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Figure 1: Left: Initial layout where furniture pieces are placed arbrily. Middle and right: Two synthesized furniture arrg@ments
optimized to satisfy ergonomic criteria, such as unobsad@ccessibility and visibility, required of a realistigrhiture configuration.

Abstract

We present a system that automatically synthesizes indmores
realistically populated by a variety of furniture objectSiven ex-
amples of sensibly furnished indoor scenes, our systera@strin
advance, hierarchical and spatial relationships for warforniture
objects, encoding them into priors associated with ergondac-

tors, such as visibility and accessibility, which are adsleahinto a
cost function whose optimization yields realistic furméwarrange-
ments. To deal with the prohibitively large search space,ctbst
function is optimized by simulated annealing using a Mebtisp

Hastings state search step. We demonstrate that our system c

synthesize multiple realistic furniture arrangements, amugh a
perceptual study, investigate whether there is a signifidéfer-

ence in the perceived functionality of the automaticallgtegsized
results relative to furniture arrangements produced byamnne-
signers.
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1 Introduction

Whereas in recent years numerous publications have appeare

demonstrating the automatic modeling of building exteramd fa-
cades, the automatic generation of realistic indoor cordigpns
has not yet received the attention that it deserves. Witlytbe-
ing popularity of social virtual worlds and massively-nipilayer

online games that feature large quantities of realistierenmental
content, automated procedural methods for synthesizihgpinen-
vironments are needed, as it would be too tedious and impaath
model every indoor scene manually. Currently, such indoodel
ing is usually simplified or even ignored, which severelyitgithe
realism of many virtual environments.

A realistic indoor scene is typically populated by seveiiffecent
kinds of furniture objects, but only a few of the many possipa-
tial arrangements of these objects are functional andlévabBor
example, the front of a television or computer screen shaoold
be blocked, since it is supposed to be visible. Furthermmaost of
the objects in the scene should be accessible to human izbitn
the other hand, one object is often placed on top of anothectb
such as a vase on a table, so there exists a hierarchicabnslaip
among the two objects if we regard the carrier object as thenpa
and the supported object as its child.

While the aesthetic and creative process of interior degigald
best be done by professional interior designers, our gdal ise-
ate software capable of automatically generating furaiarrange-
ments for complex indoor scenes that are optimized to résmec
portant ergonomic factors. This technique would be usefmiulti-
player online games and other graphics applications rieguiully
automatic interior design with a high degree of realism. 3ystem
that we present in this paper achieves this goal in two stages

First, our system extracts spatial relationships on thegoient of
furniture pieces from user-supplied exemplars of furnisimeloor
scenes. This step is done only once, in advance. The adguisft
examples and subsequent extraction of spatial relatipretiould
not be costly, given that many virtual worlds feature useated
content and collaborative design. A scene is then inigaiwith
furniture pieces randomly placed at arbitrary positiond arien-
tations. Here, the furniture placement is almost alway$vable,
with objects that are wrongly-located (e.g., a bookshelflaced
at the center of the room rather than against a wall) or wgeng|
oriented (e.g., a television screen is facing the wall), fmditure
is usually blocking pathways between doors.

Given an arbitrary initial arrangement, such as the one shiow

Figurel(left), optimizing a furniture arrangement subject to huma
ergonomics is not an easy task, since the search space cao-be p
hibitively large. To address this issue, in the second sthgenitial
layout will be adjusted iteratively by minimizing a cost fition that
accounts for factors, such as human-accessibility, Vitsibpair-
wise object relationships, and so forth, wherein the spiiation-
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With human ergonomics

No human ergonomics

Figure 2. Examples of furniture arrangement. Left: An unsatis-
factory spatial arrangement resulting from the neglectwian er-
gonomics considerations; note that the furniture objectspacked
together near the upper-left corner and are blocking the rdoo
Right: A satisfactory arrangement with realistically pasned fur-
niture objects that are accessible, do not obstruct the daod in-
clude a television that is readily viewable from a well-piasied
chair.

ships extracted from the exemplars are encoded as prioterass.
We demonstrate that the overall cost function can be optichizy
simulated annealing with a Metropolis-Hastings stateeeatep.
From the random initial arrangement in Figurethe optimization
produces the two synthesized example scenes shown in the.figu

We furthermore perform a perceptual study that adopts a&stitg
forced-choice approach to investigate whether people agwef-
erence based on perceived functionality between our syizéd
results and arrangements produced by human designers.

2 Related Work

We will first discuss the scarce existing research on geingratnc-
tional furniture arrangements and then review other relevark
ranging from floor-plan generation and interior design mstto
applications requiring (rapid) generation of livable indscenes,
such as virtual worlds and artificial life.

2.1 Furniture Arrangement

Previous systems that generate furniture
[Kjglaas 2000 Akazawa et al. 2005 Germer and Schwarz 2009
Larive et al. 2004 Sanchez et al. 2003equire manual control or
intervention, or do not adequately consider ergonomicofact
which makes them susceptible to generating uninhabitable a
rangements. Figur2 shows an unsatisfactory arrangement where
ergonomic factors are neglected in the interior design.

