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Abstract

Geometric modeling softwares make use of topological models to desmibenodify an environment. Topology
expresses adjacency and incidence relations between objects. espmunds to a fine representation often considered as
time and memory consuming for rendering or lighting simulation. In this pagepropose a topology-based representation
dedicated to complex indoor scenes. Taking into account memory maeeg and performances, our model enlarges a
topological model (callegieneralized mapswith multi-partition and hierarchy. Multi-partition allows the user to group
sets of objects together according to semantics. The hierarchy refatse provides a coarse-to-fine description of the
environment. Our modeler prototype was used to create buildings madéthugeveral million polygons. Resulting
topological information has been efficiently used in the context of seappdications such as global illumination and wave
propagation simulation at 1 GHz.

CR Categories: 1.3.5 (Computer Graphics): Computational Geometry and Object Muagel.3.8 (Computer Graphics):
Applications.
Keywords: geometric modeling, large buildings, partitions, hierarchical model eemgl.

1 Introduction

During the past decade, a lot of efforts have been focused
on the rendering of complex environments. However, the
high number of geometric primitives as well as the large /"~
variety of information (photometry, textures, radiometry f "fgﬁ: T
etc.) necessary to describe the scene still remain a ma- :E

jor barrier to overcome. The choice of a judicious data E —
structure is a crucial point for reducing time and space

complexity. We are interested in the use of topology for Figure 1: (left) Hierarchical topology representation of a
both modeling and rendering large indoor scenes. Previsimple building. The upper-right part contains the outer
ous work in the area shows that a topological representawalls description. The bottom-left part corresponds to the
tion has to be reconstructed from the scene for efficientlytwo rooms contained in the next hierarchy level. Links are
performing lighting simulation or walkthrough in large explicitly described between the two levels. (right) Iresid
buildings [Air90, FTSK96, MBMD98]. This paper goes a view of one of our buildings with global illumination.

step further: topology used for modeling also accounts for

rendering constraints.

Indoor scenes (Figure 1) are naturally organized intoconsistency during the construction process. Unfortu-
subparts: rooms, floors, wings, walls, etc. At a lower nately, a "brute force" topological description of complex
level, this corresponds to subdivisions of the 3D spacearchitectural environments requires a lot of memory. This
into vertices, edges, faces and volumes. Subdivision eleis mainly due to the huge number of needed polygons as
ments are commonly callexklls linked together through  well as the topological information corresponding to in-
adjacency and incidence relationships defining the modetidence and adjacency relationships. Usually the whole
topology. scene does not fit in memory. Moreover, the high num-

For modeling such an environment, it is necessary tober of geometric primitives to be displayed on a screen
define a topological model that fits the building structure. often makes the scene editing unpracticable. To face this
Local operations also have to maintain the overall modelproblem with a general modeler, the user has to elaborate




specific modeling strategies depending on the nature otling and rendering. Historically, the modeling commu-
the environment (architecture, automotive, etc.). nity does not take into account rendering problems and

This is why we propose to enrich a topological model conversely, rendering programs do not exploit efficiently
with a hierarchical description which allows to create a topology information. Our contributions concern the fol-
building from a coarse description to its precise details. | lowing points:
this context, each operation corresponds to local modifica-
tions of topology and geometry. Moreover, as explained e A multi-partition and hierarchy representation dedi-
above, a hierarchical topology representation is also use-  cated to the modeling and rendering of complex in-
ful for lighting simulation and visualization. door scenes;

Our model is dedicated to building description includ- ) ) ) ) )
ing information for both modeling and rendering. It cor-  ® A Set of topological operations associated with this
responds to a structured space subdivision, defined so that ~ "épresentation;
adjacency and visibility graphs such as those defined in
[ARB90, Tel92, MBMD98] can be easily and efficiently
built. Moreover, information extracted from our model

has n used in [FMHO5] for reducing computing time dur- ¢ Results concerning visibility computations and
ing global illumination and rendering. global illumination with our topological model.

For handling a complex scene, we believe that it is
worth to make use of topological information about the  section 2 presents the work most closely related to our
scene even though it increases the storage of all the datgpproach. A description of our model based on general-
structure involved: (i) topology facilitates the scene€on jzed maps and labeling is given in section 3. Construc-
struction (for instance through local operations such aston operations and modeler implementation are defined

split, extrusion, etc.); (ii) it provides a coherent repre- jn section 4. Results concerning lighting simulation and
sentation of space subdivisions with adjacency/incidencgendering are discussed in section 5.

relationships; (iii) taking topological information intoc-
count can drastically reduce the time complexity of visi-
bility computations during the rendering process. 2 Related Work and Choices

In this paper, we address this problem and show that
a fine topology representation, necessary for modelingWe aim at representing large buildings, actually corre-
operations, also provides adequate information for ren-sponding to 3D topological objects, made up with ver-
dering complex indoor scenes. Our topological modeltices, edges, faces and volumes. Note that cells do not
extendsgeneralized mapproposed in [Lie94] with two  necessarily have regular shapes. For instance a simpli-
important features: multi-partition and hierarchy. The cial description is not desired. Many topological mod-
multi-partition concept allows to create groups of objects els have been proposed in the literature for handling dif-
(groups of rooms for example in Figure 2.b) while hier- ferent classes of subdivisions (oriented surfaces, mani-
archy (Figures 1 and 2.a) makes it possible to perform &old, non manifold, etc.) for any dimension. Examples

e A modeler prototype for large buildings with furni-
ture;

given processing only on a subpart of the scene. of such structures are adjacency graphs [RO89], ordered
models (as defined in [Bri93]), 2D or 3D edge-based mod-
{J I els [Bau75, GS85, Wei86] or higher dimensional models
0 I; [Bri93, Lie94].
S B LJAL Incidence graphs (such as [RO89]) do not allow multi-
:1 T4 incidence (see [Lie94]). Coherence constraints necessary

to represent an orientable 3D manifold with an incidence
graph cannot easily be expressed. The definition of con-
struction operators accounting for these constraints and

a. A hierarchical decomposition of a building
Administration

‘ guaranteeing thus topological consistency of modeled ob-
jects can be also difficult for dimension 3 and higher (see
[Wei88]). This is the reason why ordered models have
— — —— — been introduced. They are mainly defined with a single
% % type of basic element and links between these elements

[Bri93, Lie94].

