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Abstract

Realistic-looking architectural models with furniture may consist of millions of poly-
gons and require gigabytes of data — far more than today’s workstations can render at
interactive frame rates or store in physical memory.

We have developed data structures and algorithms for identifying a small portion
of a large model to load into memory and render during each frame of an interactive
walkthrough. Our algorithms rely upon an efficient display database that represents a
building model as a set of objects, each of which can be described at multiple levels of
detail, and contains an index of spatial cells with precomputed cell-to-cell and cell-to-
object visibility information. As the observer moves through the model interactively, a
real-time visibility algorithm traces sightline beams through transparent cell boundaries
to determine a small set of objects potentially visible to the observer. An optimization
algorithm dynamically selects a level of detail and rendering algorithm with which to
display each potentially visible object in order to meet a user-specified target frame
time. Throughout, memory management algorithms predict observer motion and pre-
fetch objects from disk that may become visible during imminent frames.

This paper describes an interactive building walkthrough system that uses these
data structures and algorithms to maintain interactive frame rates during visualiza-

tion of very large models. So far, the implementation supports models whose major



occluding surfaces are axis-aligned rectangles (e.g., typical buildings). This system is
able to maintain over twenty frames per second with little noticeable detail elision dur-

ing interactive walkthroughs of a building model containing over one million polygons.

1 Introduction

Traditionally, two-dimensional floor plans of buildings and elevations or perspective pro-
jections have been the basic communication media between architects and their clients.
Particularly with respect to the interior of buildings, architects rely on the client’s imagina-
tion to visualize a proposed building from its architectural plan views, assuming that clients
are familiar with architectural symbols, and have the training and experience to construct
three-dimensional images from two-dimensional plan views.

Today, graphics workstations offer a great potential for real-time simulation of movement
through complex environments, particularly large buildings. A computer-based, interactive
building walkthrough system can simulate the visual experience of moving through a three
dimensional model of a building on the screen of a computer workstation by displaying ren-
dered images of the model as seen from a hypothetical observer viewpoint under interactive
control by the user. If images are rendered smoothly and quickly enough, the illusion of
real-time exploration of the proposed building can be achieved.

A building walkthrough system might be useful for architects, interior designers, and
clients to visualize and evaluate architectural designs before a building has been constructed.
For example, an architect may be able to detect errors, such as material interferences; test
lighting conditions, evaluating them at different times of day or during different seasons; and
check the view out the windows of particular offices. An interior designer might experiment
with several furniture arrangements, color schemes, and lighting arrangements in a computer
simulation before purchases are made. Most importantly, a building walkthrough system
provides a means by which architects, interior designers and clients can communicate their

ideas to one another. In particular, it is extremely difficult for a typical client, who has



commissioned a building, but has not been trained in visualization of three dimensional
spaces, to understand what the inside of a building might actually look like by viewing
blueprints or cardboard models. An interactive, three dimensional building walkthrough
system allows an architect to show a client a proposed architectural design, and elicit real-
time feedback as the client walks through the interior of the building interactively. As
a result, faults in the architectural plan may be found earlier in the design cycle, thereby
saving time and money.

e have completed the rst version of a system that supports interactive visualization
of large architectural models with axis-aligned walls, ceilings, and floors using as a test case
the design of oda all, the new computer science building at the niversity of alifornia
at erkeley. The system includes tools for conversion of architectural plans into three di-
mensional models, and database and display algorithms for interactive visualization of large
architectural models. This paper describes the goals of the system, the challenges encoun-
tered during implementation of the system, and algorithmic approaches we have taken to

generate interactive frame rates during walkthroughs of very complex architectural models.

Most work in interactive visualization has been done on vehicle simulators. everal sophis-
ticated commercial vehicle simulators have been built over the last thirty years, including
many which contain algorithms for eld-of-view culling, detail elision, and real-time manage-
ment of very large databases 11, 1, 2, . owever, since most are commercial systems,
very little has been published on this work.