To generate a furniture layout, #lpas P00( represents a given
room as a nested hierarchy of rectangular templates, whieh a
swapped by eight predetermined mutation functions. Empke$é
are placed in front of doors and windows to represent freeespa
However, the approach is limited to rectangular rooms, auwhe
template plus the set of corresponding parameters musrétitiya
designed.

Akazawa et al. 2003 use a semantic database to explicitly store
furniture spatial relationships in order to synthesize revange-
ments. Our furniture representation is similar in its uséuafiture
object interrelationships with parent-child hierarchigisere each
object is represented as a bounding box. Unlike our apprdesir
ever, their inter-object contact constraints must be minepeci-
fied in the database.

Germer and Schwar2p09 take a similar approach, regarding each
furniture object as an agent seeking to attach itself to ararb-
ject. Since the parent-child relationships of each objegstnbe

manually defined, however, this task will become prohibitas the
number of objects grows. Furthermore, as ergonomic fasiach
as good accessibility and visibility are disregarded, aliséc and
uninhabitable configurations suffering undesired physicaisual
blocking are unavoidable.

2.2 Floor Plan Generation

Relevant floor plans can be generated before planning tloetay
furniture pieces. Recently, Merrell et aRJ1Q proposed a data-
driven method to generate residential building layouts. thieir
work, 120 examples of architectural programs are used o &ra
Bayesian network that captures the relationships amorigrelift
rooms. Given certain user requirements as priors, the Bayest-
work can then be used to generate a floor plan, which is ivefgti
modified to incorporate desirable human factors. The résudt
synthesized floor plan for a residential building.

We also note the work of Chun and Ldi997, which encapsu-
lates architectural design knowledge into an expert syst&ime
system modules can be used to evaluate floor plan and fieratur
rangement according to government regulations and imtéeisign
guidelines, providing suggestions for changes.

2.3 Interior Design Metrics

Although interior design involves creative solutions tltain be
fairly subjective, a set of quantifiable design criteria Hasg
been accepted in the industry. Specifically, such critegterd
mine whether the design is functional and suitable for huiman
habitants. Panero and Zelnick979 conducted a detailed study
on human dimensions and ergonomics, by carefully defining me
rics such as height, width, reachable-range, and visibilithich
are believed to be conducive to functional and comfortalde d
signs. For example, a television should maintain a certisiiance
from the normal viewing area (e.g., a sofa) depending on the d
mensions of its screen. Viewing from an oblique angle should
also be avoided for the sake of the viewer's comfort. Note tha
[Ching and Binggeli 2005describes these human factors as the
“prime determinants” of interior design, emphasizing thiatle av-
erage measurements should be used, flexibility should beiszd

arrangementsto satisfy specific user needs. In optimization terms, sudtaiines

can be interpreted as soft constraints.Ntitfon and Nystuen 20Q7
Ching and Binggeli 2005 the importance of accessibility in furni-
ture placement is noted, which is a common consideratiore@ d
orating rooms with different purposes. Ching and Bingg2dg
illustrate how pathways connecting doors may affect humawvem
ment and interior furnishing. In general, a pathway coringct
doors should be a short path that facilitates movement vidiie-
ing considerable floor areas for furnishing. The width of thpay
should depend on the habitant’s body width, with possiblerzan
ments when designing homes for the physically-challengediaw
wheelchair movement.

2.4 Related Applications

The realistic synthesis of spatial arrangements of objeais
tremendously facilitate virtual world modeling. For exdmp
[Shao and Terzopoulos 200demonstrated a large-scale virtual
model of a train station populated by numerous autonomodesse
trians. The mobile human agents can perceive the enviror@inen
objects they encounter and respond to them appropriatetyauA
tomatic means for properly placing various different kidgnvi-
ronmental content in the scene would be useful in this contex

Collaborative design spaces have been used to assist ofjekt
eling [Talton et al. 200 and they are commonly used in con-
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Figure 4. Left: A television, its bounding box, and six surfaces;
Right: A candelabrum on a table; the table is a first-tier ajand
the candelabrum is a second-tier object.

structing virtual worlds, such as Second-Life and many iaeks
multiplayer online games. The first stage of our approachilent
the extraction of spatial and hierarchical relationshimsnf posi-
tive furnished examples, which is a more practical appraach-
pared to the manual specification of such relationshipsaally
for scenes where there are hundreds of different kinds @fotdj

There are numerous efforts in the modeling and synthesigie$ c
and building exteriors. InQhen et al. 2008 Mulller et al. 2006
Parish and Miiller 20Q1a procedural modeling approach was used
to realistically synthesize streets, buildings, and sijtiey which
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Figure 5: An example object. (a) Lengthd; measures the dis-
tance of the object center; to its nearest wall. Angl®; is the
orientation of the object relative to the nearest wall (oe tiangent
plane if the wall is nonplanar). Length gives the diagonal of the
bounding box. (b) The object has 4 accessible spaces cdraéere
a;1, @iz, a;3, anda,4 respectively. (c) A viewing frustum associated
with the object is represented by 3 rectangles centeredatv;s,
v;z. Quantitiesad;r andwvd;; denote the corresponding diagonal
lengths of the rectangles.

3.1 Object Representation

Optimizing furniture arrangement into a realistic and fimmal in-

door configuration involves considerable complexity, mwakinto

account various interacting factors, such as pairwiseitfune re-

lationships, spatial relationships with respect to thempand other
human factors. An effective representation that captimreséces-
sary spatial relationships is needed.

