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EFFICIENT LIGHTING EFFECTS IN DESIGN SOFTWARE

BACKGROUND OF THE INVENTION
1. The Field of the Invention
The present invention relates generally to computer-aided design or drafting software.
2. Background and Relevant Technology

As computerized systems have increased in popularity so have the range of
applications that incorporate computational technology. Computational technology now
extends across a broad range of applications, including a wide range of productivity and
entertainment software. Indeed, computational technology and related software can now be
found in a wide range of generic applications that are suited for many environments, as well
as fairly industry-specific software.

One such industry that has employed specific types of software and other
computational technology increasingly over the past few years is that related to building
and/or architectural design. In particular, architects and interior designers (“or designers”)
use a wide range of computer-aided design (CAD) software for designing the aesthetic as well
as functional aspects of a given residential or commercial space. For example, a designer
might use a CAD program to design the interior layout of an office building. The designer
might then render the layout to create a three-dimensional model of the interior of the office
building that can be displayed to a client.

While three-dimensional rendering is becoming a more common feature in CAD
programs, three-dimensional rendering is a fairly resource intensive process. For example, a
traditional rendering program can take anywhere from several minutes to several hours to

appropriately render all of the lighting and shading effects of a given space with accuracy.
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This may be particularly inconvenient to a designer who has to wait for the scene to render
after making a change to the layout of the scene. Alternatively, some rendering programs
may use methods of rendering that result in less realistic images to speed up the rendering and
use fewer resources. Such programs may do so by, for example, rendering fewer features
within the scene or by using pre-rendered elements that do not necessarily correspond with
the actual scene being rendered.

For example, one conventional mechanism to increase rendering speed is by pre-
baking all or part of the entire scene. In some cases, for example, the layout of a scene may
be rendered well before the user’s interaction with the scene. In other cases, certain features
of a scene will be pre-rendered using generic assumptions about lighting sources and later
added to a customized or variable scene to minimize rendering resources when the user
encounters that particular feature. One will appreciate that this approach relies on advanced
knowledge of the scene layout and components, or, alternatively, a minimalist view of the
scene that sacrifices realism for processing speed.

Some of the more complex effects in rendering have to do with lighting. With specific
respect to light or lighting effects some conventional mechanisms increase rendering speed by
only accounting for a small number of light sources in a scene. Doing this may increase the
rendering speed by lowering the number of lighting and shading effects that are calculated.
This method of ignoring light sources within a scene results in a three-dimensional model
with less realistic lighting and shading effects.

Accordingly, there are a number of problems in the art relating to rendering lighting
and shading effects in three-dimensional scenes in real-time that can be addressed.

BRIEF SUMMARY OF THE INVENTION
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Implementations of the present invention overcome one or more problems in the art
with systems, methods, and apparatus configured to provide a real-time rendering time for
rendering a lighting portion of a scene irrespective of the number of light sources within the
scene. In particular, at least one implementation of the present invention uses a volume cube
map to pre-calculate the lighting effects of the scene. Additionally, at least one
implementation uses multiple volume cube maps, each volume cube map having a different
assumed normal. At least one implementation of the present invention allows a user to render
in real-time a scene with lighting effects that account for the influences of multiple lights.

For example, a method in accordance with at least one implementation of rendering
the lighting effects of a scene during a consistent time interval irrespective of the number of
light sources within the scene can include receiving from a user one or more user inputs
regarding a location of an object in a design space. The method can also include receiving
from the user one or more user inputs regarding a location of one or more lights within the
design space, wherein the one or more light sources project onto the object. In addition, the
method can include calculating a lighting effect of the one or more lights on the object in the
design space. Furthermore, the method can include rendering the lighting effect during a time
interval that is independent of the number of the one or more light sources within the design
space. As such, rendering the lighting effect for one of the one or more light sources takes the
same amount of time as rendering the lighting effect for a plurality of the light sources.

In an additional or alternative implementation, a method for rendering a lighting effect
from a light source on an object within a design space can include receiving from a user one
or more inputs regarding a location of the object in the design space. The method can also

include calculating a voxel. In such a case, the voxel represents at least a discrete portion of
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the object in the design space. In addition, the method can include assigning at least one
surface vector to the voxel, wherein the at least one surface vector extends from the voxel.
Furthermore, the method can include calculating lighting information generated by the light
source on the voxel by combining a light source vector extending from the light source and
the at least one surface vector. Still further, the method can include rendering, using the
lighting information, the lighting effect on the discrete portion of the object in the design
space.

These and other objects and features of the present invention will become more fully
apparent from the following description and appended claims, or may be learned by the
practice of the invention as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to describe the manner in which the above-recited and other advantages and
features of the invention can be obtained, a more particular description of the invention briefly
described above will be rendered by reference to specific embodiments thereof which are
illustrated in the appended drawings. It should be noted that the figures are not drawn to
scale, and that elements of similar structure or function are generally represented by like
reference numerals for illustrative purposes throughout the figures. Understanding that these
drawings depict only typical embodiments of the invention and are not therefore to be
considered to be limiting of its scope, the invention will be described and explained with
additional specificity and detail through the use of the accompanying drawings in which:

Figure 1 illustrates an architectural schematic diagram of a system for providing a
real-time calculation of a lighting portion of a scene irrespective of the number of light

sources within the scene;
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Figure 2 illustrates a computer display showing a design space with multiple light
sources within the scene;

Figure 3 illustrates the chair of Figure 2 depicted as a collection of voxels;

Figure 4 illustrates a cross-sectional view of the chair within a volume map, and a ray
march from multiple light sources;

Figure 5 illustrates the chair of Figure 2 within the perspective of the computerized
display;

Figure 6A illustrates a voxel comprising a normal that points in a positive y direction
with respect to the voxel;

Figure 6B illustrates a voxel comprising a normal that points in a negative x direction
with respect to the voxel;

Figure 7 illustrates a side view of a chair, showing a plurality of vectors drawn with
respect to a portion of the chair;

Figure 8 illustrates a flow chart of a series of acts in a method in accordance with an
implementation of the present invention for providing a real-time calculation time for
calculating a lighting portion of a scene irrespective of the number of light sources within the
scene; and

Figure O illustrates another flow chart of a series of acts in a method in accordance
with an implementation of the present invention for providing a real-time calculation time for
calculating a lighting portion of a scene irrespective of the number of light sources within the

scene.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
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Implementations of the present invention extend to systems, methods, and apparatus
configured to provide a real-time rendering time for rendering a lighting portion of a scene
irrespective of the number of light sources within the scene. In particular, at least one
implementation of the present invention uses a volume cube map to pre-calculate the lighting
effects of the scene. Additionally, at least one implementation uses multiple volume cube
maps, each volume cube map having a different assumed normal. At least one
implementation of the present invention allows a user to render in real-time a scene with
lighting effects that account for the influences of multiple lights.