For the reasons explained above, we chose an ordered
topological model. Complexity studies have shown that
Figure 2: (a) Hierarchy representation for a simple build- for 2D and 3D manifold (surface subdivisions Rt sub-
ing and (b) two partitions (or a multi-partition representa divisions), costs for representing an ordered model com-
tion). pared to an incidence graph are comparable [FB0OO], in

particular for attributes management.

The originality of this paper concerns the design of a The objects we wish to represent are buildings com-
model accounting for two generally separated areas: modposed of volumes (walls, rooms, floors, etc.) sharing

Offices ‘ Classrooms Teaching

b. Several partitions of a building (multi-partition)
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faces. Topologically speaking, it corresponds to 3D ori- or viewpoint-based visibility (see section 5). Such ex-
entable manifolds. In [Lie91], it has been shown that tracted information has already been used for rendering,
models defined to represent 3D manifolds are comparaglobal illumination [FMHO05] and 1 GHz wave propaga-
ble either to 3D maps (for orientable ones without bound-tion [VPEOA4].
aries) or to 3D generalized maps (for orientable or not ori-
entable ones, with or without boundaries). Even though . )
generalized maps defined in 3D are a bit more costly than3 Hierarchical Model
3D maps in terms of memory representation, we chose
this model because it allows to represent objects with ex-First, we define a model based on labeling, convenient for
plicit boundaries, operations are easier to implement andheoretical purposes. Itis used to define the basic concepts
the cost difference is low. Moreover, generalized maps are?f our data structure, i.e. hierarchy and multi-partition.
defined homogeneously in any dimension. Second, we propose an optimization of the model, taking
The major drawback is related to the data structure sizelnto account practical implementation aspects.
For complex environments, several million polygons may
have to be defined; the model needs to be structurally im-3,1  Generalized Maps and Labeling
proved. This is why we propose a hierarchical description
adapted to large buildings. We choose generalized maps defined in [Lie94] for the
Topology-based hierarchical representations have beefllowing reasons:
used in several areas. For instance, in the field of im-
age processing, pyramidal models have been used for
long to handle several subdivisions of a given 2D image.
Each region is linked with its associated decomposition
in the next/previous level [JM92, BKO03]. In the context
of 3D applications, multi-resolution meshes offer several
descriptions (more or less precise) of the same object. o Very simple operations for merging cells have al-
For example, hierarchical descriptions based on simplex- ready been defined [DLO3], providing a theoretical
based models (or convex cells) have been proposed in  pasis for our hierarchical representation
[DF88], [CDM*94] and [PFP95]. TheéMultiresolution
Simplicial Model[DPM97] unifies the previous models ~ ® Any type of attributes (such as geometry, photom-
with the help of a graph. The difference between two  etry, texture, etc.) can be associated with any
successive levels is expressed through transformatiens ap ~ dimensional cell.
plied to topology and geometry (with or without overlaps). o ) )
The object is then represented as an acyclic graph account- Definition 1 - generalized maps [Lie94]:
ing for the different levels. This model does not explicitly L€t > 0; an n-dimensional generalized map (n-G-map)
represent each hierarchy level, some operations have to bé defined by aiin+2) —tuple G = (Ddo,...an), where:
performed to reconstruct a given description of the object.
Since an explicit description of the scene is necessary for
our application, we chose to conceive a specific hierarchi-
cal model.
Rendering complex scenes is still not straightfor-
ward for two main reasons: (i) the memory needed e a;oqj isan involution fori>0andi+2<j<n.
for storing the database and (ii) the number of objects
to handle. Space subdivision methods help to man- orbits: An orbit is described by a dart and a set of invo-
age memory and reduce the number of objects storedutions. It provides the set of all darts that can be reached
in memory. In this case, a topological representationby any composition of the given involutions (graph traver-
is needed. Generally, the scene subdivision is (semisal).
)automatically reconstructed from a list of polygons cells: Ai-dimensional cell (or i-cell) incident to a dart
[LCCO03, WWSR03, MPBO03]. The scene subdivision is the set of all darts that can be reached by any composi-
dramatically reduces the inter-region visibility computa tion of all involutions excep;.
tion cost. There exists a vast literature in this area (@gul  attributes: Each cell can be provided with different
grids, BSP/K-d trees, etc.) with several approaches dedtypes of data such as point coordinates for vertices (here,
icated to large buildings [ARB90, TFFH94, MBMD98]) we only use a linear representation), photometry for faces
for walkthrough [FTSK96] or lighting simulation [TH93, or any semantical information. Data are associated with
TFFH94, MBM98]. However, the obtained results do not an orbit (often defining a cell).
reach the precision of a manual partitioning. Topologi- In practice, attributes associated with a cell are stored
cal information used during the modeling process, whenon a single dart. This implies to scan all darts of the cell
available, can be most useful to avoid this reconstructionto retrieve the information. During the modeling process,
Our representation makes it possible to extract adjacencyhis reduces the required memory. If attributes are often
or visibility graphs used in [ARB90, TFFH94, MBM98], needed, it is possible to propagate the information onto

e They can represent subdivisions of 3D space;

e They are defined in an homogeneous way: a single
type of basic element (Figure 3). This simplifies the
formal definition of many operations.

e D is afinite set ofdarts

e gjisaninvolutionon D folD <i <n;
(a bijection f is an involution iff ¥ = 1d);
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Figure 3: Intuitively, a dart can be seen as a cell-tupleprovided with a label.gp corresponds to the function that

[Bri93], i.e. a sequence of incident cells of increasing di- assigns a label to each dart. (right) the corresponding ob-
mensions. For instance, dart 1 in (b) corresponds to verteject with groups.
v of edgee of faceF in (a). If we think of a G-map as a

set of darts linked with involutions, a i-cell is a set of dart 1 1 J1 1 |1
connected with all involutions except. For instance, a . L . 1 - 1 4 1 - 1
vertex (an edge, a face) is the set of darts connected with ol ol ol 3l 3
o1 andas (resp.ap andasy, ag anday). 3 |3 [3 [s5 |s

Maximum detail

each dart to accelerate queries. Appendix A.1 and [Mok]
provide more details about implementation. Intermediate detalil
We are mainly interested in grouping volumes as

rooms, walls, etc. For example we can define groups cor-
responding to a gallery for guided walkthrough in a mu- \
seum, groups of rooms corresponding to the same floor or

same wing, etc. It can also be useful to group several el- \
ements of the scene according to their use or appearance.