Bounding surfaces: Similarly to [Germer and Schwarz 2009

parameters such as height and age can be specified to guide th&jglaas 2000 each object in the scene is represented by a set of

synthesis. The result is a realistic city model populateith Wwuild-
ings. Other effortsMlller et al. 2007 Xiao et al. 2008 also em-
ploy image-based approaches to model facades. Such teelniq
can be adopted in Google Earth, Bing Maps, and other apialicat
that enable users to zoom into street views and navigatextbd-e
ors of texture-mapped buildings in 3D.

3 Furniture Relationship Extraction

Figure 3 provides an overview of our approach, which is divided
into two stages: (1) the extraction of spatial, hierarchiaad pair-
wise relationships from positive examples and (2) the sgithof
novel furniture arrangements through optimization. Ttgsti®n
describes the first stage.

bounding surfaces (it can be a simple rectangular boundimgba
convex hull to deal with more complex spatial arrangemerkig)-
ure4 shows an example object (television) represented by a bound
ing box whose six surfaces are labeled 1 to 6. Apart from the to
and bottom surfaces, we search for the “back” surface ofyester
ject, which is the surface closest to any wall. Other sugame
labeled as “non-back” surfaces. The back surface is usedfiioed

a reference plane for assigning other attributes.

Center and orientation: Figure5(a) shows the key attributes of an
object—center and orientation, denoted (py, 6;), wherep; de-
notes thgx, y) coordinates and; is the angle relative to the near-
est wall (defined as the angle between the nearest wall armhttke
surface). An optimized furniture arrangemdiip;, 6; ) } involving

all objects: is one that minimizes our cost function defined in the
next section.



Accessible space: For each surface of the object, we assign a corre- in the Ul, after which the mean relative distance and angieear

sponding accessible space (see Figbg). We defineu; to be the
center coordinates of accessible spaaa objecti. The diagonal
of the region is measured hyi;;, which is used to measure how
deep other objects can penetrate into the space duringiaption.
The size of the accessible space is set from available exasnopl
given as input related to the size of a human body. If the sfgce
very close to the wall in all the examples, the correspondinface
need not be accessible; otherwise, we set it to be the dioreosi
an average-sized adult if such a measurement is not given.

Viewing frustum: For some objects, such as the television and

painting, the frontal surface must be visible. We assignesvirig
frustum to this particular surface. Given an objécits viewing
frustum is approximated by a series of rectangles with catter-
dinatesv;r, wherek is the rectangle indexud;;. is the diagonal of
the rectangle, which is useful in defining the penetratiost edin
to that for the accessible space. Figtfe) provides an example.

Other attributes: Other attributes are involved in the optimization
process. Referring again to Figus&), the distance from; to its
nearest wall is defined ak; the diagonal fronp; to the corner of
the bounding box is defined as (the current implementation is a
rectangle). We also record thepositionz; of the object.

Note that to simplify the optimization process, the tratistastep
considers thez, y)-space only. In other words, an objects
position is fixed as the-position of the surface of its first-tier par-
ent. Nevertheless, the-position can still change in the swapping
step, when a second-tier object changes its first-tier paneah is
placed on a different surface. Possible collisions in:tutmension
will still be considered when evaluating accessibility amslbility

tracted from the examples for use as pairwise constrairableT
summarizes the pairwise relationships used for each sceaeri
experiments in Sectioh.

4 Furniture Arrangement Optimization

Given the spatial relationships extracted as describedeatmur
goal is to integrate this information into an optimizatioarhework
with a properly defined cost function quantifying the quatif the
furniture arrangement. Given an arbitrary room layout patgal by
furniture objects, the synthesized arrangement shouldéibLfor
virtual environment modeling in games and movies, intedi@sign
software, and other applications.

The search space of our problem is highly complex as objeets a
interdependent in the optimization process. The furnipaogtions
and orientations depend on numerous factors, such as whbée
object should be visible or accessible. It is very difficaltiave a
global optimization scheme or a closed-form solution theldg a
unique optimum.

To tackle this problem, we resort to stochastic optimizaticeth-
ods, specifically, simulated annealinglifkpatrick 1984 with

a Metropolis-Hastings state-search stéyefropolis et al. 1953
Hastings 197Pto search for a good approximation to the global
optimum. Note, however, that given a room, a set of furnitlye
jects, and the prior spatial and hierarchical relationshipmerous
acceptably-good configurations will be possible. This &s rtio-
nale for finding a good approximation in a reasonably shareti
rather than searching exhaustively over the complex sespacte in

costs. For example, an overlap between a chair and a bed in theorder to find the global optimum of the cost function. The esal
(z,y) space is penalized, while that between a wall clock and a bed tion of interior decoration results can be subjective; leemee will

is not, as the former involves collision in thedimension but the
latter does not. Thus, the chair tends to move away from tberbe
the (z, y) space, whereas the wall clock does not.

3.2 Learning Prior Relationships

Given the above object representation, the following fumnei rela-
tionships are extracted automatically from positive ingxamples.

Spatial relationships: The key prior relationships are the distance

of an object to its nearest wall and its relative orientation to the

perform a perceptual study to validate the realism of outhsm
sized results.

