
them to the image generation module 103 via an API in step 
S110. In step S112, the module 108 generates an event and 
informs the module 103 of the event. 

0.134. In the flow chart shown in FIG. 34, the image 
generation module 103 waits for generation of an event (Step 
S202). If an event is generated, the module 103 confirms in 
step S204 if the event is an illumination condition change 
event, and receives illumination parameters via an API in 
step S206. In step S208, the module 103 replaces parameters 
in the rendering routine by the received parameters. In Step 
S210, the module 103 renders a CG image in accordance 
with the received parameters. The rendered CG image has 
shades or the like, which have been changed in accordance 
with the changed illumination conditions. 
0.135 The states of Such changes of a CG image are 
shown in FIGS. 38A to 38C. An illumination device 3802 
has light source 3803, control buttons 3804 for adjusting 
illumination brightness and manipulator 3805 for turning the 
illumination device in horizontal direction around the axis 
3806. The illumination (light source) is at a position “n”. 
Accordingly, an object image 3801 is rendered based on ray 
Space data RS(Ln). 
0.136 Various modifications of this embodiment may be 
made within the Scope of the present invention. 
0.137 FIG. 35 explains a modification of an illumination 
unit 107a. In this modification, the light control unit 206 is 
supported by a tilt unit 301, which is axially supported to be 
free to tilt. The tilt unit 301 is vertically movable. A support 
shaft 304 is connected to a motor 303 and can be rotated to 
pan the light control unit. The support shaft 304 is parallelly 
movable along a slide table 302. The slide table 302 is 
movable in a direction perpendicular to the moving direction 
of the shaft 304. 

0.138. In the above embodiment, the GUI is used to 
change illumination conditions. Instead, hardware devices 
Such as a volume, slide Switch, joystick, and the like may be 
used. When Such hardware devices are used, output signals 
from these devices must be sent to the apparatus having the 
management module. 
0.139. In the apparatus of the above embodiment, the 
illumination conditions are changed under the control of a 
computer. The present invention is not limited to Such 
Specific control. For example, the present invention can be 
applied when the illumination conditions are manually 
changed. On the other hand, condition change values on the 
GUI 120 may be read by the controller 107b in a software 
manner. In this modification, the need for the rotary encoder 
in the above embodiment can be obviated. In order to detect 
changes in illumination conditions, an illuminance Sensor, a 
Sensor for detecting illumination direction, and the like are 
provided, and these Sensor outputs are Supplied to the 
management module. 
0140. In the above embodiment, illumination program 
parameters are pre-stored in a predetermined memory 121, 
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but may be computed in real time on the basis of the detected 
illuminance, illumination direction, and the like. For this 
purpose, conversion formulas for deriving parameter values 
from the detection values of the illumination conditions may 
be pre-stored in the memory, and parameters may be com 
puted using these conversion formulas in real time. 
0.141. To recapitulate, according to the present invention, 
the illumination conditions of a virtual image can be 
acquired in real time in correspondence with changes in real 
illumination. For this reason, deviation of image quality 
between real and virtual images due to Structural differences 
of the illumination conditions can be minimized. 

0142. As many apparently widely different embodiments 
of the present invention can be made without departing from 
the Spirit and Scope thereof, it is to be understood that the 
invention is not limited to the specific embodiments thereof 
except as defined in the claims. 

1-74. (canceled) 
75. An image processing method for generating a shadow 

image of a virtual object, comprising Steps of 
Sensing a real object corresponding to the Virtual object 

from a plurality of positions, 
extracting a silhouette of the real object from an image 

obtained at the Sensing Step; 
Setting preferred image information as a shadow to pixels 

in the extracted Silhouette; and 
Storing the extracted Silhouette to which the preferred 

image information is set at the Setting Step, in associa 
tion with the position where the image was Sensed. 

76. The method according to claim 75, wherein the 
preferred image information includes a predetermined black 
pixel value and a predetermined transparency value. 

77. The method according to claim 75, wherein the 
Silhouette image undergoes a blur process. 
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78. The method according to claim 77, wherein the degree 
of blur is changed in correspondence with distance from the 
Virtual object to a virtual light Source. 

79. The method according to claim 75, wherein a view 
point of a camera for Sensing the real object at the Sensing 
Step, matches the position of a illumination right Source. 

80. An image processing apparatus for generating a 
Shadow image of a virtual object, comprising: 

a Sensing unit configured to Sense a real object corre 
sponding to the virtual object from a plurality of 
positions, 

an extracting unit configured to extract a silhouette of the 
real object from an image obtained by Said Sensing unit; 

a Setting unit configured to Set preferred image informa 
tion as a shadow to pixels in the extracted Silhouette 
obtained by Said extracting unit; and 

a storing unit configured to Store the extracted Silhouette 
to which the preferred image information is set by Said 
Setting unit, in association with the position where the 
image was Sensed. 

81. A Storage medium that Stores a control program for 
making a computer execute an image proceSS for generating 
a Shadow image of a virtual object, Said image process 
comprising Steps of: 

Sensing a real object corresponding to the virtual object 
from a plurality of positions, 

extracting a silhouette of the real object from an image 
obtained at the Sensing Step; 

Setting preferred image information as a shadow to pixels 
in the extracted Silhouette; and 

Storing the extracted Silhouette to which the preferred 
image information is set at the Setting Step, in associa 
tion with the position where the image was Sensed. 

k k k k k 