For example, at least one implementation relates to providing a real-time calculation
time for calculating a lighting portion of a scene irrespective of the number of light sources
within the three-dimensional model. In at least one implementation, the lighting portion of a
scene includes the shadows cast by objects within the three-dimensional model and shading of
the various objects within the three-dimensional model. As used within this application,
shading effects are a subset of lighting effects; however, in at least one implementation, the
shading effects are calculated separately from at least a portion of the other lighting effects.
The system, software, and methods of the present invention can calculate the influences of
multiple light sources within a three-dimensional model and render the influences in real-
time. As used herein, “a real-time calculation time” is with respect to the actual rendering of
the three-dimensional model. In at least one implementation, the lighting portion may be pre-
calculated in a non-constant time with respect to the number of light sources within the three-
dimensional model.

Once the lighting effects from the multiple light sources are calculated, the system

enables the user to navigate about the three-dimensional model in real-time. As a user
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navigates within the three-dimensional model, the system re-renders the model — as displayed
to the user — to depict each unique view that the user’s perspective within the three-
dimensional model requires. Each unique view can, in turn, include lighting and shading
effects that are being influenced by multiple light sources. Thus, at least one implementation
allows a user to freely navigate within the three-dimensional model while experiencing real-
time rendering of the lighting and shading effects caused by multiple light sources within the
model.

In at least one implementation, the system enables the user to selectively activate or
de-activate individual lights within the three-dimensional model, and then see the three-
dimensional model rendered in real-time with the model depicting the change in active light
sources. For example, the system can enable the user to select a light source within a
conference room that is depicted within the three-dimensional model and activate the light
source. In at least one implementation, the conference room will be rendered in real-time to
depict the room with the additional light source activated. Although, when a user makes
changes to the active light sources within the three-dimensional model a non-constant pre-
calculation period may elapse, the actual rendering of the scene will typically occur in real-
time.

Additionally, at least one implementation allows a user to make design changes to the
three-dimensional model. For example, a user may be able to place new objects within the
model, adjust the physical characteristics of the model, or change the number and type of light
sources within the model. In at least one implementation, the system allows the user to make
changes to the model while the model is depicted as a two-dimensional schematic that is later

rendered into a three-dimensional model. In at least one implementation after the design
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changes are made, the lighting portion of the three-dimensional model is pre-calculated. The
system then renders the three-dimensional model, including the design changes, in real-time
without respect to the number of light sources that are within the model.

In addition, at least one implementation of the present invention includes systems and
methods for generating volume maps that contain pre-calculated lighting and shading
information for the three-dimensional model. In at least one implementation, prior to
rendering the three-dimensional model, at least a portion of the model is transformed into one
or more volume maps. As used herein, a “volume map” refers to a mapping of the model
where the model is divided into multi-dimensional, discrete portions. In at least one
implementation, the lighting portion of the three-dimensional model is pre-calculated with
respect to at least one of the multi-dimensional, discrete portions within the volume map. In
other words, each multi-dimensional, discrete portion of the volume map contains the pre-
calculated lighting information for the corresponding portion of the three-dimensional model.

In particular, at least one implementation of the present invention utilizes multiple
volume maps when rendering the three-dimensional model. For instance, at least one
implementation of the present invention pre-calculates the lighting portion of a three-
dimensional model within multiple volume maps, where each volume map is pre-calculated
using a different “assumption” (e.g., assumption about a vector extending from at least one of
the multi-dimensional, discrete portions within the volume map). For example, volume maps
may be pre-calculated using different assumptions about the normal vectors of the various
multi-dimensional, discrete portions within the volume map, the height of various light
sources within the three-dimensional model, the reflectivities of various surfaces within the

three-dimensional model, or any other applicable assumption.
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Accordingly, one will appreciate in view of the specification and claims herein that at
least one implementation of the present invention provides the ability to perform real-time
rendering of three-dimensional models while accounting for the influences of multiple light
sources. Specifically, at least one implementation of the present invention allows a user to
create a three-dimensional model that contains multiple light sources. The user can then
navigate about the three-dimensional model while having the lighting and shading effects
from the multiple light sources rendered in real-time.

Figure 1 depicts an architectural schematic diagram of a computer system 120 for
calculating in real-time a lighting portion of a scene irrespective of the number of light
sources within the scene. In particular, Figure 1 shows user input devices 110 that
communicate with the computer system 120, which in turn communicates with a display 100.
Figure 1 shows that the user input devices 110 can include any number of input devices or
mechanisms, including but not limited to a mouse 112a, a keyboard 112b, or other forms of
user input devices.

In addition, Figure 1 shows that computer system 120 comprises a design software
application 140 executed by a processing unit 130. One will appreciate that the processing
unit 130 can comprise a central processing unit, a graphics processor, a physics processor, or
any other type of processing unit. Figure 1 further shows that the computer system 120 can
comprise a memory (e.g., a high speed memory) 150, and a storage 160. In one
implementation, storage device 160 can contain, among other things, templates and objects
that can be placed within a three-dimensional model 105. These components, in conjunction
with processing unit 130, store and execute the instructions of design software application

140.
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Figure 1 shows that a user in this case uses the input device(s) 110 to send one or more
requests 132a to the computer system 120. In one implementation, the processing unit 130
implements and/or executes the requests from user input devices 110, and application 140
instructions. For example, a user can provide one or more inputs 132a relating to the design
and rendering of a three-dimensional model 105 within a design software application 140, as
executed by processing unit 130. Figure 1 further shows that the design software application
140 can then pass the inputs 132b to the appropriate modules within the design software
application 140.

Ultimately, design application 140 can then send corresponding rendering instructions
132c¢ through rendering module 140d to display 100. As shown in Figure 1, for example,
display 100 displays a graphical user interface in which the user is able to interact (e.g., using
the user input devices 110). In particular, Figure 1 shows that the graphical user interface can
include a depiction of a three-dimensional model 105 of a design space comprising in this
case a chair and one or more lighting elements.

One will appreciate in view of the specification and claims herein that the user
interface module 142a can provide to the user an option to make design changes to the three-
dimensional model 105. In one implementation, for example, upon receiving a request for
some modification, the user interface module 142a can communicate the request to the design
module 142b. One will appreciate that the design module 142b can then provide the user with
the ability to, among other options, place new objects within the three-dimensional model
105, manipulate and change objects that are already within the three-dimensional model 105,
adjust light sources within the three-dimensional model 105, or change parameters relating to

the three-dimensional model 105. In some cases, this can include the design module 140b
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communicating with the storage device 160 to retrieve, among other things, templates and
objects that can be placed within a three-dimensional model 105.