4.1 Simulated Annealing

Simulated annealing is a computational imitation of theygph
cal) annealing process, which gradually lowers the tentpeza
of a heat bath that controls the thermal dynamics of a solid in
order to bring it into a low-energy equilibrium state. Thetdr
cally, the algorithm is guaranteed to reach the global mimm
at a logarithmic rate given a sufficiently slow cooling schied

wall 0;. They are respectively estimated as the clustered means of[Geman and Geman 1984 Using such a slow cooling schedule

input examples, where we can assign one of the clusteredsasan
d; and@; respectively for object during optimization. The number
of clusters can be preset or estimated GyJnwald 2007.

Hierarchical relationships: Given two objectsA and B, object
A is defined as the parent @& (and B as the child ofA) if A is
supportingB by a certain surface. Figukeshows a candelabrum
on top of a table. The table is hence the parent of the candsiab
and the candelabrum is the child of the table.

Suppose an example room populated by furniture objectyéngi
With the room itself regarded as the root, all objects diyestip-

ported by the floor or the wall are defined as “first-tier olge¢e.g.

bed, table, clock on the wall). All objects supported by dane

of a first-tier object (e.g., a vase on top of a cupboard) afieet

as “second-tier objects”. A room configuration is thus repreed
by a hierarchy of relationships. For simplicity, our optration

considers only first-tiers and second-tiers, which shoalegtcmost
objects of interest.

Pairwise relationships: Certain objects, such as a television and a

sofa or a dining table and chairs, interact with each othgrains
subject to pairwise orientation and distance constralbésh pair-
wise relationship can be set by clicking the correspondinjgats

is impractical, however. Nevertheless, it has been widskduo
find quasioptimal configurations in circuit design, operasi, and
many scientific problems. As in the work on floor-plan gerierat
[Merrell et al. 2010, we found that simulated annealing with the
simple Metropolis criterionChib and Greenberg 199 effective

in our problem of optimizing configurations in the space ofge
ble furniture arrangements. For additional details abbetsimu-
lated annealing method, refer t8dhneider and Kirkpatrick 2006
Liu 2008, Aarts and Korst 1989

By analogy, the furniture objects in our application arearelgd as
the atoms of a metal being annealed—they are initially “beafp”
to allow flexible rearrangement, and refine their configorads the
temperature gradually decreases to zero. At each temper#te
Metropolis criterion is used to determine the transitiookability.
It employs a Boltzmann-like objective function

f(g) =e PO, 1)

where the state of the systetn= {(p;,6:)|i = 1,...,n} repre-
sents a furniture configuration comprising the positipnand ori-
entationd); of each of the: furniture objects(' is the cost (energy)
function, which will be defined in SectioA.3 and g is inversely
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Figure 6: Furniture arrangement optimization from a random initi@rdiguration (left). As the optimization process procedis furniture
configuration is iteratively updated until it achieves artiopzed final arrangement™ in 25,000 iterations (right).

Pairwise Relationship

Pathway

Figure 7. Left: A pathway connecting doors. Right: A pairwise
constraint between the television and the sofa.

proportional to the temperature, increasing over the titama as
the system anneals from a high temperature to a low temperatu
At each iteration, a new furniture configuratign, or “move”, is
proposed, and it is accepted with probability

a(d = min f(¢,)
(¢'|9) = {f(ab) ,1] 2
= min [exp(8(C(¢) — C(¢')),1] . ®)

Note that the Metropolis criterion can accept moves thateiase
the cost, which enables the method to avoid becoming stuokait
minima.

Figure 6 depicts an example furniture optimization process. We
typically initialize the furniture objects in random pasits and ori-
entations, a configuration that typically has very high gpeihe
supplemental videos include animations of the optimizatoo-
cess.

4.2 Proposed Moves

To explore the space of possible arrangements effectitredypro-
posed movep — ¢’ involves both local adjustment, which modi-
fies the current arrangement, and a global reconfiguratemtbat
swaps objects, thereby altering the arrangement signifjcan

Trandlation and Rotation: The basic move of the optimization
modifies the position of an object and its orientation. Fer plr-
poses of the furniture arrangement problem, 2D translati@hro-
tation transformations suffice to configure objects intacpicable
arrangements, since in most cases furniture objects stamght
on the floor due to gravity. In addition, we found in practibatt
performing translation and rotation separately gives aenstable
optimization. In mathematical terms, an objéar a subset of ob-
jects is selected and updated with the mQwe 6;) — (pi +dp, 0;)
or (pi,0;) — (pi,0; + 60), wheredp ~ [N(0, O'g) N(07O'§)]T
andsf ~ N(0,02), with N (p, 02) = (2mo2) "/ 2e=(m=m?/20°

a normal (Gaussian) distribution of mearand variancer?. The
variancesgf, ando?, which determine the average magnitude of the
moves, are proportional to the temperature.

Swapping Objects: To enable a more rapid exploration of the
arrangement space and avoid becoming stuck in local minima,
a move involving the swapping objects in the existing areang
ment may be proposed. Two objects of the same tier are selecte
at random and their positions and orientations are intewgpa
(pi, 0;) < (pj,0;) for objectsi andj. Object swapping usually
changes the cost significantly, thereby leading to conalderear-
rangement of the configuration.

