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Motion Planning for Convertible Indoor Scene
Layout Design

Guoming Xiong*, Qiang Fu*, Hongbo Fu, Bin Zhou, Guoliang Luo, Zhigang Deng+

Abstract�We present a system for designing indoor scenes with convertible furniture layouts. Such layouts are useful for scenarios
where an indoor scene has multiple purposes and requires layout conversion, such as merging multiple small furniture objects into a
larger one or changing the locus of the furniture. We aim at planning the motion for the convertible layouts of a scene with the most
ef�cient conversion process. To achieve this, our system �rst establishes object-level correspondences between the layout of a given
source and that of a reference to compute a target layout, where the objects are re-arranged in the source layout with respect to the
reference layout. After that, our system initializes the movement paths of objects between the source and target layouts based on
various mechanical constraints. A joint space-time optimization is then performed to program a control stream of object translations,
rotations, and stops, under which the movements of all objects are ef�cient and the potential object collisions are avoided. We
demonstrate the effectiveness of our system through various design examples of multi-purpose, indoor scenes with convertible layouts.

Index Terms�Indoor scene synthesis, motion planning, convertible layout.

F

1 INTRODUCTION

Furniture layout synthesis has been extensively studied in
the past decades. On one hand, recent related efforts have
been mainly focused on the creation of plausible station-
ary layouts by optimizing the positions and orientations
of objects with various layout constraints. On the other
hand, there widely exist indoor scenes with multiple lay-
outs, which need to be transformed frequently for different
functional purposes. For example, as shown in Figure 1, the
seats in a high-speed train need to be frequently adjusted
to ensure that they have the same directions as the moving
direction of the train. The cabinets in a library often have a
movable design to maximize the use of the limited space.
Using movable walls can generate various spatial divisions
for a large room. The composability of objects can be both
in- and cross-class such as modular furniture. Some of such
multi-purpose indoor scenes are especially designed for
small rooms. For instance, we might need to change a layout
of our living room to hold a party, or re-arrange desks and
chairs in a classroom from a lecture setting to a group-
discussion setting.

To cope with such a demand, a well-designed indoor
scene with convertible layouts should have an effective
layout conversion process. The convertible layouts can be
speci�ed either by using the same set of objects but with
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Fig. 1. Top: Examples of convertible layouts in the real world. Bottom:
Movable walls along lead rails can divide a large room into smaller ones.

different object arrangements, or by using a reference layout
to guide the movement of the objects in a source layout to
a new arrangement. We focus on the second case and refer
to the new arrangement as a target layout. It is expected the
objects in the reference layout should be similar to those
in the source layout, in terms of both functionality and
con�guration. The convertible layouts can be designed by
following certain mechanical constraints (such as rotating
shafts and lead rails) to make the conversion physically
executable. The automatic design of such indoor scenes,
however, remains challenging due to the following main
reasons.

� First, since the numbers of objects in the source and
reference layouts might not always be the same,
the correspondences between the two layouts, which
can be one-to-one or one-to-many mappings from
the reference to the source, should be established to
determine the starting/ending positions and orienta-
tions of all the objects in the convertible layouts.
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� Second, the movements of objects in convertible lay-
outs are typically not free-form but controlled by cer-
tain mechanical constraints. A metric to evaluate the
choice of motion mechanisms is needed to explore
a low-cost mechanical system satisfying the layout
conversion process.

� Lastly, since the movements of the objects are
spacetime-related during the layout conversion, a
control stream that performs the movements of
the associated motion mechanisms should be deter-
mined to avoid object collisions and improve the
conversion ef�ciency.

Aiming at ef�ciently executing the layout conversion with
low-cost motion mechanisms, we need to perform a joint
space-time optimization to program the movement se-
quence of all objects in the layout conversion process.
The con�gurations of the associated motion mechanisms,
including the connection positions, the types of rotating
shafts, and the starting/ending positions of lead rails,
should be optimized as well.