An obvious way to represent groups within a subdivision g, e 5. Two labels are associated with each face: the

consists in associating a label with each cell. A group isgiq; one (top left) defines the intermediate detail, the sec-

then a set of cells having the same label. _ ~ ond one (bottom right) defines the root of the hierarchy.
We define the notion of group in any dimension. This

definition can be extended for lower dimensional cells

| Root of hierarchy

[Fra04]. representation that brings the advantages of a topological
Definition 2 - partition functions (Figure 4): model while allowing fast access to the geometry associ-

Let G = (Ddo,...0n) be a n-G-map ang : D — N be a ated with a partition or hierarchy level. We need to (i) re-

function associating a label with each dart of D: duce the cost due to labeling and (ii) provide a fast access

@ is a partition functionof G iff ¢(d) = @(d’) for any !0 topology and geometry.

darts d and dwhich belong to the same n-cell. Therefore, we propose to separate the representations

The use of multi-labeling (i.e. associating several labelsOf Multi-partition and hierarchy, since they are handled by
with a single cell) allows the user to create as many par_dlﬂ‘erent sets of operations. Fpr the sake qf efficiency, we
titions as necessary, even with overlaps (e.g. a room ca@/S0 need the model to require a small size of memory.
be shared by a floor and a wing). A hierarchy representa Ve chose to represent partitions with the help of boolean
tion can also be defined with the help of a multi-partition. Marks associated with involutions. Hierarchy explicitly
Each level of the hierarchy corresponds to a partition andiefines details associated with cells avoiding redundan-
a constraint of consistency has to be satisfied: a set of cell§'€S- _ _
which is grouped at one level is still grouped at a higher 10 SUM up, the main features of our topological model

level (see Figure 5). are the following:
Definition 3 - partition functions for hierarchy: o representation of groups of cells (e.g. set of rooms
A hierarchyis defined by a set of functiof$q) }ic(1.py for a single floor):

such thatg (d) = ¢(d') = @ (d) = @/ (d),forj < i.

As explained above, labeling is a theoretical represen-
tation of partitions and hierarchies. Unfortunately, actop
logical model relying on labels requires a high amount of 4 capaple of handling a high number of polygons (our

memory since each dart must be provided with one inte- largest manually created scene is composed of 5 mil-
ger label per partition and as many integer labels as hi- lion polygons);

erarchy nodes. Labeling also induces too many redun- _ -
dancies which limits its use practically. To overcome the ® With efficient data access (darts, geometry, other at-
above problems, we propose in our model an equivalent tributes) for modeling and rendering.

e hierarchical building representation: contour, floors,
rooms, furniture, etc.;
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3.2 Multi-Partition by multi-partitions. For image processing, a pyramidal

: . . . tructure can be deduced from the most detailed image by
From a technical point of view, a G-map can be consMeredi

as a graph where nodes correspond to darts and edges lin
.tWO no.des when the corresponding darts are "”keP' by ANather construct hierarchy from the most simple descrip-
involutiona. A connected component for a G-map fits the tion to the most detailed one

usual r_10tion of connected component foragraph. qu reP" 1 our application the scene is constructed by succes-
[eseir;]tlg’]%zorz)ner;ter?;;begsraa?']r:jsihoengtE:f:()j dézt'r:gl;'ggl g Sive additions of details. This is well adapted to interac-

W ubgrap 9 ges. e modeling since the building structure is modified on

mark can easily represent th|_s d'Stm_Ct_"_)n'_ the fly and only one cell is modified at the same time. For
FO“T“?‘.”V* we get thg followlng def|n|t|on.. o a given level and a given cell in this level (e.g. a room in
Deflfmon 4 - group involutions and muIt|-pa_rt|t|ons_. a floor), the cell is duplicated and successive topological
LSFG - (D'O(O"'."a“) be an n'G'm‘?p‘ A group involution operations such as split éfcells, extrusions, etc. (cor-
di is an involution on D such that: responding to opposite operations of removal/contraction
e (D,0o, ...,0n_1,01) is a G-map; used in image processing) are applied. A links defined
, o Grn between the current level and its lower lewglassociates
e vd,d < D such thagan(d) =d, elghe/fﬂn(d/) =d" eachdarttoits copy (such as in Figure 7).
andar(d’) = d, oran(d) = d andon(d’) = d'. Definition 5 - hierarchy:
A multi-partition is represented by a set of group involu- A hierarchy is a sequence of G-maps

uccessively removing or contracting cells [BK03]. Con-
rsely, during the modeling process for buildings, we

tions, one for each partition (see Figure 6). ((Di,uio,...,a'n))i:o.m, m being the number of levels.
Note that a group involution can be deduced from a par-Levels are linked together with hierarchical linkg.
tition function. Note thatn; is a bijection from a subset of 'Dwith a

subset of 1. The model is kept consistent through our

"o - ‘;2 construction operations.
2 2 Note that if we consider a hierarchy of G-maps defined
U — with labeling,n; functions can be deduced from succes-

sive applications of removal and contraction operations
[DLO3]. From a theoretical point of view, it makes it pos-

sible to prove the model validity.
Figure 6: On the left, two different partitions of a same