Although there are many similarities between vehicle simulators and building walk-
through systems, there are several important differences. First, the types of environments
encountered in vehicle simulators are quite different from building interiors. Typical vehicle

simulator models contain terrain data augmented with plants, buildings, roads, etc. In these



models, space tends to be sparsely occluded  i.e., there are few observer viewpoints for
which a signi cant portion of the model is occluded by other parts of the model. In con-
trast, building models typically contain walls, ceilings, and floors which partition space into
rooms. These models tend to be densely occluded  i.e., a large portion of the model is
occluded by some polygon for observer viewpoints in the interior of the building. Therefore,
visibility determination algorithms that cull not only polygons outside the observer’s view,
but also ones occluded by other polygons e.g., walls may be better suited for visualization
of building models than for vehicle simulator models.
econd, the types of navigation supported by vehicle simulators are very different than
those used in building walkthrough systems. In a vehicle simulator, the observer viewpoint
corresponds with the view from the driver’s seat of the vehicle, and observer viewpoint
navigation is limited to movements possible by the vehicle.  uring normal execution, the
observer does not generally move sideways, or change direction suddenly. As a result, there
is a large amount of coherence in the observer position and hence the visible portion of the
model from frame to frame, and it is relatively easy to predict future observer viewpoints
from the current observer viewpoint and direction of travel. In addition, since the observer
rarely travels close to detailed model features e.g., aircraft are typically several thousand
feet up in the air, and cars are typically on roads , realistic-looking detail can be achieved
using texture maps applied to relatively few, distant polygons. In contrast, in a building
walkthrough system, the observer viewpoint corresponds to the view from the eyes of a
human being walking through the building. The observer may step in any direction, spin
around quickly, or look very closely at any feature of the model. Therefore, many of the
optimizations used by vehicle simulators based on assumptions of observer navigation are
not possible in a building walkthrough system.
Finally, the performance and hardware constraints for vehicle simulators are very different
than for building walkthrough systems. ince inaccurate vehicle simulation during training

may cause serious accidents during operation later, vehicle simulation systems must maintain



strict frame rates in order to approximate vehicle operation as realistically as possible e.g.,
exactly thirty frames per second . To do this, they typically enforce restrictions on model
complexity, and use special-purpose display hardware costing millions of dollars. In contrast,
the frame rate requirements of building walkthrough systems are not as strict nobody
will be killed if the simulation is inaccurate. Although uniform frame rates are desirable
in a building walkthrough system, they are not essential. Frame rates must be only fast
enough and uniform enough for a user to intergrate impressions derived from sequential
images to derive a feeling of the building interior space. e aim to support near-uniform,
bounded frame rates, while using standard, off-the-shelf hardware, and allowing visualization

of arbitrarily complex models.

There also has been a considerable amount of work in interactive visualization of three
dimensional models in mechanical computer-aided design A systems. Mechanical A
models can be quite complex, containing tens of millions of polygons e.g., a car engine,
spacecraft assembly, or an airplane , and thus may require sophisticated real-time display
algorithms for interactive visualization.

There are differences between A applications and building walkthrough systems. First,
visual realism is generally less important in mechanical A  applications than in building
walkthrough systems. In most A  applications, objects are represented symbolically. For
instance, parts in a complex assembly may be displayed with attributes e.g., color represent-
ing semantic characteristics e.g., function, interference, connectivity, etc. , and meta-data
may be included in the display e.g., the path through which a part moves . isual veri-

cation of a A model is based mainly on positional and semantic characteristics rather
than appearance. In contrast, surface color and illumination characteristics are usually very
important in architectural design. Thus, realistic-looking images generated using physically-

based lighting simulations are required for lighting design veri cation.



econd, mechanical A systems generally simulate an observer looking at the model
through a window from the outside. The user typically uses a metaphor 1
to manipulate the object by means of translation, scaling and rotation. In contrast, building
walkthrough systems simulate an observer moving through the interior of the model, the
metaphor 1. These different metaphors for observer navigation

may imply different approaches to observer viewpoint prediction, visibility determination,

and detail elision.

ommercial products for visualization of architectural models have recently become avail-
able. owever, many of these systems do not allow a user to control the simulated observer
viewpoint interactively. Instead, travel along a predetermined, xed path is simulated by dis-
playing a sequence of precomputed images. These systems can generate very realistic-looking
walkthroughs since images are rendered off-line ; and are well-suited for presentation of a
completed design. owever, they do not support interactive visualization or design.
urrently available commercial products that do allow interactive, real-time navigation
generally support only small buildings models e.g., less than one hundred thousand poly-
gons , displayed with simple rendering algorithms e.g., wire-frame or flat shading |
These commercial systems generally make little use of sophisticated precomputation, visibil-
ity determination, or detail elision, and require that the entire model be resident in memory.
esearch on increasing frame rates during interactive visualization of architectural models
has been under way for over twenty years 2 . Pioneering work in spatial subdivision and
visibility precomputation has been done at the mniversity of orth arolina at hapel
ill 1, 2, . Airey developed algorithms for partitioning architectural models into ,
and precomputing a of polygons P for each cell. ell visibility

was determined by tracing ray samples through transparent portions of cell boundaries to

nd polygons visible from particular viewpoints within the cell. The disadvantage of this



approach is that computation is stochastic, and thus can under-estimate true cell visibility
and requires a large amount of computation.