After receiving and processing a user input/request, the design module 142b can then
send a corresponding request to the rendering module 142d for further processing. In one
implementation, this further processing includes rendering module 142d rendering the
depiction of the three-dimensional model 105 shown in this case on the display 100 in Figure
1. One will appreciate that the rendered depiction can include shading and lighting effects
within the three-dimensional model 105. The rendering module 142d can then communicate
with the memory (e.g. high speed memory 150) and the storage device 160. In one
implementation, information that is accessed frequently and is speed-sensitive will be stored
within the memory 150. In particular, the memory 150 can comprise information relating to
the lighting and shading of the three-dimensional model.

Figure 1 further shows that the rendering module 142d can communicate with a pre-
calculation module 142e. In one implementation, the pre-calculation module 142e can
calculate the lighting and shading information for a three-dimensional model 105, and store
the information within the memory 150. Specifically, the pre-calculation module 142e can
calculate the effect of multiple light sources within the three-dimensional model 105 and store
those calculations within a volume map that is stored within the memory 150. The rendering
module 142d, using the calculations, can then render the three-dimensional model 105 in real-
time without respect to the number of light sources that are contained within the three-
dimensional model 105.

When the user changes the design within the three-dimensional model 105, the pre-

calculation module 142e can automatically recalculate the lighting and shading effects taking
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into account the design change. In at least one implementation, the pre-calculation module
142¢ can calculate the lighting and shading effects within either the entire three-dimensional
model 105 or just a portion of the three-dimensional model 105. For example, Figure 1 shows
that the pre-calculation module 142e can comprise a lighting sub-module 142f. In at least one
implementation, lighting sub-module 142f is configured to calculate one or more lighting
effects caused by one or more light sources within the three-dimensional model 105. In
addition, Figure 1 shows that the pre-calculation module 142e can comprise a shading sub-
module 142g. In one implementation, shading sub-module 142g is configured to calculate
one or more shading effects that are caused by one or more light sources within the three-
dimensional model 105.

Once the pre-calculation module 142e has initially calculated the lighting and shading
effects within the three-dimensional model and created the volume maps, in at least one
implementation, the volume maps will not be recalculated until a design change is made to the
three-dimensional model 105. The time required to complete the calculations performed by
the pre-calculation module 142e may increase depending upon the number of light sources
within the three-dimensional model 105. As understood more fully herein, however, the
amount of time required by the rendering module 142d to render the three-dimensional model
105 can remain constant. In at least one implementation, the calculations performed by the
pre-calculation module 142e can allow the rendering module 142d to render the three-
dimensional model 105 in real-time without respect to the number of light sources contained
within the three-dimensional model 105.

In addition, implementations of the present invention can include a user interface

module 142a that can provide the user an option to navigate through the three-dimensional
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model 105. Upon receiving such a request for positioning of a user view, one will appreciate
that the user interface module 142a can communicate the corresponding request to the
navigation module 142c. In at least one implementation, the navigation module 142¢ can thus
provide the user with the ability to change their perspective within the three-dimensional
model 105, and to travel throughout the three-dimensional model 105. For example, the
navigation module 142c can enable a user to travel from a conference room to a lobby within
the three-dimensional model 105.

Each time the user changes their perspective or position within the three-dimensional
model 105, the navigation module 142¢ can then communicate with the rendering module
142d, which renders the new perspective of three-dimensional model 105 as depicted on the
display 100. In at least one implementation, the rendering module 142d accesses the volume
maps that were previously created by the pre-calculation module 142e. Using the lighting
information contained within the volume maps, the rendering module 142d renders the new
perspective of the three-dimensional model 105 in real-time. As a user navigates through or
makes design changes to the three-dimensional model 105, the design application 140 can
continually update display 100 to depict the new perspectives.

Figure 2 depicts a user interface showing a three-dimensional model 105 of a room
220a containing a chair 250 and two groups of light sources 260, 240. In this case, Figure 2
also shows that the user interface can comprise a menu bar 210. In the illustrated
implementation, menu bar 210 displays various options such as File 212a, Edit 212b, View
212c, Modeling 212d, Draw 212e, Tools 212f, and Help 212g. It should be understood,
however, that these menu options are merely exemplary and menu bars 210 within different

implementation may comprise more, less, or different menu options. In at least one
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implementation, the menu bar 210 provides the user with options for creating, interacting
with, and manipulating the three-dimensional model 105. For example, Figure 2 shows that a
user has used the three-dimensional model 105 to create room 220a, and to place chair 250
within the room.

In this case, Figure 2 also shows that the user has also placed within the ceiling each
of the eight light sources 242(a-d), and 262(a-d). In particular, Figure 2 illustrates an example
in which the light sources 242, 262 are arranged predominantly within two different rows 240,
260. One will appreciate that the different placement of the two rows of lights 240, 260,
along with the unique placement of each light within the rows, can create unique shading
effects that depend upon the individual placement and intensity of each light source 242, 262.
For example, Figure 2 shows that the chair 250 is casting a shadow 230. The location and
darkness of the shadow 230 is influenced by the location, direction, intensity, and color each
light 242a, 242b, 242c, 242d, 262a, 262b, 262c, 262d. Similarly, one will appreciate that the
shading and color of the seat cushion 252 can be influenced by the location, direction,
intensity, and color of each light 242a, 242b, 242c, 242d, 262a, 262b, 262c, 262d.

As understood more fully herein, as the user navigates within the room, the three-
dimensional model 105 can constantly re-render the information to display each new
perspective and change in lighting effect, if applicable. The change in lighting effect can
occur when the user activates, deactivates, moves, or deletes various light sources.

For example, a user can deactivate a light source (e.g., 262d) within the room 220a.
The system can then recalculate the lighting effects and shading effects of the three-

dimensional model 105 through pre-calculation module 142e. In at least one implementation,
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this includes pre-calculation module 142e calculating the influence of every light source
within the room 220a except light source 262d.

For example, the pre-calculation module 142e can create one or more volume maps
that contain the lighting and shading information of at least a portion of the three-dimensional
model 105. The rendering module 142d can then render the three-dimensional model 105
showing the lighting and shading effects caused by all of the light sources except the de-
activated light source 262d. Within the re-rendered room 220a, the rendering module 142d
adjusts the shadow 230 to reflect the lack of influence from light source 262d, and further
adjusts the color and shading of the seat cushion 252 to reflect the de-activation of light
source 262d.