G-map. aj are shown in bold for each partition. On the
right, the resulting superimposed multi-partition. split it |

co

Note that the definition ofi9 links implies new orbits > edge face
called group orbits (coverage of groups). New attributes
calledgroup attributescan thus be defined. In practice,
they are used for storing semantical or geometrical infor-
mation. As explained abovea? have essentially been de- 0
fined for grouping volumes such as rooms or walls. How- v v
ever, we also use% for grouping aligned edges ong for a
grouping coplanar faces, so that attributes can be factor- /.\

ized and some geometry computations avoided. G, AN

3.3 Hierarchy Figure 7: The top image illustrates the process for adding
a detail to a 2-cell. The bottom image represents the ob-

As for multi-partitions, labeling is not suitable for hiera  tained hierarchical G-map.

chy representation, since for every operation each level of

the hierarchy would have to be deduced from labels. Such

computation would importantly decrease performances

during the scene update, display and obviously also for4 Operations and Modeler

any other processing (e.g. lighting simulation or render-

ing). We thus propose a model dedicated to (and efficientOur modeler describes a building as a 3D space subdivi-

for) such operations. sion organized according to our multi-partition and hier-
The hierarchical representation proposed in [DPM97]archy model. The topology representation is kept hidden

implies a graph evaluation with ambiguities management,to the user unless he decides to select the ofitizualize

every time the model geometry is required. In our appli- topology"(as illustrated in the top image of Figure 17).

cation, we prefer an explicit representation. For example, The building modeler is based on a topological kernel

an empty floor is detailed by a unique set of rooms. If de-implementing G-maps in C++ [Mok]. This kernel defines

sired, overlaps admitted in [DPM97] can be representedelementary operations for manipulating darts, e.g. inser-

5



tion/removal of cells with geometry and attributes such asdarts. It makes the assumption tlthis already sewed
materials for volumes, photometry for faces, coordinateswith a dartd’ by a;. The boolean corresponding to the
for vertices, etc. Several software layers have been addegartition p is set to true.
to it: a first layer defines partitions; the second one isused sewi_g(Dart d, int i, int p) groups twoi-cells. It as-
for hierarchy (note that each hierarchy level has its ownsumes that theé-cell carried byd (namedc) is already
multi-partition); the third layer sets up all the operason linked to anotheri-cell (hamedc’) by a;. It uses the
in charge of the building construction. methodlink_i_gto group every dart of the catlwith the

For some parts of a building, geometrical inclusion corresponding dart of cetf.
needs to be explicit. This type of information is not avail-  unlink_i_g(Dart d, int i, int p) andunsewi_g(Dart d,
able in the initial topological kernel. We thus define op- int i, int p) are the opposite operations.
erations for including a face (or a volume) in another one. The methodisinSameGroupedOrkibart d1, Dart
This is done for avoiding geometrical tests with the help d2, gorbit orb) tests if two dartsd1 andd2 belong to
of topological information. For example, the window of a the same group defined by the orbitb. A group orbit
facade is included in the outside faces of the building, fur-is defined by a partition numbgrand a cell dimension
niture is included in a room, etc. Operations for handling (corresponding to an; involution). This method is only
inclusion are described in appendix A.2. used for attributes management.

Figure 8 shows an example of a patrtition: all the cor-
. L. ridors of a floor are grouped. The user can associate any
4.1 Multi-partition layer type of semantical information with any group. Details
For implementing multi-partitions, involutions;; are about group orbits and attributes are given in appendix
marked by means of a boolean indicating if two sewedB-1-
darts are grouped. Initially, each dart contains 4 pointers
toward darts corresponding t,01,02 andas (see ap- 4.2 Hierarchy Layer
pendix A.1). For multi-partitions, every pointer (except
0o, since such groups are irrelevant) is associated with g=ach hierarchy level is represented by one G-map. There-
booleans (one byte) so that 8 different partitions can be sefore, one level can be loaded into memory and managed
for each dimension. These booleans represénifnks. independently of the others for local operations such as
We have also added in the G-map class (containing a sapall creation and furnishing. The hierarchical linkis
of darts, appendix A.1) the operations allowing to manip- 'ePresented by two pointers in the dart class: a pointer

ulate partitions: group two cells of same dimension, attachtoward the parent dart and one toward child dart. The G-
an attribute to a group, etc. map class contains also two pointers indicating the parent

and child G-maps (see appendix B.2).

g I The main methods for editing hierarchy are
i 1 1 the following ones.  createChildMag) allows

li to create the child G-map of the current G-map.
| || e — createChildDart¢Dart start, orbit orbit) creates a copy

1 of a cell (given by a dart and an orbit) in the child G-map.
it New darts are linked to the original ones withlinks.
Later on, this cell can be detailed according to operations
provided by the layer dedicated to buildings.

Another important operation during the hierarchy edi-
tion is the search of a parent dart. When a modification
operates at a given hierarchy level (high level operations:
wall or opening insertion for instance), the different pdre
cells have to be known to be able to propagate necessary
changes.

Child pointers are defined for every dart of a parent
volume. On the other hand, only a small number of
darts in the child G-map are directly linked to their parent
darts. Therefore, when operations have to be propagated
to the upper hierarchy level, we need a method provid-
ing the parent cell of any dart. A traversal of cells from
the lower to the higher dimension has to be performed.
Figure 8: Left: The user selects some corridors and de-This traversal has been implemented in the method
fines a group. Right: Group involutions (in bold) are au- findParentDar{Dart d, Dart & parent, orbit &orb). It
tomatically defined between selected corridors and eacheturns the parent cell of a datt(parentandorb are out-
shared opening. put parameters). The parent cell is described by the dart

parentand the corresponding orlith: vertex, edge, face

The methodink_i_g(Dart d, int i, int p) groups two  or volume. Figure 9 illustrates the possible configurations

il




for the child dard. For finding its parent cell, we have to walls (Figure 10). Wall volumes define the building struc-
go through the current hierarchy level according to cells ofture while wallpaper faces define room volumes. Typi-
increasing dimension. t is directly connected by (dart  cally, with this decomposition electromagnetic attritsute
numbered 1 in the Figure), its parent dart is known and theare associated with walls for 1GHz wave propagation
orbit returned is arbitrarily the vertex orbit. Whagrisnot  while photometry is associated with wallpapers for light-
defined (darts 2, 3 and 4), we first cover the edge carriedng simulation and rendering. Thus, portals are defined as
by the dart. If this edge contains a dart directly linked to volumes with two transparent faces.