ecently, other algorithms have been described for culling occluded polygons during
interactive visualization. The hierarchical z-buffer algorithm 2 uses a pyramid of z-buffers
to determine the cells of an octree and the enclosed polygons that are potentially visible
for a particular viewpoint. This algorithm may be effective with appropriate hardware
acceleration, but cannot be applied to determine visibility from a volume of space which is
useful for visibility precomputation and for predictive memory management and considers
every octree-cell inside the observer view frustum for each frame which may be infeasible

for very large models e.g., a city .

A primary goal of our work is to support computer-aided visualization of very large, detailed
three dimensional models. For accurate evaluation of a building design using visual simu-
lation, it is important that the building model contain a large amount of detail, including
representative light xtures and furniture modeled with accurate materials and textures.
ur test case is a model of oda all, a seven floor academic building containing more
than one hundred faculty and student offices, twelve computer laboratories, and six class
rooms Figure 1 . Almost every room in the model contains a functionally complete set of
furniture Figure 2 . For instance, each office has at least one desk, a few chairs, a bookshelf,
a plant, etc. n each desk, there is at least one book, a desk lamp, and a few pencils Figures
and . Furthermore, most pieces of furniture are modeled with a large amount of detail.
For example, each pencil has an explicitly modeled graphite point, each door has a shiny
brass handle, and each book has a separate binder.
The model is described completely by planar polygons. urved surfaces, such as those

found in desk lamp shades and the seat cushions of chairs, are approximated by many flat



polygons.  undreds, and sometimes thousands, of polygons are required to describe the
most detailed representations of plants and complex pieces of furniture. In all, the model
of oda all contains 1, 1 , polygons, of which only 1, 2 represent the walls, ceilings,

and floors of the building, while the remainder represent its contents.

A second goal of our work is to use illumination simulation methods 1 , 2 to
generate realistic-looking images with indirect diffuse reflections and shadows Figures and

adiosity methods, based on models of radiative transfer methods in thermaengineering,
consider every polygon a potential emitter or reflector of radiance or luminance . oncep-
tually, for every pair of polygons, and , a form factor is computed which measures the
fraction of the energy leaving polygon  that arrives at polygon . This approach yields
a set of simultaneous linear equations which can be solved to obtain the radiance for each
polygon.

The advantage of radiosity methods for interactive visualization is that a global radiosity
solution can be precomputed. The solution includes only the diffuse component of reflection
and does not depend on a particular observer viewpoint Figure . Therefore, a radios-
ity computation can be performed for an entire building model during a precomputation
phase in which results are stored in a database for use later during interactive visualization.
This approach off-loads the expensive illumination computations required to capture realis-
tic lighting effects, such as shadows, so that rendering during interactive visualization can
produce high-quality images quickly.

ne difficulty associated with radiosity methods is that a tremendous amount of data
may be required to describe the radiosity solution. A separate color is stored for each vertex
of each polygon in the model; and large polygons are split into many smaller ones where
the gradient of radiosity is high in order to capture complex illumination effects, such as

highlights and shadow boundaries Figure . Furthermore, although many of the polygons



Figure 1  xterior view of oda all. Figure 2 xterior view of oda all cut
open by a horizontal plane at the sixth
floor.

Figure  Typical office with furniture. Figure oard room with furniture.



in the original model can be shared via hierarchical instancing, each polygon is meshed and
illuminated independently during the radiosity computation, and must be stored separately
in the resulting model. As a result, a model that originally contains millions of possibly
shared polygons can generate a radiosity solution with tens of millions of separate polygons
requiring gigabytes of data.

e aim to support visualization of large radiosity solutions in our building walkthrough
system. owever, techniques for computing such solutions have just recently been developed

and are not addressed in this paper.

Another critical goal of our system is to provide performance that is adequate to maintain
the real-time feel of interactive visualization. If frame rates i.e. the number of images
displayed per second are too slow or too variable, the illusion of being present in a virtual
environment is likely to be diminished signi cantly.