M oving Pathway Control Points: Given two doors, multiple path-
ways are possible. By moving the control points of the pathwa
which is represented as a cubic Bezier curve, the pathway can
change its course to avoid colliding with furniture objectés
shown in Figure?, the free space of a pathway is represented by
a series of rectangles along the curve. Thus, pathways sarbal
regarded as “furniture objects” whose control points maynoel-

ified, and a move can be defined as the translation of a pathway
control point in a certain direction.

With the aforementioned moves, given a floor-plan and a fixexd-n
ber of furniture objects that define the solution space, tméigura-
tion of a furniture objec{p;, 6;) has a positive probability to move
to any other configuratiofp, 6;). Given the annealing schedule,
the solution space is explored more extensively with langeves
early in the optimization, and the furniture configuratisnnore
finely tuned with smaller moves towards the end.

4.3 Cost Function

The goal of the optimization process is to minimize a costfun
tion that characterizes realistic, functional furnitureaagements.
Although it is often difficult to quantify the “realism” or tfnction-
ality” of a furniture arrangement, the following basic eria should
not be violated.

Accessibility: A furniture object must be accessible in order to be
functional Mitton and Nystuen 2007 Ching and Binggeli 2005

In Section3.1, we defined for every face of an object an accessi-
ble space determined from prior examples and the dimensibns
the human body (see Figu&. To favor accessibility, the cost in-
creases whenever any object moves into the accessible spaice
other object. Suppose objecbverlaps with the accessible spdce

of objectj, the accessibility cost is defined as

Ci(9) = ZZZmaX {07 1— llp: — ajkl] —

bi + adjy,
Note that we simplify the move by dropping the optimizatidiog-
entationd;, only measuring the relative distance. Our experiments
revealed that this simplification suffices to ensure acbéggiand
more easily prompts the overlapping object to move away.

Visibility: Some objects, such as a television or a painting, im-
pose strict requirements on the visibility of their frongairfaces,
since their fundamental functionality is compromised ditlfronts

are blocked by another object. For every such object that bris
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(g) No pathway termuy., = 0)

(e) No pairwise distance ternnufair =0)
' = ‘ 4]

(h) No prior disfance terrm(,‘f, =0)

(f) No pairwise orientation termu,, = 0)

(i) No prior orientation term«{, = 0)

Figure8: The effect on the automatic arrangement (b) of the furniitue) resulting from the omission of individual cost terrisregarding
human ergonomics results in unrealistic synthesized geaments that that are not livable in several ways; e.g.,i{e)ftrniture objects are
colliding, (d) a potted plant is blocking the television ahé armchair, (e) the work-chair is too far from the desk{lf® armchair is facing
away from the television, (g) the desk and work-chair areckitlag the door, (h) furniture objects are too far from the lyéi) objects are

randomly oriented.

visible, we associate with it a viewing frustum (see Figb.eSim-
ilar to the accessibility constraint, whenever anotheecbjnoves
into some object’s viewing frustum, the cost increases deoto
discourage the move. As discussed in Sec8drn for an object;
with a viewing frustum we approximate the frustum by a seofes
rectangles whose center coordinates are defined,adf object
overlaps with the visibility approximation rectangteof objectj,
the visibility cost is defined as

Cu(o) = Z Z Zmax [O, 1— 7Hlle—&—_vvd]kk”] . ®
ik J

Note that it is similar to the accessibility cast, where the acces-
sible space of objectis replaced by the viewing frustum.

Pathway Connecting Doors: Another important criterion involves
pathways between door€ling and Binggeli 2005 The place-
ment of furniture objects such that they block doors shotdd-o
ously be inhibited. However, a room configuration with citous
and narrow pathways should also be avoided. To strike a talan
we assume that a pathway in a typical living environment khbe
smooth, and we define its locus by a cubic Bezier curve, wihnere t
free space of the pathway is approximated by a series ofngata
lar objects, as shown in Figui®e Thus, the movement of furniture
objects into the rectangles is penalized. Apart from mo¥ingi-

ture objects, the pathway itself can be adjusted by trangldhe
control points of the Bezier curve. Because a pathway shoeld
free of obstacles and thus visible, the pathway €¢gst can be de-
fined similarly asC, defined in Eq.%), and applied to the series of
rectangles along the pathway.

Prior: The prior cost controls the similarity between the new con-
figuration and configurations seen in the examples. Accgrtbn
Section3.2, we extract for each furniture object its prior distance
and orientation to the nearest wédl;, 0;). Alternatively, for any
new furniture object that is absent from the positive exaspthe
user can manually assign the prior. Given a new room laybet, t
current furniture arrangement will be compared with thepbly

Ca(¢) = Ilds — il (6)
Co(9) =D 116: — 61, %

whered; and#; can be computed from the current i.e., finding
the distance and relative angle to the nearest wall.