the parent cell (e.g. dart 2), the function returns the garen

dart as well as the edge orbit. Should the opposite occur XCEHQJ = —=,
(darts 3 and 4), the dart containing theink is searched S N
within the volume boundary faces (not sewedday. If it } } =N ‘
is found on the boundary (dart 3)s located in a face de- R

|

tail. If not (dart 4),d is inside a parent volume and we thus

return the volume orbit and any dart of the parent volume | _:HQ | _}\

(all the detall is traversed until a parent dart is found). To e\ 7
sum up, the parent of dart 1 is given hydart 2 has the B

same parent as dart 1 (with a different orbit), the parentrigure 10: A portal in a wall: (left) geometrical aspect

of dart 3 can be any dart in the parent face of dart 1 and(right) split view illustrating darts and involutions.

any dart of the parent volume can be associated with dart

4. In the last two cases, our algorithm always returns the  The building is constructed with the help of coarse-
closest dart in term of Composition afinvolutions. to-fine Operationsl Some Operations mod|fy the whole

hierarchy description, for example when a window is
/7/ *\\ created in a room. The main operations for constructing
the building structure are the following.
i; i extrudePolygonToMakeBuildifigt floorNb, ...) cre-
§ ates the building structure from a 2D shape and a number
- ,\ of floors. Three hierarchy levels are then defined: facade,
\\ retaining walls and floors (Figure 12.a to 12.d).
f createWal[...) creates a wall in a floor. When the new
VA 2 wall is in contact with another onaz-sewing is preceded
by a new face insertion in the already existing wall, so
that topology consistency be preserved. The new volumes
\ 1 automatically created by the wall insertion are considered
I as rooms.
N v insertOpening...) inserts into a wall a new opening (door
] ] ~or window) connecting two rooms. This method can
Figure 9: Cases that must be taken into account duringyffect the whole hierarchy in some cases. For instance, a
the search of a parent dart. Top left corner: a G-map devindow has to be placed in the room, the retaining walls
scribes the volume of a floor. Bottom: its detailed G-map gnd the facade. Two examples of opening insertion are
describes the walls disposition. Four darts (with ”Umbers)provided in Figure 11. Numerous calls fondParent
iIIus_trate the_differgnt cases of a.parent search. The dartg,ethod are used for retrieving parent darts during propa-
having a defined link are shown in bold. gation of cells insertion (see B.4 for more details).
copyFloorDart src, Dart dest copies the structure of
Note that in a standard G-map, marks are used to mana fioor (rooms, walls and openings) into another floor.
age darts traversal, selection and modification operationsrhjs function requires to duplicate an entire subtree in the
For example, this is used for avoiding to process twice thenjerarchy.
same dart. Marks are also essential for handling hierarchy

—
| I———
//

[
—
N
W,
/

(see appendix B.2 for more details). Once the structure of rooms has been defined, it is
possible to add furniture with the following operations.
4.3 Building-Dedicated Operations insertFurniturelnSelectedRooffairnituref) adds a

piece of furniture in each selected room. In the room

The two layers described above have been enlarged withevel, furniture is represented by a bounding box, with a
higher-level operations concerning building creationhsuc filename, a translation vector and a rotation matrix. Note
as extrusion, opening insertion and furnishing. Buildingsthat selected darts are marked according to the methods
are described with 5 levels of hierarchy: building facade detailed in Appendix B.3, queries are made in constant
(Figure 12.c), outer walls (Figure 12.d), floors with inner time.
walls (Figure 12.f), rooms and furniture (Figure 12.g and deleteSelectedF urnitufgremoves the selected furniture
12.h). (shown as bounding boxes for the user).

We have made a distinction between wallpapers andnsertLightSourcelnRoofn.) adds a point and surface
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Figure 11: Openings are always inserted in the third hi-

4.4 Construction steps

As explained above, the scene produced by the modeler
contains a lot of information, necessary for modeling op-
erations. A building is never entirely displayed onto the
user screen. The program only displays the current hier-
archy level. An option allows the user to display the next
hierarchy levels except furniture geometry (replaced by
bounding boxes) as shown in Figures 12.g and h and 17
(bottom image).

The modeler guides the user according to a coarse-to-
fine construction.

1. Building shape
The user firstly defines the building contour (Figure 12.a)
and provides the number of floors as well as the wall thick-
ness. The defined polygon is extruded for creating the
building facade with topological structure and hierarchy
root (see Figure 12.c ariovie 01lin website [Mod]).

In a second hierarchy level, a copy of the user-defined
polygon is extruded to define outer walls (Figure 12.b) and
floors (Figure 12.d). The two hierarchy levels are auto-
matically linked: each dart of the first level is linked to its
child with the help ofn-links.

2. Editing floors
When the user needs to detail a floor, the corresponding
volume is copied in a third hierarchy level andinks are
automatically set. Note that each floor can be indepen-
dently edited by the user and/or duplicated.

The floor selection allows the user to describe inner

erarchy level. - a. Two openings to be inserted; the firstwalls. With a 2D view, a polygonal line is drawn and

one is a door only modifying the lower hierarchy level; the extruded to define the actual wall (Figure 12.e). The pro-
second one is a window propagated up to the root of thegram automatically deduces all room volumes from inner
hierarchy. - b. Whole hierarchy representation after in-alls.

sertion of Opening 1. For its Creation, Only the concerned Several types of Openings such as doors and windows
wall and the corresponding rooms are modified. - c. Ingare proposed to the user (Figure 12.f). They can be placed
the case of a window, the retaining walls and the facadegither on inner walls or outer walls. An opening corre-

are also modified.

light source in a room, considered as furniture with
radiometry.
copyRoomContefart d) and pasteRoomContentTo

sponds to an empty volume inserted inside a wdlbvie
02 andMovie 03in [Mod] illustrates the result of this op-
eration.