It is not only important that the rate at which images appear on the screen be as fast
as possible, but also as uniform as possible. For instance, a walkthrough sequence in which
nine out of ten images are on the screen for 1 1 th of a second and the tenth is on the
screen for 1 ths of a second most likely would not be as satisfying as one in which each
image is on the screen for exactly 1 1 th of a second, even though the average frame rates
are nearly identical. After initial experimentation with interactive walkthroughs, we have
chosen a target frame rate of at least ten frames per second.

hort response times 1i.e. the time required for the system to react to user input is also
important during interactive visualization. If there are delays in system response, a user
may become disoriented or have difficulty navigating in a virtual environment. ven worse,
users often complain of feeling sick after using virtual reality systems with especially poor
response times. e would like to keep the response time of our visualization system under

1 2 of a second.



Figure adiosity rendering of hallway. Figure adiosity rendering of office.

Figure adiosity computation and results  Figure  Polygonal mesh generated for the
are independent of observer viewpoint. office during radiosity computation.

11



Finally, we aim to support interactive visualization of large, detailed building models using
commercially available, off-the-shelf computer systems rather than building special-purpose
hardware. For our display algorithms, we assume a graphics subsystem either hardware or
software that i1s able to perform the basic steps required for rendering three dimensional
polygons i.e., modeling transformations, viewing transformations, clipping, projection, ras-
terization, and hidden surface removal. For our most recent tests, we have used a ilicon

raphics Power series 2 workstation with reality engine graphics. It can draw approxi-

mately -1 ouraud shaded, texture-mapped polygons per second.

arge, furnished building models are far too complex to be rendered with realistic-looking
images at interactive frame rates on currently available hardware. After radiosity analysis,
a building model may contain 1  independent polygons and require 1  bytes of data.

owever, currently available graphics workstations can render only 1  polygons in a tenth
of a second, and store only 1  bytes of data. Therefore, realistic building models are 1
times too large to be rendered at interactive frame rates, and 1  times too large to t into
memory.

In order to achieve interactive walkthroughs of such large building models, a system must
store in memory and render only a small portion of the model in each frame; that is, the
portion seen by the observer. As the observer walks through the model, some parts of the
model become visible while others become invisible; some objects appear larger and others
appear smaller. The challenge is to identify the relevant portion of the model, pre-fetch
it into memory, and render images at interactive frame rates as the observer viewpoint is
moved under user control.

ur basic approach is to use an efficient display database that describes a building model

as a set of objects, each of which is represented at multiple levels of detail, and contains an
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index of spatial cells with precomputed visibility information. This display database is
used by adaptive display algorithms to compute the set of objects potentially visible from
each observer viewpoint. In each frame, an appropriate level of detail is selected for each
object during rendering in order to maintain an interactive frame rate. eal-time memory
management algorithms are used to predict observer motion and pre-fetch objects from disk
that may become visible during upcoming future frames. sing these techniques, we are
able to determine a small portion of the model to store in memory and render during each

frame of a building walkthrough.

ur building walkthrough system is divided into three distinct computational phases as
shown in Figure . First, during the , we construct the building model from
Auto A floor plans and elevations and populate the model with furniture. ext, during the
, we perform a spatial subdivision and indexing, and compute observer-

independent lighting and visibility information. Finally, during the , wWe
simulate an observer moving through the building model and render the model as seen from
the observer viewpoint in each frame. The is the link between these three

phases. It stores the complete building model, along with the results of the precomputation

phase, for use during the walkthrough phase.

Precomputation

Phase
Modeling Display Walkthrough
Phase | Database Phase
Figure ystem overview.

ince details of many aspects of this system have been published in previous papers 1 ,

2, , , ,thispaper focuses on the overall system design. The paper is organized



as follows. ections 2 through describe the three phases of the system, respectively. pecial
attention is paid to how the data structures and algorithms used in each phase are integrated
into the entire system. ection presents results of interactive tests using the walkthrough

system. Finally, ection contains a summary and conclusions.

od 1in

A primary concern of any interactive visualization system is to obtain a complete and geo-
metrically consistent electronic model. In the case of oda all, a set of les describing the

major structural elements of the building 1i.e., walls, ceilings, and floors were prepared by

architects using Auto A . e implemented a converter that extracts the geometrical
and surface attribute information embedded in Auto A F les and translates them
into the erkeley I AFI format a format suitable for object modeling, and

then loads them into a display database, as shown in Figure 1 .