Pairwise Constraint: The pairwise constraint is applied between
two furniture objects with a specific pairwise relationshégm., the
television should be facing the sofa as shown in Figiyend a bed-



Number of | Pairwise Relationships Number of | Total Time
Objects Iterations (sec)
Living Room 20 television & sofa 20000 22
Bedroom 24 television & armchair, desk & work chair 20000 48
Restaurant 54 chair & dish set, chair & table 25000 219
Resort 30 easel & stool, drum & chair, guitar & chair, couch & tea tahle 42000 126
Factory 51 work desk & chair, supervisor's desk & chair 42000 262
Flower Shop 64 none 22000 376
Gallery 35 chair & chair 18000 88

Table 1:

Computation times are measured on a 3.33GHz Intel Xeon P&iabpnd hierarchical relationships are extracted autdimally

from positive examples. Each pairwise relationship candiebg clicking the corresponding objects in the Ul, whereupite mean relative
distance and angle are extracted from the examples for upaiasise constraints.

side table should be close to a bed. It thus encodes the haffima

ity of certain furniture objects in the optimized result. \diefine
the pairwise constrairﬁ’,ii,(qﬁ) andC,?ai,(qé) by simply replacing the
distance and orientation to the wall in the prior cost as éeffipy
Egs. 6) and (7), with the desired distance and orientation between
the pair of objects.

Given the above costs, we define the overall cost function as

C(¢) = waCa(¢) + vav(¢) + wpatthath(¢)

+0aCar(6) + WaCa(9)

+w[(JiairC;§iair(¢) + wgaircpeair(¢)' (8)
The w coefficients determine the relative weighting between the
cost terms; in practice, we set, = 0.1, w, = 0.01, wpan = 0.1,

wi = wk, = [1.0,5.0], andwf = wly, = 10.0. The effect of
omitting individual terms is depicted in Figug

The optimization formulation can be readily extended tcosee
tier objects—optimization is performed to move seconddlgects

on the supporting surfaces provided by their first-tier ¢cerparts

in the same way that furniture objects move over the floorejpéc

a room, which is regarded as the root in the hierarchy. Howeve
second-tier objects will attach to their first-tier pareifitdhey are
not already attached when the optimization begins.

5 Results

Figure9 shows typical input exemplars that serve in extracting fur-
niture relationships. For each scene, we build five exerapldich
cover the most common types of furniture objects. The furgit
objects used in the input exemplars for relationship ekitagnay
differ in appearance from those used in the synthesis, @iththey
are of the same type.

To demonstrate the efficacy of our optimization approachiested

it on seven different scenes, th&ving Roomand Bedroomexam-
ples shown in earlier figures, plus the five additional sceRas-
tory, Flower Shop Gallery, Resort andRestaurantshown in Fig-
ure 10. Table 1 tabulates the computational complexity, running
time, number of iterations, and the pairwise relationshipsd in
each scene. Note that the respective positions and oii@mgabf
the windows, doors, and ceiling fans are fixed and not updaied
ing the optimization unless otherwise stated.

For each scene, we synthesized three different furnitusnge-
ments; the same view of each synthesized arrangement imshow
in Figure 10 for comparison. Two additional views of each syn-
thesized arrangement are included in the perceptual stuigh

will be detailed in the next section. All the images for theuh
exemplars and synthesized arrangements can be found inaphe s
plementary materials supporting this paper.

The Factory scene in the figure shows the efficacy of the pairwise
constraint. By modifying the weights of the pairwise distaand
orientation terms, different groupings of work desks anairshare
obtained. The accessibility and visibility constraintragtogether
prevent the door and poster from being blocked. Flwver Shop
provides a striking example of the effect of the pathwaysstraimt,
which maintains a clear path between the doors despite tigede
coverage of the remainder of the room by flowers. For thisescen
we change the position of the main door in each synthesis to |l
lustrate different path generation solutions. The acbéggicon-
straint also prevents the cashier from being blocked. Weehedd
the Gallery scene based on an image of the Yale University Art
Gallery. The scene consists of a non-rectangular room stgapo
by numerous pillars. Our synthesis result suggests a nesiant
arrangement for the gallery, where optimizing visibilitydaac-
cessibility helps avoid obstruction of the pictures anainfation
counter. TheResortprovides another example of a non-rectangular
room. Using pairwise constraints between the easel andadog s
our system automatically generated a area dedicated tdirgain
We choose a different mean position for the sofa in Synthzsis
that the optimized location is farther from the wall. TRestaurant
example illustrates the significance of the pairwise retethip on
both first-tier and second-tier objects. With the use of aceatric
spatial relationship between the chairs and table exuldoben the
exemplars, different numbers of chairs are correctly ¢eiérand
evenly distributed around their respective tables and eéstiset

is near and properly oriented to its corresponding chair.

6 Perceptual Study

We performed a perceptual study to evaluate the realismamd f
tionality of the furniture arrangements synthesized by iaterior
design system. Our null hypothestd, was that users perceive
no significant differences in the functionality of the syedfzed ar-
rangements relative to those produced by a human desigrenr gi
the same rooms and sets of furniture objects. The altemaiiv
pothesisH; was that users did perceive significant differences.
Our experiment was conducted using a subjective, tworsdtise,
forced-choice preference approach patterned after theemueted

in [Jimenez et al. 2009

6.1 Participants

25 volunteer participants were recruited who were unawdre o
the purpose of the perceptual study. This number of paaitip
was comparable with similar studies in which 16 users were re
cruited PJagnow et al. 20Q8Jimenez et al. 20Q9 The participants
included 18 males and 7 females whose ages ranged from 20 to 60
All the subjects reported normal or corrected-to-normsion with

no color-blindness and reported that they are familiar whtnin-

door scenes to be tested in the study. 14 subjects repoatethdy

did not have any expertise in interior design.