While defining the building structure, the user can load
a plan of a building (or a horizontal section). The image
is shown as a background image for simplifying the build-

list < dart > roomg are used for copy/paste operations. ing design. This option is much useful for reproducing
The first one creates a buffer in memory and copies a"existing buildings (see Figure 18.a).

the furniture included in the room carried by the déaurt
In practice only bounding boxes, transformations and

During walls and openings creation, specific attributes
are automatically placed on each volume to distinguish

filenames are stored in memory. The second one copiega|is rooms, doors and windows. The user also has the

these volumes in the room list.

Appendix B.5 provides operations for modifying pho-
tometric and radiometric information during the modeling

possibility to add his own attributes to faces and volumes
such as materials (photometric attributes, concrete; plas
ter, etc.) or semantic information (offices, libraries, tras

process. Some functions also export our scenes in variougpoms, etc.).

formats.

Higher-level operations are also used to group two ad-

In this software layer, we have developed more jacent rooms sharing at least one portal (multi-partition

evolved operations concerning patrtitions. For example,

groupSelectedRoorfist partition) groups a set of

operations). Practically, this operation implies to schn a
the darts belonging to the corresponding rooms and the in

rooms as well as their openings, provided that they arebetween portals.

interconnected. It uses the operatisew i_g and orbit
coverages.

For anticipating the rendering process, a graph express-
ing adjacency relationships between rooms is automati-
cally created with the help of multipartitions.



L
a. Building shape. b. Main walls shape deduced f(ain

c. Extrusion of polygor{a) to produce building outdoor.

e. Edition of a floor to arrange walls.

g. Bounding boxes to represent furniture. h. Samples oftfunen

Figure 12: Construction steps of a simple building.



3. Room furnishing
Each room can be enriched with furnituré'(fiierarchy
level). We can use either topological objects described by
a g-map modeler or objects defined by a list of polygons.
In this level, furniture is represented by a bounding box
volume. The last hierarchy level contains object details
(Movie 04in [Mod]).

Practically, due to the high number of polygons, object

geometry and topology are stored on the disk (except for "

the currently edited room). Bounding boxes contain an
attribute indicating the object file name and the transla-
tions/rotations applied. The same file can be used severe
times. This corresponds to clones of the same object. A
for floors, room furniture can be duplicated and used for
several locations in the building. Moreover, a mechanism
of furnishing scripts is also used to automatically add ob-
jects into a given room with slight random modifications.

Note that inserted objects are either defined by a G-may
with its geometry or described by a list of polygons. In this
latter case, object topology needs to be estimated. The ok
ject is firstly revised so as to suppress degenerated trian
gles and triangulate non-coplanar polygamsnvolutions
are automatically retrieved from the resulting list of poly
gons when possible.

4. Final building
When each room has been described, we can see entil
building by displaying all levels of the hierarchy, except
furniture (see bottom of Figures 13 and Movie 05in
[Mod]).

5 Results
The following results correspond to scenes that have bee|

constructed with our modeler and used with various ren-
dering programs.

5.1 Buildings

B
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Figure 13: Screenshots of three different buildings con-

structed with our modeler (with and without automatic
The simplest scene contains 300K triangles and the mosfyrnishing).

complex one contains 1 billion triangles. Table 1 provides

disk space required by various scenes; note the difference
between raw and hierarchical models. The raw descriptiorare illustrated in Figure 17. As shown in Figure 18, we

includes the complete list of triangles with photometric at
tributes while the hierarchical representation uses clone
pieces of furniture.

Building # Polygons #rooms Disk (compressed)
raw model hierarchy
L-Building 336.5K 27 3.55MB 2.3MB
Z-Building 1.074M 22 104MB 1,51 MB
Octagon 5 250K 232 54.8 MB 6 MB
Tower_100 1.074 billion 17800 85GB 164 MB

Table 1: Four furnished buildings; disk space is given with
compression.

Figure 13 presents images of our buildings. Our mod-
eler interface with our biggest manually-modeled scene
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can also use our modeler for producing various and com-
plex shapes such as the Chartres Cathedral.

Finally, we have created a building made up with one
billion triangles spread out in 17 800 rooms and 101
floors. Furniture have been automatically placed. This
model has been used for a photon-mapping method dedi-
cated to large buildings [FMHO5].

5.2 Rendering

For complex scenes, it remains difficult to interactively
display millions polygons even with powerful graph-
ics hardware. The scenes produced with our modeler
have been used for several rendering systems, includ-
ing OpenGL based visualization, ray-tracing and photon-
mapping. The topological information we propose is used



With Topology Brute Force

PC PI PRT T PI PRT T
L-Shaped building

@ 9 1 1 117 118 6" 124

2 9 2r 28 137 131" 7 138"
Octagon building

3 110 1 2 13 Impossible to load

4 127 4 2 18"  with512 MB RAM

Table 2: Computing time with and without preprocessing
for a 400 x 300 pixel image of two buildings (L-shaped
with 300K polygons and octagon with 5 millions trian-
gles) without taking lighting into accourfeC corresponds

to the pre-computation using the topological structie.
represents the time needed by POV-Ray for reading the
scene and constructing the accelerated data structure whil
PRTis the time needed for computing one imagés the
total computing time in both cases.

for:
‘

e reducing the number of geometric primitives dis-
played during the modeling process; Figure 14: Images of our L-shaped building rendered with
o : . .. POV-Ray.
e estimating straightforward view-dependent visibility
information for POV-Ray rendering [Pov] (Figure
14); Our modeler has also been used to generate a 1 billion
triangles building (Figure 13, bottom) for lighting simula
'tion computations with 60K light sources [FMHO05]. The
cells and portals data structure allows memory-coherent
photon-tracing and ray-tracing. Irradiance information
« providing the representation necessary for lower fre- (Photon-maps) is stored independently in each room. With
guency electro-magnetic wave propagation simula-0ur method, only 300 MB of memory have been neces-
tion [VPEO4]. sary for computing lighting simulation, though the whole
database requires 110 GB on the disk (8.5 GB com-
During the modeling process, the building is displayed pressed). As a result, 1.6 billion photons have been prop-
with the help of OpenGL library. Furniture is not stored agated in the scene and more than 400 GB are necessary
in memory unless the user explicitly selects one object forfor storing all the information on the disk. After lighting
examining its details. As a result, the 5 millions poly- simulation (computing time is given in Table 3), an image
gons building only requires at worst 85 MB of memory can be generated in a few minutes (Figure 15).
(corresponding to the graphic user interface plus our data
structure). Displaying the whole scene would require at ~ Building # Photons  Phot-prop. Phot-Map