AutoCad :
Models : AutoCad :
! Converter :
v : L . Display
' UNIGRAFIX | : Database
: Loader H v
UNIGRAFIX
. Models '
Figure 1 oading operations of the modeling phase.

nfortunately, the raw architectural models were not true three-dimensional models.
They were originally created for the generation of architectural blueprints such as plan views
and crude three dimensional views of buildings. rafting packages used to prepare them were
not written with anticipation that their products might be used in interactive walkthrough
systems. onsequently, the initial version of the model that we received from the architects

had many problems. tairs and many other objects were missing; building components



were not modeled as closed objects; windows were only line drawings on the walls; polygons
were drawn with no consistent orientation; many co-planar polygons coincided, and many
polygons were non-planar or intersected without sharing edges. Therefore, an element-by-
element conversion of the architectural database to the I AFI format would not have
produced a viable model. e used automated programs to detect and correct most of these
anomalies 2 and then manually corrected the remaining modeling errors with interactive
tools.

Furniture, stairs, and other objects that a user would expect to nd in a typical building
have been modeled in a variety of ways. tairs, window frames, and doors were created by

horramabadi using Auto A . Models for many types of furniture e.g., chairs, desks,
and coffee cups were created with interactive modeling programs by  ard . ther types
of furniture e.g., bookshelves, plants, door handles, and lights were created by procedural
object generators developed by students at erkeley.

Instances of these objects were placed into the building model using both automatic and
interactive placement programs. tudents in a graduate course on geometric modeling wrote
programs that place objects into speci c types of rooms automatically based on sets of pa-
rameters. For instance, the conference room generator places a rectangular or elliptical
table in the middle of a room, chairs around the table, a blackboard on one wall, a trans-
parency projector on the table, and so on. The office generator places a desk against one
wall, a chair in front of the desk, some bookshelves against the walls, and so on.  umer-
ous parameters are available to the user for control of object size, number, and placement.
Alternatively, we use interactive placement programs, such as Auto A | 2 an
interactive 1 AFI tool , or an interactive walkthrough editor to generate
object instances. These programs allow a user to add, delete, copy, or move object instances

interactively with real-time visual feedback.



The walkthrough display database represents the model as a set of , each of which can
be described at more than one level of detail . For example, a chair may be described
by three different representations, as shown in Figure 11 1 a highly detailed chair containing
hundreds of polygons to approximate the curved surfaces of the cushions and rounded edges
of the arms and legs, 2 a slightly less-detailed chair with simpler polygonal approximations
for the cushions, arms, and legs, and a coarsely detailed chair with just a simple box
for each cushion, arm, and leg. impler representations for objects are used during the

interactive walkthrough phase to improve refresh rates and memory utilization.

2 1 Polygons Polygons

Figure 11 Three s for a chair.

In general, if there is more than one instance of the same object type e.g., if the same
type of chair appears in many positions throughout the building , all instances share the
same , which stores the i.e., vertices, polygons, materials, and
textures describing the object at each . ach instance of the object may specify a x
transformation matrix which is to be applied to the object de nition, and a material which is
to be applied to polygons that do not already have material attributes. An example hierarchy
of object instances and de nitions is shown in Figure 12. The model shown contains four
instances of a chair whose de nition has three s, and two instances of a table whose

de nition has only one



Although models are most often stored as a hierarchy with shared object de nitions, the
display database also allows an object instance to store a speci c, separate geometry for any
eometries stored speci cally with an object instance override the geometries for the
corresponding s stored with the object de nition. ther s i.e., ones not explicitly
stored with an object instance are inherited from the object de nition. This feature is
important for the storage of radiosity information, since different instances of the same object
de nition are likely to be meshed and illuminated differently after a radiosity computation.

An example object hierarchy containing an object instance with its own geometries is shown

in Figure 1 . hair instance 1 inherits its lowest from the object de nition, whereas
its medium and high s are speci ed explicitly.
Chair Chair Chair Chair Table Table Chair Chair Chair Chair Table Table
Instance | Instance | Instance | Instance | Instance | Instance Instance | Instance | Instance | Instance | Instance | Instance
#1 #2 #3 #4 #1 #2 #1 #2 #3 #4 #1 #2
o o o o o o %\ o o o o o
[ ] \_\vl \_I_l \f‘ \—V‘ \_'_1 [ ] | I ] \_\_1 \—V‘ \_‘_1
\\ / / \ J Med Detail \\ \ J
Chair Table Geometry Chair Table
Definition Definition Definition Definition