Factory FIovvér Shop Gallery Resort

Figure 9: Typical input examples for different scenes.

Synthesis 1 Synthesis 2 Synthesis 3

Figure 10: Selected views of our synthesized results. Top to bottootoBa Flower Shop, Gallery, Resort, Restaurant.




Figure 11: Synthesis results obtained without enforcing a selected
constraint. Left: No distance constraint; e.g., in the hiyiRoom,
the couch is not placed against the wall and, in the Factooyne
work-chairs are placed far from their respective work deskight:

No orientation constraint; e.g., in the Living Room the v&en is
oriented at an awkward angle against the wall and, in the Bagt
some work-chairs are oriented arbitrarily.

6.2 Data

The synthesis results shown in Figut® were compared against
furniture arrangements designed by humans. To assesgitfie si
icance of priors and pairwise constraints, we produced tedi-a
tional synthesis results by respectively setting = wd, = 0
andwj, = wl, = 0. Figure1l shows selected views of the two
additional synthesized examples of the five scenes. Noteliha
positions of objects mounted on the walls, such as paintamgs
posters, are fixed in the examples.

6.3 Procedure

The study was conducted in a manner similar to the traditjonze-
tice adopted in industry, where interior decorators pregesir de-
sign alternatives to customers and request their preferelian-
volved static 2D image viewing rather than 3D scene navgasd
as to eliminate differences due to varying degrees of skithiag the
participants in using navigation software. The viewingioleo was
avoided because, as our preliminary experiments showpéated

Figure 12: A screenshot used in our perceptual study. Each par-
ticipant was shown 70 pairs comprising a synthesized areament

and an arrangement created by a human designer given the same
room and set of furniture objects. Left: Overhead and 2 difie
views of a synthesized furniture arrangement. Right: Gpomd-

ing views of a human-designed furniture arrangement.

video viewing easily causes fatigue.

Figure12 shows a screenshot used in our perceptual study for pair-
wise comparison. The left and right color plates respelstishow
three views of a furniture arrangement, one synthesizedibgys-

tem and the other created by a human designer. Each panticipa
viewed a total of 70 trials (5 paired comparisong scenarios< 2
trials).

Participants were encouraged to ask any questions priohdo t
study. After completing a consent form and questionnainey t
were given a sheet indicating the task description:

“This test is about selecting a color plate from a pair of
color plates, and there are 70 pairs in total. Each plate
shows three views of a furniture arrangement. You will
be shown the plates side-by-side with a grey image dis-
played between each evaluation.

Your task in each evaluation is to select the arrangement
in which you would prefer to live, stay, work, visit, etc.,
depending on the primary function of the room, by click-
ing on the color plate. You can view the test pair for an
unlimited amount of time, but we suggest that you spend
around 15 seconds on each set before making your se-
lection.”

The color plates were presented to each participant in ardift
random order. Counterbalancing was used to avoid any oiae+b
each paired comparison was assessed twice by each pantjcipa
where in half of the trials the synthesized arrangementsiglayed

as the left plate and as the right plate in the other half.

6.4 Outcome and Analysis

The primary goal of the experiment was to validate the quaift
the furniture arrangements synthesized by our systemive|td
that of arrangements designed by humans. If human-designred
rangements are not clear winners over the synthetic ones,athr
system may be considered successful.

The collected preference outcomes were analyzed to deter-
mine if any statistically significant trend exists. To thiade

we first adopted the Chi-square nonparametric analysis- tech
nique. A one-sample Chi-square includes only one dimension
such as is the case in our perceptual study. The obtained
(AplA1,ARlA2,AplAs, Al Ay, ArlAs) frequencies were com-
pared to an expected 25/25 (50 for each comparison) resak-to
certain whether this difference is significant. The Chiesgwalues
were computed and then tested for significance. Talbbulates

the survey results. Overall, they indicate that the funeitarrange-



An /AL An /A An/As An/As An/As

Scene x2-value p-value | x2-value p-value | x2-value p-value | y?-value p-value | x2-value p-value
Living Room 1.210 0.271 0.010 0.920 0.010 0.920 5.290 0.021 10.89 0.001
Bedroom 0.810 0.368 7.290 0.007 0.010 0.920 4.410 0.036 20.09 0.000
Factory 0.490 0.484 1.690 0.194 0.810 0.368 13.69 0.000 20.25 0.000
Flower Shop 0.090 0.764 9.610 0.002 6.250 0.012 0.090 0.764 10.89 0.001
Gallery 0.250 0.617 3.610 0.057 0.090 0.764 1.690 0.194 3.610 0.057
Resort 0.010 0.920 2.890 0.089 0.090 0.764 9.610 0.002 12.25 0.000
Restaurant 3.610 0.057 0.250 0.617 1.690 0.194 8.410 0.004 2.890 0.089

Table 2: Chi-square analysis (degrees of freedom = 1, level of sicamite = 0.05). Ag, A1, A2, As are, respectively, the example
arrangement and synthesis results 1, 2, and 3 in Fi@used Figurel0. A, and A5 are the respective synthesis results without distance and
orientation considerations. Values shown in boldfacedat# significant differences.