With the above motivation and insight, we present a
novel framework to design indoor scenes with convertible
layouts and well-planned motions, as illustrated in Figure 2.
Given a source layout (typically with more objects) and a
reference layout, our system �rst establishes object-level cor-
respondences between the two layouts. Then we calculate
the positions and orientations of the source objects guided
by the associated reference objects to generate a target
layout. Next, the initial paths of all movable objects and
the connection positions of the associated motion mecha-
nisms are determined based on the guidelines derived from
mechanical motion constraints. Afterwards, a joint space-
time optimization is performed to �ne-tune the control
stream of all movable objects to address the potential object-
object collisions during the layout conversion and make the
conversion process ef�cient. We show various results and
potential applications to demonstrate the applicability and
effectiveness of our system for the synthesis of indoor scenes
with convertible layouts.

Our work has the following main contributions: 1) a
uni�ed framework to design convertible layouts for indoor
scene synthesis; 2) the application of motion mechanisms
as constraints in the designed convertible layout to make
it executable; and 3) the introduction of a joint space-time
optimization algorithm to compute a control stream of the
movements and stops of objects for the layout conversion
process.

2 RELATED WORK

In this section, we �rst brie�y review the recent related
works on indoor scene synthesis and then discuss
various existing research efforts on the analysis of motion
mechanisms from the perspective of computer graphics,
and its applications to the multi-purpose design of both
man-made objects and indoor scenes.

Indoor Scene Synthesis. In the past decades, many ap-
proaches have been proposed to synthesize indoor scenes
with plausible layouts. Bene�ting from existing efforts that
explore the structure or object relationship of indoor scenes

Fig. 2. Given a source layout ((a)-top) and a reference layout ((a)-
bottom), our system generates a target layout (b) and designs a work-
able conversion process driven by motion mechanisms for translation
and orientation ((c)-top) and the programming of an ef�cient control
stream for such a conversion ((c)-bottom), to make the source and target
layouts convertible.

[1], [2], [3], an increasing number of digital 3D models can
be obtained for indoor scene creation. To facilitate indoor
scene creation, some existing approaches have focused on
the arrangement of small objects to enrich the details of
created indoor scenes [4], [5], [6], while the others are
more concerned about the layout generation of furniture-
level objects [7], [8]. Various interior design knowledge,
insight, and priors, such as pre-de�ned guidelines (e.g., [9],
[10]), indoor scene examples (e.g., [11], [12], [13]), human-
object relationships (e.g., [14], [15], [16]), and deep network
priors (e.g., [17], [18]) have been studied to generate a
static arrangement of 3D furniture models according to
their aesthetic or functional features. However, the above
methods are less concerned about the feasibility of possible
transitions between different layouts.

Motion Mechanisms. Revealing the motion mechanisms of
man-made objects, such as the degrees of freedom (DOFs)
of their movable parts, has attracted much attention in the
computer graphics and computer-aided design communi-
ties. For example, Mitra et al. proposed an approach for me-
chanical assembly visualization that incorporates motion ar-
rows, frame sequences, and animations to convey the causal
chain of motions and mechanical interactions between parts
[19]. Hu et al. presented a method to learn a model for
the mobility of parts in 3D objects [20]. These efforts have
inspired the design of man-made objects with movable parts
or motion mechanisms. For example, researchers proposed
to model objects with interactive mechanisms from multi-
view images or scanning data [21], [22], or to model works-
like prototypes, namely, objects with interactive parts such
as movable cabinet doors and drawers [23], [24]. In our
work, we utilize motion mechanisms as the constraints
to ensure workable convertible layout designs. Aiming at
such a goal, we do not intend to model precise motion
mechanisms or their relations in a convertible layout sys-
tem. Instead, we focus on some common types of motion
mechanisms including shafts and lead rails, and apply their
mechanical constraints to optimize the programming of
both the path and motion in the layout conversion process.

In addition, with similar motivations to ours, some
previous works on robotics and automatic control have
studied issues of indoor navigation [25], [26] and multi-
agent systems [27], [28], [29]. These methods typically focus
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Fig. 3. Left: Motion mechanisms and their symbols. Right: Symbols that
represent indoor scenes and movable objects driven by the associated
motion mechanisms.

on free movement, i.e., without mechanical constraints
to limit the DOFs of movement, while our work pays
more attention to motion planning constrained by motion
mechanisms to ensure designed convertible layouts feasible
at a low cost.