High Detail
Geometry
/

Med Detail High Detail Low Detail
Geometry Geometry Geometry

Y Y

Low Detail Med Detail High Detail Low Detail
Geometry Geometry Geometry Geometry

Low Detail
Geometry

Figure 12 bject instances can share ge-  Figure 1  An object instance can store its
ometries stored in an object de nition. own geometries.

bjects that move over time are represented by a simple extension to this hierarchy using
a technique derived from 2 . The x transformation of any object instance can
be represented by a sequence of strings representing translate, rotate and scale transforma-
tions as functions of a variable, . For instance, the string -tz 1 means rotate the
object around the z” axis by 1 degrees every second. bjects are animated as the strings
representing their transformation matrices are re-evaluated with a new value of ., which is

incremented by the elapsed frame time during the walkthrough.



Although we are currently developing automatic tools for object abstraction, so far we have
used a variety of ad hoc techniques to create multiple s for each object de nition.
For objects created by procedural generation programs, it is usually possible to extend
the programs to produce not only a very detailed model of the object, but also simpler
representations as appropriate. For instance, the program used to generate the door handle

shown in Figure 1 is parameterized to output segments with a user-speci ed number of

sides.
-sided prisms. -sided prisms.
Figure 1 ifferent door handle representations constructed using a parameterized genera-
tor.
For objects described as a hierarchy of high-level shapes e.g., boxes, spheres, cones,

cylinders, etc. , it is possible to create simpler representations by a combination of 1
choosing simpler representations for some shapes and 2 removing some shapes.  sing these
techniques, more than one polygonal representation must be constructed for only a few
standard shapes, rather than many complex objects. xample results of this abstraction
technique is shown in Figure 1 .

For other types of objects, many of which are described originally in a flat, polygonal
format containing no information about how they were generated or whether there is a
hierarchy of parts, we have constructed less detailed representations from highly detailed
originals using an interactive I AFI editor, called 1, . This poly-
hedron editor has features aimed speci cally at reducing the complexity of polyhedral
models, including merging vertices, collapsing edges, collapsing faces, etc, while maintaining

the topological consistency of the polyhedral object.



1 Polygons

Figure 1  Three s for a canary.

e have attempted to maintain guidelines regarding construction of s in our model
of oda all. For example, we 1l s from lowest to highest for each object. e also
aim to generate geometries with no more than 1 polygons in the lowest , and at least
double the number of polygons in each successively higher . For each object, appropriate

s are evaluated and adjusted so that transitions between s are barely noticeable as

one zooms closer to an object and detail is re ned.

sing the techniques described in this section, we built a three dimensional polygonal model
of oda all, complete with furniture, textured materials, and multiple s for all fur-
nishings. In all, the model contains 2,21 , 2 polygons, of which 1, 1 | represent objects
at their highest . Including the walls, ceilings, and floors of the building, the model
contains 1 , object instances of | unique object descriptions. It contains 12 unique
pieces of furniture, unique materials, and  unique textures. The display database for
this model requires 21. M of storage if object instances reference shared object de nitions,
and . M of storage if all object instances are flattened i.e., a separate copy of the ob-
ject de nition is stored for each instance . verall statistics regarding the number of objects
described at each , and the cumulative number of polygons used to represent them are

shown in Table 1.



Polygons
evel umber umber Minimum Mean Maximum
of etail || of bjects | of Polygons | Per bject | Per bject | Per bject
ow 1, 2 1 1 1. 2,
Med ow , 2, 1 . 1
Medium 2, , 2 11.1 2,
Med igh 2, 1 211
igh 1,1 1 1,1 1,
| Aan ] 1, | 1,1, | 1 | | 211 ]
Table 1 Multi-resolution modeling statistics for oda all.

r co ut tion

uring the precomputation phase, we perform a set of calculations on the building model
that do not depend on a speci c observer viewpoint, and thus can be done off-line, before
a user begins an interactive building walkthrough. The idea is to precompute complex
spatial, visibility, and lighting relationships, and store the results in the display database.
Then, during the walkthrough phase, the precomputed relationships can be fetched from the
database rather than computed in real-time. y taking this approach, we trade increased
space for reduced real-time computation, accelerating frame rates during the walkthrough
phase.
The steps of the precomputation phase are shown in Figure 1 . e rst perform a
in which the building model is partitioned into roughly room-sized , and a
cell adjacency graph and an index of objects spatially incident upon each cell is constructed.
e then perform a in which sets of cells and objects visible from
each cell are computed. Finally, a radiosity computation can be performed. The results of

the precomputation phase are stored in the display database for use during the walkthrough

phase.