Ag/A1 | Ag/As | Ag/As | Ag/As | AE/As

Scene odds odds odds odds odds
Living Room (1.377) 5.506 5.506 0.016 0.000
Bedroom (2.135) 0.002 5.506 0.042 0.000
Factory 3.050 (0.818) | (2.135) 0.000 0.000
Flower Shop 4.894 0.000 0.005 4.894 0.000
Gallery 4.020 0.102 4.894 (0.818) 0.102
Resort 5.506 0.223 4.894 0.000 0.000
Restaurant 0.102 4.020 (0.818) 0.000 0.223

Table 3: Odds on the null hypothes, over the alternative hy-
pothesisH;. Values shown in boldface favéf,, indicating no sig-
nificant difference; values shown in parentheses are incsne;
other values favof; .

ments created by humans ai@ clearly preferred over the arrange-
mentsA;, As, and Az, when all the cost terms participate in the
optimization that synthesizes the furniture arrangemehts the
AglAq, AglAs and AglAs pairs, among the 21 synthesized ar-
rangements, only 3 showed a significant difference (0.05) inas-
much as most of the participants were able to identify thedmum
designed arrangement in these cases.

Second, we adopted a Bayesian analysiSallistel 2009
Rouder et al. 2009to determine whether the number of partic-

ibility to control furniture placement that respects faumne func-
tionality and interior design aesthetics. For instances phir-
wise constraint promotes the even distribution of chaicuad

a circular table in theRestaurantexample, which is a typical
case of radial balance or symmetrZHing and Binggeli 2005
Malnar and Vodvarka 1992 Our framework also demonstrates its
effectiveness in a “tight fit” scenario, where many funcébgroup-
ings of furniture (e.g., work desks and chairs) are possiblm the
Factory example, as well as in a “loose fit” scenario, where the
placement is more flexible and furniture types are more daer
as in theResortexample. The framework is also flexible enough
to cater to specific needs related to human factors, whichlmay
readily encoded into the accessibility and pathway termsrdter
to generate livable furniture arrangements. Note that wkentize
implicit assumption that the perimeter of a room is long eytou
to accommodate all the furniture objects that ought to beegula
against walls. Violating this assumption may lead to locddap-
tima or failure cases, where in the resulting layout somaiture
objects that should be positioned against walls may be glata
distance from the nearest wall that is already occupied loyhen
object.

Given our automatic tool for synthesizing furniture arramgnts
plus existing methods for synthesizing floor-plans, buitgi, and

ipants who selected the synthesized layout was what would be cities, we can potentially create and model virtual worldscm

expected by chance, or if there was a preference patternedebr
scene, we assumed that the participant had a proballityf
picking the human-designed arrangement, and that thetsesiul
different trials of the same scene were independent of etiwr.o
Based on these assumptions, we used a binomial distribtgion
model the results, where the only parameter WasThen H, has
P = 0.5andH; hasP = [0,1]. We computed the odd® on
Hy over H,. According to Rouder etal. 2009 O > 3 shows
evidence favoringd, whereasO < 1/3 shows evidence favoring
H;, while other odds values are inconclusive.

Table3 tabulates the odds computed. For the/A;, Ag/A2, and
AglAg pairs among the 21 synthesis results, 10 fa¥gindicating
the lack of a significant perceived difference between theiture
arrangements synthesized by our system and the humamédsig
arrangements, 6 favdi; indicating a significant difference, and 5
are inconclusive.

Orientation vs distance: Most users chose the human-designed
arrangement when the distance or orientation constraigtiniab-
ited, and it was easier for users to detect the differencenwie
inhibited the orientation term than when we inhibited thetatice
term. Omitting orientation constraints yields bad resilfsractice,
which suggests that a greater weight can be applied in Eamgli
orientation deviation during optimization.

7 Discussion and Future Work

Although our framework espouses optimization as a meangmnf s
thesizing realistic furniture arrangements, it providssrs the flex-

faster and with much less human effort. The resulting integhn-
richment would enhance the level-of-detail and, therefthre real-
ism of large-scale buildings in virtual worlds, which arebming
increasingly ubiquitous in motion pictures and interaztj@ames.

The future extension of our framework will focus on functbn
issues, including consideration of interior lighting dgsiand
the acoustic qualities of a synthesized furniture confitjoma as
well as on subjective, aesthetic issues, among them the-sele
tion of furniture styles and colors consistent with designaepts
such as balance, harmony, and emphda3isrig and Binggeli 2005
Malnar and Vodvarka 1992 Furthermore, pairwise relationships
between objects in exemplars should be analyzed in a mohéssop
ticated manner from the perspective of unsupervised madéarn-

ing.
8 Conclusion

We have introduced a framework for the automatic synthddig-o
niture layouts, avoiding manual or semi-automated intet@sign
approaches that are impractical in graphics applicatieqsiring
full automation. We believe that our work is the first to colesi

in a comprehensive manner human factors, among them augitessi
ity, visibility, pathway constraints, and so forth. We halemon-
strated the effectiveness of our automated interior desgmoach
in generating arrangements for various scenarios, andesuilts
have been deemed by human observers to be perceptuallyirvalid
functionality compared to arrangements generated by hutean
signers.
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