e generating cells and portals data structure [TFFH94
MBM98] and computing out-of-core global illumi-
nation for very large buildings [FMHO5];

least one gigabyte memory. (millions) time time
For lighting simulation and rendering, the building is L-Shape 4.6 119" 21"
firstly saved as a set of files enriched with an adjacency Z-Building 3 33" 1"
graph. Each file corresponds to a single room description Octagon 30 404" 2'14"
with furniture. Portals are defined by transparent polygons  Tower 1655 10h11’ 3h56

indicating the corresponding adjacent rooms. Note that
polygons corresponding to room structure (such as floor,
ceiling and wallpaper) are specifically labeled. Table 3: Computing time for several buildingsPhotons

For computing one image with POV-Ray, a precompu- corresponds to the number of photons impacts stored in
tation process provides the list of rooms potentially \lisib  the scenePhot-prop timecorresponds to the time needed
from the viewpoint. To do this, our ray-casting procedure for propagating photons arithot-map timeorrespond to
uses only room volumes and portals without furniture andthe time needed to construct all the photon-maps.
walls. Table 2 provides computing time for two scenes.
These results have been obtained with a PC 1 GHz with Finally, the model proposed in this paper has been used
512 MB RAM. As seen in this Table some of these view- to generate adequate data structure for a wave propagation
points could not be rendered brute force with POV-Ray simulation algorithm [VPEO4] without furniture (Figure
because of the high number of polygons. 16). In this case, walls volumes and materials are used

11
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Figure 15: Images of our buildings computed with our
photon-mapping system. [ARBIO]

rather than room volumes.

6 Conclusion and Future Works

This paper presents a topologically-based model dediIBaU75]
cated to large buildings. Our data structure allows both
modeling and rendering complex indoor scenes. It extends

the G-map topological model with multi-partitions and
hierarchies taking into account memory and time issuesIBKog]
Model robustness have been shown through several appli-
cations. First, we provide a set of operations dedicated to

large buildings, included in a modeler prototype. Second,

the scenes produced, enriched with topological informa-

tion, are used for ray-tracing, photon-mapping and wave[Bri93]
propagation simulations at 1 GHz. Results are encourag-

ing and show that topological information provided by the
modeling process can be advantageously used by render-

ing systems. Presently, the topological information used[CDM+94]
during the rendering process concerns essentially high-

level information such as volumes adjacency, rooms and
portals. In the future, we aim at using lower-level descrip-

tions for taking advantage of incidence and adjacency in-
formation with faces and edges.
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A 3-G-map Kernel details

in another one. We have developed a series of operations:

insertion, removal and query for faces inclusion such as
Our modeler has been elaborated upon our laboratory addInsideFacgdart container dart conteny,

topological kernel [Mok]. The latter describes a set of - removeFirstinsideFadeart containey,
operations for handling generalized maps of dimension 3. remo\/eA|||n5ideFacédart container dart Contenj,
andgetinsideFacegslart containe) for faces with their
A.1 3-G-map Data Structure equivalent for volumes inclusion.
Two marks in G-maps are kept for inclusion:
3-G-maps contain a set of darts (basic elements) associtacelnsideMarkis used to indicate if a face is located
ated with involutionsig, ay, az andas. Marks are used 5 another one (by marking the dart carrying the face),

for modification operations or coverages and the G-map,olumelnsideMarks the equivalent for volume inclusion.
class also indicates how many and which marks are cur-

rently used. For handling embeddings (information about
geometry, semantic, etc.), a list of attributes is stored in o )
the dart class. An attribute is a triple composed of atype, B Our Partition and Hierarchy
the information to store and the corresponding orbit (ver- ;

tex orbit for coordinates, face orbit for photometry, etc.) Representatlon
A boolean table also indicates for which orbits these at-
tributes are defined. This table is used for avoiding to
check the whole attributes list if it is not necessary.

B.1 Partitions management

Some information for handling groups have been added to

/I A 3-Gmap the in!tial kernel classes. A unique boplean is suffici_e.nfc to

class Gmap describe a set of groups corresponding to our definition.

{ With a byte we can thus create 8 different partitions for
each involutiormy, a2 andas.

Marking a involutions creates new orbitgroup or-
bits). These orbits can be used to store particular attributes
to associate semantic informations with groups. Extension
of attributes are name@Attribute

private :
/'l list of darts
Dart * darts;

/!l Reserved marks

bool ean narks[];
i nt nbUsedMar ks;

public :
}

/1 A dart of 3-G nmap
class Dart

/1 A dart with partition handling

cl ass PDart public Dart
{
private :

/1 marks for groups
byte al pha_g[3];

/] attributes of groups
PAttribute * grouped_attributes;

{ ) public :
private : -
/1 al pha involutions }
CDart = al pha[4];
/1 A 3-Gnmap with partition handling
/1" bool ean marks class PGrap : public Grap
bool ean narks[]; {
] . ] private :
/1 corresponding attributes
Attribute = attributes; public :
public : o
}

A2 Cells Inclusion MethodsgetAttributédart d, gorbit orb, attribType ty pg,

To deal with inclusion, we propose a set of methods in theaddAttributédart d, gorbit orb, attribute Atf) and
G-map class defining attributes in some darts to specifyremoveAttributédart d, gorbit orb, attribType type
inclusion. According to the attribute orbit (face or vol- are used to manipulate group attributes. The main dif-
ume orbit), it indicates if a face or a volume is included ference between standard attributes and group attributes
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is the orbit: the typeyorbit corresponds to group orbits. by hierarchical operations to mark darts for defining the
Note that all the attributes of a group are carried by aworking area of local operations.
unique dart in the group.
groupAttributesdart d1, dart d2, gorbit orb) checks
and merges the attribute lists dii andd2 for a given
group orbit. Attributes of a same group are required to Selection operations have been developed for providing
be of different types; if two attributes of same type are the local work areassetCurrentMafint level) defines
found, only one of them is kept (the onedif). the level of hierarchy on which the user works (edition or
duplicateAttributegdart d1, dart d2, gorbit orb) is  visualization). selecDart d, gorbit orb) selects all the
the opposite operation. When a group is subdivided, eventlarts in the orbiorb of dartd in the current G-map. It
detected by the methodInSameGroupedOrhitall the consists in marking a set of darts (for example a volume
attributes of the original group are copied in the two new or a face) selected by the user for an operation. The dart