Spatial
Subdivision

Radiosity
Analysis

Visibility
Precomputation

Display
‘ Database '

Figure 1  Functional steps of the precomputation phase.

e partition the model into a of using a variant of the - tree data
structure . plitting planes are introduced along the major, axis-aligned, opaque surfaces
of the model i.e., the walls, floors, and ceilings of the building . ee for details.

After subdivision, cell i.e., the transparent portions of shared boundaries are
identi ed and stored with each leaf cell, along with an identi er for the neighboring cell to
which the portal leads. numerating the portals in this way amounts to constructing an

over the leaf cells of the spatial subdivision two cells nodes are adjacent
share an edge if and only if there is a portal connecting them.
ets of objects partially and completely inside cell boundaries are also constructed and
stored with each cell. The space occupied by each object in the model is classi ed with
respect to each cell in the spatial subdivision by a traversal of the - tree. At each node
of the tree traversal, the bounding box of the object is compared to the bounding box of
the node’s children. If the intersection has zero volume, the traversal of that branch is
terminated. therwise, if the node is an interior node, the traversal is applied recursively to
the node’s children. If the node is a leaf node, the object is classi ed as either completely
or partially inside the cell, and added to the cell’s list of incident objects.

The current implementation of the building walkthrough system supports spatial subdivi-

sions containing only axis-aligned, rectangular cell boundaries and portals i.e., cells are axial

three dimensional boxes, and portals are axial two dimensional rectangles . uch a spatial
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subdivision for the sixth floor of oda all is shown in three dimensions in Figure 1 a  cell
boundaries are shown as gray outlines. Figure 1 b shows a two dimensional schematic repre-
sentation of the subdivision, in which opaque cell boundaries are represented by thick, black
lines and portals are represented by dashed lines. uring spatial subdivision, we precompute
and store in the display database for each cell 1 the portals on its boundaries, 2 the cells
sharing its boundaries, and  the objects completely or partially inside its boundaries. ee

, for more details.

a Actual three dimensional subdivision. b Two dimensional schematic representation.

Figure 1  patial subdivision of the sixth floor of oda all. The image on the left shows the
actual three dimensional subdivision, while the image on the right shows a two dimensional
schematic representation.

nce the spatial subdivision has been constructed, we perform a

in which the portion of the model visible from each cell is determined. e de ne a cell’s

to be the region of space visible to a i.e., one that is able
to look in any direction and move to any position within the cell . The precomputed cell
visibility is stored in the display database and used to aid real-time visibility determination
and database management algorithms during the walkthrough phase.

e observe that a cell’s visibility is the region of space to which an unobstructed

can lead from some point inside the cell. uch a sightline must be disjoint from any opaque

cell boundaries, so it must intersect, or , a portal in order to pass from one cell to the next
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Figure 1 . ightlines connecting cells that are not immediate neighbors must traverse a
, each member of which lies on the boundary of an intervening cell. Therefore,
a cell’s visibility is the union of all points in space that can possibly be reached by a sightline

that originates inside the cell, and intersects only portals at cell boundaries along the way.

=)

Figure 1 A sight-line stabbing a portal sequence.

These observations suggest that the visibility for a source cell, , can be computed using

a depth- rst search of the cell adjacency graph. ells that are immediate neighbors of  are
always entirely visible to it, since cells are convex and all points in the cell can be reached
by some sightline stabbing the adjoining portal. ach step into a cell, . farther away from
, adds another portal to the sequence of portals through which a sightline must pass in
order for the cell to be visible to . If we determine that the portal sequence does not admit
a sightline, then  is determined to be along the path. therwise, we call a

, and recurse, stepping into cells neighboring

The visible region of cells farther away from  typically narrows as the length of the
portal sequence increases. After stepping through portals, the visible region is a bowtie-
shaped bundle of lines that stab every portal of the sequence, and which fans out beyond
the nal portal into an in nite wedge Figure 1 . uring each iteration of the depth- rst
search, the visible region of the reached cell is determined by clipping the in nite wedge to
the reached cell’s boundary. The visibility of the source cell is the union of the visible regions

of cells reached during the search Figure 2



LIRSS - Source
-

cell S\ i

[N Visible

11: S T T Region
o ~:: — i
Sag T3y H i
Y
N

Extremal N :‘.».'~~ \ \
N ~
Stab Lines ~,:\ Visible N
SO Region -

Figure 1 owtie-shaped region containing  Figure 2 ell visibility stipple gray for
sightlines stabbing a portal sequence stip-  source cell dark gray .

ple gray . paque boundaries are shown in

solid black.  xtremal sightlines are shown

as dashed lines.