Additionally, in at least one implementation, when a user makes a change to the three-
dimensional model 105, the pre-calculation module 142e can recalculate only those portions
of the three-dimensional model that were influenced by the change. For example, if the
design module 142b received an indication from a user to move the chair 250 of Figure 2,
then the changes to the lighting effects would predominantly be centered around the previous
location of the chair 250 and the new location of the chair 250. The pre-calculation module
142e, in at least one implementation, can be more efficient by only recalculating those areas
where the lighting effect has changed. Similarly, in a three dimensional model 105 with
multiple rooms, a change within one room may not influence the lighting effects in the other
rooms. In at least one implementation, the pre-calculation module can recalculate the lighting
effects within a single room as opposed to recalculating the lighting effects within every room

in the three-dimensional model 105.
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In any event, prior to calculating the influence of multiple light sources within a three-
dimensional model, the pre-calculation module 142e can create one or more volume maps of
at least a portion of the room. In at least one implementation, this includes the pre-calculation
module 142e creating a volume map of at least a portion of the three-dimensional model by
using a collection of “voxels” (i.e., volume pixels illustrated as discrete cubes). For example,
Figure 3 depicts a “voxelized” chair 330, which corresponds to chair 250 (Figure 2). Figure 3
shows that the voxelized chair 330 is constructed of a collection of voxels (illustrated as
discrete cubes) that partially mimics the shape and size of chair 250. For example, the
voxelized chair 330 of Figure 3 has four voxelized legs 320a, 320b, 320c, 320d, each of
which is constructed of voxels. Similarly, Figure 3 depicts the voxelized chair 330 as having
a voxelized chair back 300 and a voxelized chair cushion 310 constructed of voxels.

In at least one implementation, the system divides the room (or whatever happens to
be the design space being worked on by the user) into equal-sized multi-dimensional, discrete
portions. Each discrete portion of the room, in turn, can then be assigned relative to the three-
dimensional model that the discrete portion of the room encompasses. For example, if a
particular discrete portion only encompasses air (i.€., there are no objects in that portion of the
room) then that portion can be assigned as representing air. Similarly, if a particular discrete
portion of the room only encompasses a portion (or all of) of chair 250, then the particular
discrete portion will be assigned as representing the portion of chair 250 (or all of the chair, as
the case may be). In at least one implementation, the discrete portions have two states — one
that indicates that the voxel encompass an object (e.g., an “on” or “occupied” state) and one
that indicates that the voxel does not encompass an object (e.g., an “off” or “unoccupied”

state).
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One will appreciate that at least one discrete portion may encompass both air and a
portion of chair 250. To determine whether the particular discrete portion should be assigned
relative to what is contained within it (e.g., as representing air or representing a portion of the
chair 250), in at least one implementation the pre-calculation module 142e can use a best fit
algorithm. The best fit algorithm can determine whether the multi-dimensional space that the
particular discrete portion encompasses is primarily made up of air or a portion of chair 250,
and then assign the particular discrete portion accordingly. In at least one implementation, the
best fit algorithm can be biased, such that a particular discrete portion can be assigned to be a
portion of the chair 250, even though the multi-dimensional space that the particular discrete
portion encompasses contains more than 50% air.  Additionally, in at least one
implementation the best fit algorithm can be performed by a graphics processing unit (not
shown), which can provide the calculated assignment (i.e., on/occupied versus
off/unoccupied) for each discrete portion to the pre-calculation module 142e.

After determining, creating, and assigning out at least one volume map, the pre-
calculation module 142e can then calculate the lighting and shading effects with respect to at
least a portion of the multi-dimensional, discrete portions. For example, Figure 4 depicts a
cross-section of the voxelized chair 330 within a voxelized room 220b. Both the voxelized
chair 330 and the voxelized room 220b correspond with the chair 250 and the room 220a
depicted within the three-dimensional model of Figure 2. Additionally, the voxelized three-
dimensional model 440 corresponds with the three-dimensional model 105 of Figure 2. For
the sake of brevity and clarity, however, Figure 4 only shows light sources 262d and 242d for

purposes of efficiency in discussing the shading effect. Of course, one will appreciate that all
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of the light sources 242a, 242b, 242c, 242d, 262a, 262b, 262c, 262d can be included with
respect to the voxelized three-dimensional model 440.

In at least one implementation, the system of the invention can calculate the shading
effect with respect to each discrete portion within the voxelized three-dimensional model 440.
For example, as illustrated in Figure 4, the shading effect can be calculated with respect to
voxel 400. To calculate the shading effect at voxel 400, the pre-calculation module 142e can
“ray-march” (e.g., extend a ray 410, 420 from one point to another) from voxel 400 to each of
the light sources individually 262d, 242d. In at least one implementation, ray marching
comprises the pre-calculation model 142e determining a ray that extends between a first point
and a second point within the three-dimensional model 105, 440, and sampling each voxel
along the determined ray.

For example, Figure 4 shows that ray 410 extends between light source 262d and
voxel 400. The pre-calculation module 142e can sample each voxel along ray 410 to
determine that the ray does not intersect with a voxelized object. Similarly, Figure 4 shows
that ray 420 extends between the voxel 400 and the light source 242d. With respect to ray
420, however, the pre-calculation module can detect that the ray 420 intersects with the
voxelized chair 330 at points 430a and 430b.

In at least one implementation, the shading effects can be based upon the results of the
pre-calculation module’s ray-marching. For example, Figure 4 shows that there are no
occlusions between voxel 400 and light source 262d, but that there are occlusions between
voxel 400 and light source 242d. Based upon the results of the ray-marching, the pre-

calculation module 142e can then determine that no shadow is cast at voxel 400 by light
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source 262d; but, because of the position of the chair 250 within the three-dimensional model
105, a shadow is cast at voxel 400 by light source 242d.

In at least one implementation, the shading effects comprise a specific number of
discrete effects (e.g., “in shadow” or “out of shadow.”) For instance, if the pre-calculation
module 142e determines that a shading effect exists, the pre-calculation module can then
apply the effect of “in shadow” to the voxel 400, or otherwise apply the shading effect of “out
of shadow.” In this implementation, when the rendering module 142d rendered a three-
dimensional model 105 all of the rendered shading effects could have the same attributes.

Additionally, in at least one implementation, the shading effects at each voxel can be
customized to the voxel. For example, the shading effects at voxel 400 in Figure 4 can be
calculated based upon the unique interaction of the light sources 242a, 242b, 242c, 242d,
262a, 262b, 262c, 262d with voxel 400. For instance, as illustrated in Figure 4, voxel 400 is
receiving direct light from light source 262d, attenuated only (or primarily) by distance, while
the effect of light 242d is blocked by the chair 150 from directly affecting voxel 400.

When calculating the shading effects on voxel 400, the pre-calculation module 142e
can account for the amount of attenuated light that reaches voxel 400 from each light source
242a, 242b, 242c, 242d, 262a, 262b, 262c, 262d. Additionally, the pre-calculation module
142e can determine whether an object, such as the chair 150, completely blocks all light from
a light source 242a, 242b, 242c, 242d, 262a, 262b, 262c, 262d or only partially obstructs the
light. If the light is only partially blocked, the pre-calculation module 142e can account for
the portion of light that is not blocked when calculating the shading effects.

In addition to calculating the shading effects at each voxel, in at least one

implementation the pre-calculation module 142e can also calculate the lighting effects at each
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voxel. After calculating each effect, the system can store the lighting effects and shading
effects together within volume maps, or the lighting effects and shading effects can be stored
separately and accessed separately by the rendering module 142d during rendering. One
exemplary method of calculating the lighting effects is discussed more fully below with
respect to Figure 5.