B.3 Selection operations

groups (call taduplicateAttributes d and the orbibrb are also stored in a liselectionListo
accelerate accessesnselectDart d, gorbit orb) is the
B.2 Hierarchy management opposite operationgetSelectiong returns all the selec-

tions: the list of couplegdart, orbit).
Each hierarchy level is represented by one G-map. Since Some selection methods require to check the cells
we want to create partitions in this G-map, we define eachsemantic before validating the process. For in-
level as aPGmapwith hierarchy information: parent and stance, setRoomSelectioh setWallSelectiof) and
child maps. The same principle is applied to the dart classsetO peningSelectighrestrict the selections to volumes
corresponding to rooms, walls or openings. Semantic in-

//" Adart in the hierarchy formation is automatically managed by the modeler.

class HDart : public PDart

{
private : B.4 Modification operations
/1 eta link . . . .
HDart * parent, * child: In_thls se_ctlon, we propose tp explain a _par'qcular oper-
ation for illustrating propagation of modifications in the
public : hierqrchy. We choose to detail opening insertions shown
on Figure 11.
} T When the user clicks for indicating the opening loca-

tion, a first traversal identifies the closest dawithin the
/I A3-Grap in the hierarchy current hier.archy/floor level. This dart pelongs to a face
class HGrap : public PGrap corresponding to a wallpaper, an opening or awall. The
{ WaI_I volume selected by the user is located on the edge
; . orbit of d. Note that the corresponding volume can be a
private : L : . .
/1 hierarchy retaining wall defined in the upper hlerarghy level. '
HGmap * parent Map, * chil dMap; If the wall belongs_to the _current floor (inner wall, Fig-
ure 11.b), the opening is inserted between two rooms.
First, the algorithm checks opening validity: (i) the open-
ing must be smaller than the wall, (ii) its position must
} o be completely inside the wall, and (iii) it does not cross
another portal. The position is automatically corrected by
Hierarchical operations need sometimes to mark dartghe program when (ii) or (iii) is not verified. The user can
in several hierarchy levels. This is why hierarchical marks move the mouse to precisely place the opening on the se-
have been defined. Requesting a hierarchical mark conlected wall.
sists in requesting it in all the concerned G-maps. A Once the user confirms the opening position, the scene
unique identifier is given to all the marks. Such a query isis actually updated. Opening insertion implies the creatio
first applied to the root G-map of the hierarchy and prop- of new cells: opening volume, transparency faces between
agated through the whole hierarchy. portal and adjacent rooms and obviously new edges and
Method reserveHMarkint i) requests a mark. vertices. These insertions are applied on the current floor
HMarklsReserve@dnt i) indicates if marki is used. level and sometimes on the lower level if the correspond-
freeHMark(int i) releases mark all the darts have to be ing rooms have been previously detailed. Note that all the
unmarked.getHMark(int i) returns the mark number in  room volumes are grouped together in the floor hierarchy
the current G-map corresponding to the hierarchical markevel.
i. If the opening is inserted in a retaining wall (Figure
Three hierarchical marks are reserved for the modeler11.c), the new volume is added in the upper hierarchy level
selectionMarKor selections in different levels of the hier- (second level) and one of the transparent faces is created
archy,orientationMarkto control orientation in every G- on the facade. Therefore, the corresponding parent darts
map (for deducing normals of faces) andrkMarkused  are found using the methddndParent). On the facade,

public :
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the opening insertion method uses face inclusion (method
addInsideFacginstead of cells insertion for simplifying
the hierarchy root description.

Finally, in both cases, attributes concerning openings
are defined: semantic on the opening volume and trans-
parency on the two faces linked with adjacent rooms. The
wall parts around the opening are grouped vm'g"for in-
dicating that the subdivision is arbitrary (this is an ur@qu
wall). For the same reason, the corresponding faces in
rooms are also grouped witt$.

B.5 Photometry and radiometry

Faces and volumes can be selected and associated with
radiometry and photometry (BRDF or bidirectional re-
flectance distribution function), according to the follogi
methods. setMaterialOnSelectedVolunijesaterial m
provides the selected volumes with the given material
(concrete, plaster, wood, etc), using thelectionList
setBrd fToSelectedFaqésd f fr) applies a BRDF to
all selected faces.setBrd fTowWallpapdbrdf fr) as-
sociates a BRDF with all faces corresponding to walls
of selected rooms. setBrd fToGroun¢brdf fr) and
setBrd f ToCeilingbrd f fr) do the same for ground and
ceiling of rooms.

This information can be used during simulations or vi-
sualization. We define methods for exporting the model
into different file formats.

exportToPOVYDart d, orbit orb, string filename
creates a POV readable file for each room and opening
in a given orbit (for PovRay ray tracer).

exportToNFRKDart d, orbit orb, string filename
writes a part of the scene in NFF format (for visualiza-
tion) onto the disk.

exportToMSDI{Dart d, orbit orb, string filename
exports of a part of the scene in MSDL format (used in
our laboratory for wave propagation).

exportToAGDart d, orbit orb, string filename saves
all the rooms of a given orbit (in a format close to NFF
with topological information), connected by an adjacency
graph for ray and photon propagation.
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Figure 17: Images of our modeler : (top) topological viewled SP2MI building, (bottom) an entire furnished floor of
the octagon building.
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Figure 18: During building construction, a plan can be itextin background image to help the design: a. the user has
loaded a cathedral plan. - b. & c. the final model of this cathled
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