In axial three dimensional models, all portals are axial rectangles, so any portal sequence
can generate at most three pairs of bowtie constraints one from each of two portal edges
parallel to the , , and axes. ohmeyer and Teller have implemented a procedure to

nd sightlines through axial portal sequences, or determine that no such sightline exists, in
log  time, where is the number of portals in the sequence 21 . Amenta has proposed
an solution for this problem . although it has not yet been implemented.

uring the depth- rst search for the source cell ., we construct its and
visibilities i.e., the sets of cells and objects, respectively, that are potentially visible
from . The cell-to-cell visibility for  is the set of cells reached during the depth- rst
search originating from . The visibility is the set of objects whose bounding
boxes are incident upon some region visible from . In Figure 21, schematic diagrams show
the cell-to-cell visibility stipple gray and cell-to-object visibility solid black squares for a
particular source cell dark gray in two dimensions. Figure 22 shows the cell visibility for
a source cell in three dimensions. The visible region is the volume of space enclosed in the
polyhedral beams emanating from the source cell; the cell-to-cell visibility is the set of cells
outlined; and the cell-to-object visibility not shown includes all objects incident upon the

brown polyhedral beams.
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Figure 21 Two dimensional schematic diagram of a cell-to-cell visibility stipple gray , and
b cell-to-object visibility shown as solid black squares for a particular source cell dark

gray .

Figure 22 ell visibility in three dimensions. isible region beams and cell-to-cell visibility
outlined are shown for one source cell.



The and visibility sets are stored in the display database for each

source cell, , in the form of a . A stab list contains an entry for each reached
cell, | consisting of 1 a reference to , 2 a set of bounding the portion of
visible from , and  a set of objects in  visible from |, i.e., that are completely or

partially inside the assembled halfspaces. ne special case exists if  is a neighbor of |
all objects are tagged as visible from  without any halfspace or object set computations.

uring the interactive walkthrough phase, the stab list for the observer’s cell is retrieved
from the display database and culled dynamically based on the observer’s position and view
direction to help determine the set of objects to load into memory and to render during each

frame ection .2.1 .

Mean and maximum precomputation statistics for cells in the spatial subdivision of oda
all are shown in Table 2. In all, the spatial subdivision contains leaf cells, of which

1 are possibly inhabitable by an observer  the other ,1 1 cells occupy dead space

5
inside the walls and ceilings. xcept for a few large cells that have many portals and objects
incident upon them e.g., the cells that span the entire length of the building just outside the
windows , the spatial subdivision classi es the object distribution and visibility properties
of the building model fairly well.

omputing the spatial subdivision took minutes and seconds on a [ 2 wusing
one M z MIP .. M are required to store the cells, portals, and lists of objects

incident upon each cell. The visibility precomputation took hours and 1 minutes on the

same machine and requires . M of storage for the stab lists.

Int r cti t rou

uring the walkthrough phase, we simulate an observer moving through the architectural

model under user control. The goal is to render the model as seen from the observer viewpoint



tatistic Mean | Maximum
Portals q
bjects ompletely Inside q
bjects Partially Inside . 1
ells isible 2 2
bjects 1sible 2 .1

Table 2 Mean and maximum statistics for cells in the spatial subdivision of oda all.

in a window on the workstation display at interactive frame rates as the user moves the
observer viewpoint through the model.

e use the object hierarchy, spatial subdivision, and results of the visibility precomputa-
tion stored in the display database summarized in Figure 2 , along with real-time display

and database management algorithms to achieve interactive frame rates.

Spatial Relationships
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Visibility Relationships
Figure 2 rganization of data in the display database.
xecution during the walkthrough phase proceeds as diagrammed in Figure 2 . In every

frame, the system performs seven operations, each of which can run asynchronously in a

separate concurrent process in a two-forked pipeline



Interact with the user to generate a sequence of observer viewpoints.

ompute the set of objects potentially visible from the

current observer viewpoint.

hoose a level of detail and rendering algorithm for each potentially

visible object.

ender potentially visible objects with the chosen level of

detail and rendering algorithm.

ompute the set of objects to store in physical memory,

i.e., the ones that might be rendered in upcoming frames.

etermine which objects must be added to or removed from

the memory resident cache.
oad and update objects in the display database.
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