For example, Figure 5 illustrates a system and method for calculating the lighting
effects at the voxel 500. Figure 5 depicts the chair 250 in three-dimensional model 105, albeit
in voxelized form 330 for illustrative purposes, and to more clearly demonstrate the
calculation of the lighting effects with respect to voxel 500. (One will appreciate that, in
general, the chair 250 rendered within the three-dimensional model 105 would not appear as a
voxelized chair 330).

When calculating the lighting effects with respect to voxel 500, in at least one
implementation, the pre-calculation module 142e can extend vectors between the voxel 500
and each light source 242a, 242b, 242c, 242d, 262a, 262b, 262c, 262d relevant to the point of
view. In most cases, that will mean calculating an effect relevant to all presented light
sources at the same time. For brevity in description, however, Figure 5 illustrates ray marches
with respect to two light sources. For example, Figure 5 illustrates that the system has ray
marched / extended vectors 520 and 510 from light sources 242d and 262d, respectively. .

After calculating the vectors 510, 520, the pre-calculation module 142e can then
calculate the lighting information at the voxel 500. In at least one implementation, the pre-
calculation module can combine a light source vector 520, 510 extending from a light source
262d, 242d and a surface vector (not shown in Figure 5, but exemplified in Figures 6A, 6B) to

calculate the lighting information. As used within this application, “combining” two vectors
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includes multiplying, performing a dot product, performing a cross product, adding the
vectors, dividing the vectors, or performing any other math function that results in a single
number or single vector answer. For example, in at least one implementation the pre-
calculation module can use one of the following equations to combine vectors in at least one
calculation pursuant to calculating the lighting information at the vector 500:
L=Ax7-lorL=Axcos(0)
In the above-noted, exemplary equation, L is equal to the lighting information, 7 is

equal to the normal vector of the surface that the light is striking (e.g., 610, Figure 6A), and
lis equal to the light source vector (e.g., 510, 520) of the light from the surface (e.g., 600,
Figure 6A) toward each respective light source. The dot product of 7 and [ is equal to the

cos(0), where 0 is the angle between n and L. Additionally, an attenuation factor A can be

determined based upon the attenuation of the light between each respective light source and

voxel 500. Attenuation factor A can be multiplied with either n - [ or cos(0) to determine the
actual light intensity at the surface. One will understand that the above discussed equation for
calculating lighting information is only exemplary. The present invention can be practiced
with any of a variety of different lighting models that comprise different equations.

The exemplary equation presented above can be solved to determine the light intensity
at voxel 500 caused by light sources 262d and 242d. In other words, the equation can
determine how much light should be rendered upon the surface that voxel 500 represents. For
example, if a high light intensity is calculated with respect to voxel 500, then the surface that
voxel 500 represents can be rendered with a great deal of lighting, as if the surface is directly
under a bright light. In contrast, if the light intensity value is low then the surface can be

rendered with less light and will appear to be darker or shaded.
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In at least one implementation, the light intensity equation can be calculated with
respect to different colors. For example, the equation can calculate the intensity of green light
at voxel 500 caused by light sources 262d and 242d. Similarly, the equation can
independently calculate the intensity of red light at voxel 500 caused by light sources 262d
and 242d. Additionally, in at least one implementation, the result of the light intensity
equation is stored as a discrete number (e.g., a number between 0 and 255). Further, in at
least one implementation, the result of the light intensity equation can be stored as a High
Dynamic Range format, such that the results may require more than an 8-bit color channel.
One will understand that a variety of different storage formats and calculations can be used
within the scope of the present invention.

In at least one embodiment, the pre-calculation module 142e may be less efficient in
determining the normal vector of the particular surface that voxel 500 represents. For
example, as illustrated in Figure 5, the voxel 500 corresponds with a portion of the seat
cushion 252. The seat cushion 252 as depicted in Figure 2, however, comprises a sloped
surface, in contrast with the cubic/squared shape of voxel 500. Thus, a normal vector from a
surface of the voxel 500 may not be equivalent to a normal vector from the surface of the
chair cushion 252. In at least one embodiment, the pre-calculation module will calculate the
lighting effects at voxel 500 by using an assigned surface vector.

As depicted by Figure 6A, for example, the pre-calculation module 142e can assign a
positive y direction surface vector 610 (i.e., points at a 90° upwards). In the illustrated Figure
6A, vector 520 creates an angle o 640 with the assigned positive y direction surface vector
610. Additionally, Figure 6A shows that vector 510 creates an angle B 650 with the assigned

positive y direction surface vector 610.
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In at least one implementation, the pre-calculation module 142e can use the assigned
positive y direction surface vector 610 along with angle a 640 and angle § 650 to calculate the
light intensity at voxel 500 caused by light sources 242d and 262d. In at least one
implementation, the pre-calculation module 142e can perform this calculation by determining
the dot product of the assigned positive y direction surface vector 610 with each of vectors
510 and 520, multiplying each product by a respective attenuation factor, and then summing
the results together. Additionally, the pre-calculation module 142e can calculate the lighting
effects by multiplying amplitude A of light source 262d with the cosine of angle o 640,
multiplying amplitude A of light source 242d with the cosine of angle f 650, and then
summing the two products together.

Once the pre-calculation module 142e calculates the lighting effects at voxel 500
caused by each light source 242 and/or 262 in consideration, the pre-calculation module 142e
can then store the calculated lighting effects information within the memory (i.e., memory
150) for later access by the rendering module 142d. In at least one implementation, the
calculated lighting effects information can be stored within a “volume map.” In one
implementation, a volume map comprises a multi-dimensional matrix that is indexed to
spatially correlate with the three-dimensional model 105.

The pre-calculation module 142e can, in turn, use multiple volume maps to calculate
the lighting effects at a particular point within the three-dimensional model 105. For
example, using multiple volume maps, the pre-calculation module 142e can in some cases
more accurately approximate the normal vector of the seat cushion 252. By contrast, when

using only a single volume map, with a single assigned surface vector, the accuracy of the
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lighting effects calculations might depend upon how closely the actual surface normal vector
of the surface of the chair cushion 252 is to the assigned surface vector.

Figure 6B illustrates voxel 500 with an assigned negative x direction surface vector
630 (i.e. points at a 90° left with respect to the viewer of the figure). In at least one
implementation, the voxel 500 of Figure 6B can belong to a different volume map than the
voxel 500 of Figure 6A, but in both volume maps, voxel 500 can correspond to the same
portion of the chair cushion 500. One will appreciate that any particular volume map can
contain one or multiple voxels.

Similar to the implementation recited with respect to Figure 6A, the pre-calculation
module 142e can use the assigned negative x direction surface vector 630 along with angle o
660 and angle 670 to calculate the light intensity at voxel 500 caused by light sources 242d
and 262d. In at least one implementation, the pre-calculation module 142e can perform this
calculation by determining the dot product of the assigned negative x direction surface vector
630 with each of vectors 510 and 520, multiplying each product by a respective attenuation
factor, and then summing the results together. Additionally, the pre-calculation module 142e
can calculate the lighting effects by multiplying amplitude A of light source 262d with the
cosine of angle a 660, multiplying amplitude A of light source 242d with the cosine of angle
B 670, and then summing the two products together.

In any event, the voxels within each volume map can correspond to distinct portions of
the three-dimensional model. Further, in at least one implementation, all of the voxels within
each respective volume map can comprise assigned surface vectors that point in the same
direction as the other assigned surface vectors within the same volume map. For instance, in

at least one implementation, all of the voxels within the same volume map as voxel 500 from
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Figure 6A have assigned surface vectors pointing in the positive y direction, and all of the
voxels within the same volume map as voxel 500 from Figure 6B have assigned surface
vectors pointing in the negative x direction

Furthermore, in at least one implementation the pre-calculation module 142e can
create more than two volume maps. For example, the pre-calculation module 142e can create
six volume maps with each volume map comprising a distinct assigned surface vector.
Specifically, in at least one implementation, the pre-calculation module 142e can create six
volumes maps comprising assigned surface vectors that point in the positive x direction,
negative x direction, positive y direction, negative y direction, positive z direction, and
negative z direction, respectively. Upon calculating each of the volume maps the pre-
calculation module 142e can store the calculation within memory 150 (and/or storage 160) for
the rendering module142d to access. The rendering module 142d, in turn, can use multiple
volume maps to render the lighting effects on a particular portion of a surface.

Additionally, in at least one implementation, the pre-calculation module 142e can
create volume maps that are comprised of assigned surface vectors that are not aligned with
an axis. For example, the pre-calculation module 142e can create a volume map that is
comprised of assigned surface vectors that point in a 45 degree direction with respect to the x
axis. Further, in at least one implementation, the pre-calculation module 142e can assign a
plurality of surface vectors to two or more volume maps, such that the plurality of surface
vectors forms a basis in vector space.

Figure 7 illustrates a side view of rendered chair 250. In the illustrated case, surface
area 700 corresponds to the area of the seat cushion 252 that voxel 500 encompasses, while

surface normal 710 represents the surface normal of surface area 700, as calculated by
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rendering module 142d. Since the surface area 700 and surface normal 710 have been
determined at this point, the rendering module 142d can access the volume maps that were
created by the pre-calculation module 142e. Specifically, the rendering module 142d can
access the volume maps that correspond to voxel 500 in Figures 6A and 6B, respectively.

In this case, rendering module 142d identifies that one assigned surface vector 610
points in the positive y direction (e.g., from Figure 6A) and that another assigned surface
vector 630 points in the negative x direction (e.g., from Figure 6B). The rendering module
142d can then utilize the lighting effects data that was calculated by the pre-calculation
module 142e for both the positive y direction volume map, and for the negative x direction
volume map. In addition, the rendering module 142d can determine the angle between the
surface normal vector 710 and each respective assumed normal vector, such as 610 and 630.

For example, Figure 7 show that the assigned positive y direction surface vector 610
and the surface normal vector 710 form angle 720; while, the assigned negative x direction
surface vector 630 and the surface normal vector 710 form angle 730. The rendering module
142d can determine the lighting effects at surface 700 by weighting the lighting effects
information stored within the volume maps with respect to angles 730 and 720.

For example, Figure 7 shows that angle 720 is much smaller than angle 730, which in
this case is because positive y direction surface vector 610 is a much closer approximation of
the surface normal vector 710 than the negative x direction surface vector 630. Using this
information, the rendering module 142d calculates that lighting effect at surface 700 by
interpolating between the lighting effects calculated by the volume map of the positive y
direction surface vector 610 and the volume map of the negative x direction surface vector

630. For example, the rendering module 142d can weight the lighting effects information that
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is stored within the volume maps, such that the information stored in the volume map of the
positive y direction normal vector 610 is weighted inversely proportional to the size of angle
720 with respect to angle 730. Similarly, the rendering module 142d can weight the lighting
effects information stored within the negative x direction volume map, such that the
information is weighted inversely proportional to the size of angle 730 with respect to angle
720. In at least one implementation, the rendering module 142d can then add the weighted
lighting effects information together to generate the lighting effects at surface 700.

For instance, in at least one implementation, the lighting effect information comprises
light intensity numbers. For example, the light intensity number that is associated with the
volume map of the negative x direction may indicate a low level of light intensity. In
contrast, the light intensity number that is associated with the volume map of the positive y
direction may indicate a high level of light intensity. Because the surface normal vector 710
is much closer to the positive y direction surface vector 610 than it is to the negative x
direction surface vector 630, the high level of light intensity indicated by the volume map of
the positive y direction can have a larger impact on the interpolated lighting effect than the
light intensity associated with the volume map of the negative x direction.

As previously mentioned, Figure 7 only depicts two assigned surface vectors 630 and
610 (for clarity and brevity), which each can be associated with two distinct volume maps.
One will understand, however, that multiple volume maps can be used, such that the lighting
effects at the surface 700 are calculated by weighting the lighting effects information stored
within the multiple volume maps with respect to the angles they make with the surface normal
vector 710. Additionally, one will understand that if six volume maps are created by the pre-

calculation module 142e with each volume having assigned surface vectors pointing in the
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positive x direction, negative x direction, positive y direction, negative y direction, positive z
direction, and negative z direction, respectively, the rendering module 142d can determine the
lighting effects at surface 700 using only information from three of the volume maps. In at
least one implementation, any specific point within a three-dimensional model space can be
mapped using only three of the volume maps.

Additionally, in at least one embodiment, the rendering module 142d can calculate
lighting effects on surface 700 using vector math. For example, the rendering module 142d
can calculate a unit surface normal vector 710. In at least one implementation, a vector other
than a unit vector can be used as described below to calculate the lighting effects. The
rendering module 142d can calculate a lighting effects x-component by multiplying the x
component of the unit surface normal vector 710 with the information that is generated from
the assigned surface vector pointing in the negative x direction 630. Similarly, the rendering
module can generate a lighting effects y-component by multiplying the y component of the
unit surface normal vector 710 with the information that is generated from the assigned
surface vector in the positive y direction 610. In at least one embodiment, the lighting effects
x-component can be added to the lighting effects y-component to calculate the lighting effect
on surface 700. One will understand that similar calculations for the lighting effects can be
performed with respect to a vector pointing in a z-direction or with respect to any set of
vectors that form a basis with a vector space.

Similarly to what was stated above, one will understand that multiple volume maps
can be used for lighting effects at the surface 700. To do so, rendering module 142d can
multiply the different components of the unit normal vector with the corresponding

information from a volume map. Additionally, one will understand that if six volume maps
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are created by the pre-calculation module 142e with each volume having assumed normal
vectors pointing in the positive x direction, negative x direction, positive y direction, negative
y direction, positive z direction, and negative z direction, respectively, the rendering module
142d can determine the lighting effects at surface 700 using only information from three of
the volume maps. In at least one implementation, any specific point within the three-
dimensional model 105 can be mapped using only three of the volume maps.

One will understand that the above disclosed methods for calculating lighting effects
within a three-dimensional model 105 can allow the rendering module 142d to render a
lighting effect during a time interval that is independent of the number of light sources within
the design space. Specifically, in at least one implementation the rendering module 142d
takes the same amount of time to render the lighting effect generated by a single light source
as it takes to render the lightings effect generated by multiple light sources. The described
real-time rendering speed can be achieved by pre-calculating into volume maps the lighting
effects caused by the plurality of light sources.

After pre-calculating the volume maps, the rendering module 142d is no longer
required to calculate the lighting effects from each light source in real time. Instead, the
rendering module 142d can access the pre-calculated volume maps and utilize the pre-
calculated lighting effect information that is stored within each respective volume map.
Additionally, in at least one implementation of the present invention, the rendering module
142d can render a lighting effect caused by a plurality of light sources on a particular surface
by accessing information stored in only three volume maps. In this implementation, the
rendering module 142d can render a lighting effect in the amount of time it takes the

rendering module 142d to access the three-volume maps and perform simple multiplication
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and addition. In contrast, a conventional computer design system will typically calculate the
lighting effect on a particular surface by ray tracing between the surface and each of the
plurality light sources within the three-dimensional model 105, and will then perform
mathematical operations to determine the total lighting effect.

For example, as depicted in Figure 2, the lighting effects caused by the eight distinct
light sources 242a, 242b, 242c, 242d, 262a, 262b, 262c, and 262d can be pre-calculated into a
one or more volume maps. The rendering module 142d, when rendering a lighting effect at a
surface, can access a single volume map, or in some cases multiple volume maps, in order to
render the lighting effect. This is in contrast to the rendering module 142d calculating the
lighting effect at a surface by individually calculating the influence that each of the eight light
sources 242a, 242b, 242c, 242d, 262a, 262b, 262c, 262d has upon the particular surface and
then adding the calculations together. Additionally, when using vector math, the rendering
module 142d can use the information stored within the volume maps to calculate lighting
effects using multiplication and addition operations which can be significantly faster than the
mathematical operations required to calculated lighting effects in real time without the pre-
calculated volume maps.

Furthermore, in at least one implementation, the pre-calculation module 142e only
calculates the lighting effects within the three-dimensional model 105 when the scene is first
rendered, and when the user makes a change to the scene. Additionally, in at least one
implementation, when a user makes a change to the three-dimensional model 105, the pre-
calculation module 142e recalculates only those portions of the three-dimensional model that
were influenced by the change. For example, if the design module 142b receives an

indication from a user to move the chair 250 of Figure 2, then the changes to the light effects
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are predominantly centered around the previous location of the chair 250 and the new location
of the chair 250. The pre-calculation module 142e, in at least one implementation, can be
more efficient by only recalculating those areas where the lighting effect has changed. For
example, areas that continue to remain occluded relative to a light source will thus remain
shaded by the same amount, and do not need to be recalculated.

Accordingly, Figures 1-7 and the corresponding text illustrate or otherwise describe
one or more components, modules, and/or mechanisms for efficiently calculating and
rendering lighting effects in real-time. One will appreciate that implementations of the
present invention can also be described in terms of flowcharts comprising one or more acts for
accomplishing a particular result. For example, Figures 8 and 9 and the corresponding text
described acts in a method for calculating lighting effects in real time. The acts of Figures §
and 9 are described below.

For example, Figure 8 illustrates that a method for rendering the lighting effects of a
scene during a consistent time interval irrespective of the number of light sources within the
scene can comprise an act 800 of receiving inputs regarding the location of an object. Act
800 includes receiving from a user one or more user inputs regarding a location of an object in
a design space. For example, Figures 1 and 2 show that a design software application 140 can
receive inputs regarding the location of a chair 250 within the three-dimensional model 105.

Figure 8§ also shows that the method can comprise an act 810 of receiving inputs
regarding the location of lights. Act 8§10 includes receiving from a user one or more user
inputs regarding the location of one or more lights within the design space, wherein the one or

more light sources project onto the object. For example, Figure 2 shows that a design
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software application 140 can receive inputs on the placement of multiple light sources (262a,
262b, etc.) within a three-dimensional model 105 of a room 220a.

Furthermore, Figure 8§ shows that the method can comprise an act 820 of calculating
lighting effects of lights on the object. Act 820 can include calculating a lighting effect of the
one or more lights on the object in the design space. For example, Figures 4, 5, 6A, 6B, and 7
show a design software application 140 calculating the lighting effect of lights 242d and 262d
on the chair 250. In at least one implementation, calculating the lighting effect includes
combining one or more vectors that extend from a light source to a particular voxel with one
or more surface vectors extending from the voxel. The resulting lighting information can then
be used to interpolate the rendered lighting effect using the methods described above.

In addition, Figure 8 shows that the method can comprise an act 830 of rendering the
lighting effect during an interval. Act 830 can include rendering the lighting effect during a
time interval that is independent of the number of the one or more light sources within the
design space, whereby rendering the lighting effect for one of the one or more light sources
takes the same amount of time as rendering the lighting effect for a plurality of the light
sources. For example, Figures 1 and 7 show that a design software application 140 can
calculate the lighting portion of scene in real-time during a time interval that is independent of
the number of the one or more light sources within the design space. As explained above, in
at least one implementation the rendering module 142e can render a lighting effect caused by
any number of light sources in the amount of time it takes the rendering module 142e to
access three volume maps. In other words, the interval of time that is required to render the

lighting effects is defined by the amount of time it takes for the rendering module 142e to
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access the three volume maps, and is completely independent of the number of light sources
within the three-dimensional model 105.

Additionally, Figure 9 shows that a method of maintaining a real-time calculation time
for calculating a lighting portion and a shading portion of a scene irrespective of a number of
light sources within the scene can comprise an act 900 of receiving inputs regarding the
location of an object. Act 900 includes receiving from a user one or more user inputs
regarding a location of an object in a design space. For example, Figures 1 and 2 show that a
design software application can receive inputs regarding the location of a chair 250 within the
three-dimensional model 105.

Figure 9 also shows that the method can comprise an act 910 of calculating a voxel.
Act 910 includes calculating a voxel, wherein the voxel represents at least a discrete portion
of the object in the design space. For example, Figures 3-6B show that a design software
application 140 can calculate a voxel for a chair 250 within a three-dimensional model 105 of
room 220a.

Furthermore, Figure 9 shows that the method can comprise an act 920 of assigning a
surface vector to a voxel. Act 920 comprises assigning at least one surface vector to the
voxel, wherein the at least one surface vector extends from the voxel. For example, Figures
6A and 6B show two different voxels being assigned surface vectors. Specifically, Figure 6A
shows a voxel being assigned a surface vector pointing in the positive y direction, and Figure
6B shows a voxel being assigned a surface vector pointing in the negative x direction.

In addition, Figure 9 shows that the method can also comprise an act 930 of
calculating lighting information. An act 930 includes calculating lighting information

generated by the light source on the voxel by combining a light source vector extending from
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the light source and the at least one surface vector. For example, Figures 6A, 6B, and 7 show
a design software application calculating lighting information by combining a light source
vector and at least one surface vector.

Figure 9 also shows that the method can comprise act 940 of rendering a lighting
effect. Act 940 includes rendering, using the lighting information, the lighting effect on the
discrete portion of the object in the design space. For example, Figures 2 and 7 show a design
software application rendering a chair 250 within a three-dimensional model 105.

Accordingly, Figures 1-9 provide a number of components, schematics, and
mechanisms for providing for the capture, rending, displaying, navigating and/or viewing of
the geometry of one or more three-dimensional models. Additionally, one or more
implementations can allow a rendering module 142d to render a three-dimensional model 105
in real-time without respect to the number of light sources within the model. Furthermore,
one or more implementations can allow for the pre-calculation of lighting and shading effects.
Additionally, the pre-calculated effects can be stored within one or more volume maps. One
will appreciate that the components and mechanisms described herein can greatly simplify the
rendering of lighting effects caused by multiple light sources within a three-dimensional
model. For example, the components and mechanisms described herein allow a user to
navigate within the three-dimensional model, while lighting effects from multiple light
sources are rendered in real time. Additionally, components and mechanisms described
herein allow a design software application to render realistic lighting effects that are
associated with a plurality of light sources.

The embodiments of the present invention may comprise a special purpose or general-

purpose computer including various computer hardware components, as discussed in greater
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detail below. Embodiments within the scope of the present invention also include computer-
readable media for carrying or having computer-executable instructions or data structures
stored thereon. Such computer-readable media can be any available media that can be
accessed by a general purpose or special purpose computer.

By way of example, and not limitation, such computer-readable media can comprise
RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, or any other medium which can be used to carry or store
desired program code means in the form of computer-executable instructions or data
structures and which can be accessed by a general purpose or special purpose computer.
When information is transferred or provided over a network or another communications
connection (either hardwired, wireless, or a combination of hardwired or wireless) to a
computer, the computer properly views the connection as a computer-readable medium.
Thus, any such connection is properly termed a computer-readable medium. Combinations of
the above should also be included within the scope of computer-readable media.

Computer-executable instructions comprise, for example, instructions and data which
cause a general purpose computer, special purpose computer, or special purpose processing
device to perform a certain function or group of functions. Although the subject matter has
been described in language specific to structural features and/or methodological acts, it is to
be understood that the subject matter defined in the appended claims is not necessarily limited
to the specific features or acts described above. Rather, the specific features and acts
described above are disclosed as example forms of implementing the claims.

The present invention may be embodied in other specific forms without departing

from its spirit or essential characteristics. The described embodiments are to be considered in
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all respects only as illustrative and not restrictive. The scope of the invention is, therefore,
indicated by the appended claims rather than by the foregoing description. All changes which

come within the meaning and range of equivalency of the claims are to be embraced within

their scope.
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CLAIMS

| claim:

1. In a computerized architectural design environment in which a design program is loaded
into memory and processed at a central processing unit, a computer-implemented method for
rendering a lighting effect from a light source on an object within a design space, the method
comprising:

receiving from a user one or more inputs regarding a location of the object in the design
space;

calculating a voxel, wherein the voxel represents at least a discrete portion of the object
in the design space, and comprises an intermediate representation of the discrete portion of the
object;

generating a first surface vector that extends from a first surface of the voxel and points
in a first direction;

generating a second surface vector that extends from a second surface of the voxel and
points in a second direction that is different than the first direction;

calculating first lighting information generated by the light source on the first surface by
combining a first light source vector extending from the light source and the first surface vector,
wherein the first surface vector is normal to the first surface of the voxel;

calculating second lighting information generated by the light source on the second
surface by combining a second light source vector extending from the light source and the
second surface vector, wherein the second surface vector is normal to the second surface of the
voxel;

rendering at least the discrete portion of the object in the design space;

calculating a normal vector from a surface of the rendered discrete portion of the object;
and

rendering the lighting effect on a final representation of the discrete portion of the object
by interpolating a lighting effect from the first lighting information and the second lighting
information based upon a relationship between the normal vector from the surface of the

rendered discrete portion of the object, the first surface vector, and the second surface vector.
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2. The method as recited in claim 1, further comprising:

calculating a volume map for at least the object in the design space, wherein the volume
map is associated with a plurality of light sources in the design space, and the volume map
comprises one or more voxels that represent various portions of the design space;

calculating a shading effect on the voxel, wherein calculating a shading effect on the
voxel comprises determining whether any of a plurality of rays extending between the voxel and

each of the plurality of light sources in the design space intersects with a surface.

3. The method as recited in claim 2, wherein rendering the lighting effect on the object in
the design space comprises using the shading effect, the lighting information, and the normal
vector of the discrete portion of the object to interpolate the lighting effect on the object in the

design space.

4. The method as recited in claim 1, further comprising:

associating with the discrete segments in a first volume map assigned surface vectors that
point in a positive x direction;

associating with the discrete segments in a second volume map assigned surface vectors
that point in a negative x direction;

associating with the discrete segments in a third volume map assigned surface vectors
that point in a positive y direction;

associating with the discrete segments in a fourth volume map assigned surface vectors
that point in a negative y direction;

associating with the discrete segments in a fifth volume map assigned surface vectors
pointing in a positive z direction; and

associating with the discrete segments in a sixth volume map assigned surface vectors

point in a negative z direction.
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5. The method as recited in claim 4, further comprising:

calculating a plurality of volume cube maps, wherein each volume cube map comprises
one or more voxels that represent various portions of the design space; and

assigning to each volume cube map a particular direction associated with the surface
vector, such that all of the one or more voxels within each respective volume cube map include

the surface vector associated with the same particular direction.

6. The method as recited in claim 5, wherein rendering, using the lighting information, the
lighting effect on the discrete portion of the object in the design space comprises using

information from only three of the calculated volume cube maps.

7. The method as recited in claim 5, wherein assigning to each volume cube map a surface
vector, comprises assigning surface vectors to the plurality of volume cube maps such that the

surface vectors create a basis for a vector space.

8. The method as recited in claim 1, wherein the lighting effect is re-rendered a plurality of

times without re-calculating either the shading effect or the light intensity.

9. The method of claim 8, further comprising re-calculating the lighting information when
the user changes the location of the object within the design space.