Multi-purpose Design. Designing man-made objects or
indoor scenes with multiple functionalities or for multiple
purposes has caught increasing attention in recent years.
Assembling parts from cross-category man-made objects is
one of the potential solutions to the design of multi-purpose
objects. Fu et al. presented a system that leverages human
poses to inspire the assembling of parts from different
object categories [30]. Hu et al. use functionality models for
functional hybrid creation [31]. Besides, some approaches
were also proposed to program the way to divide objects
into assembled pieces, which can be used to design knock-
down toys and furniture [32], [33]. The divided pieces are
then analyzed to be assembled into different con�gurations
or kinds of objects for meeting the need of multi-purpose
design [34], [35].

Yet designing multi-purpose indoor scenes remains chal-
lenging. Although existing methods for designing objects
with functionalities such as stackabilization and foldability
[36], [37] offer some inspirations for designing scenes with
convertible layouts, it is still not clear how to automatically
design convertible layouts with motion mechanisms. Garg
et al. presented an interactive system for computational
design of a recon�gurable entity, i.e., an object or a collection
of objects, whose transformations between various states
de�ne its functionality or aesthetic appearance [38]. Their
motivation is similar to ours. The main difference is that,
their system assists users to manually re�ne the transforma-
tion process by highlighting certain periods on the timeline
when collisions happen. In other words, they rely on users
to resolve object collisions. In contrast, our system takes
an automatic approach by automatically programming the
layout conversion process (including both transformation
paths and motions). This further improves the ef�ciency,
especially in some scenarios, where more than one pair of
objects might collide with each other. Besides, our system
also considers motion mechanisms and their constraints in
path and motion planning, to make generated convertible
layouts more physically executable than pure computer
animations.

3 MECHANICAL CONSTRAINTS AND GUIDELINES

In this section we �rst introduce the motion mechanisms
that we utilize to construct a mechanical system for layout

Fig. 4. Left: Pre-de�ned positions (blue crosses) to install a base or
rotating shaft on a movable object. Right: Examples of the movements
driven by a rotating shaft and a base passing a corner.

conversion. Then we summarize the guidelines regarding
how to design an ef�cient system with such motion mecha-
nisms.

We focus on three kinds of fundamental motion mech-
anisms, that is, lead rails, bases, and rotating shafts, as
illustrated in Figure 3. A lead rail controls the translation
movement of indoor objects. In our implementation, each
object is set on a lead rail through a base or a rotating
shaft. We specify �ve potential positions at the bottom
of a movable object, as illustrated in Figure 4 (Left). The
difference between a base and a rotating shaft is that a
rotating shaft can rotate an associated object freely in any
position of a rail, while a base can only drive an associated
object to translate along a rail. To make the designed motion
mechanisms assemblable, we employ modular lead rails.
Namely, the component of a lead rail need to be either a
straight unit or a right angle corner units, and the lead
rail in a room need to be either horizontal or vertical for
less damage caused by its installation on the �oor. Note
that the base can also turn the orientation of an associated
movable object through translations along a corner rail (e.g.,
Figure 4). For simplicity, we assume that movable indoor
objects are either light enough or have omni-directional
wheels so that they can be �uently translated or rotated by
their installed motion mechanisms. We also assume that an
object driven by its associated mechanisms can translate and
rotate in a uniform speed.

In this work, a layout conversion system is denoted as
S, which consists of several motion mechanisms. Let ns, nc,
nr be the numbers of straight rail units, corner rail units,
and rotating shafts, respectively. The time cost of an object o
during layout conversion includes the movement time of o,
and the waiting time of o in which it stops and waits for the
movement of other objects. Since the translation and rota-
tion of o are synchronous, according to the characteristics of
the chosen mechanisms, we use the maximum time to de�ne
the time cost as To = max( Tt + T t

w ; Tr + T r
w ), where Tt , Tr ,

T t
w and T r

w are the required steps for translating, rotating,
waiting for translation, and waiting for rotation, respec-
tively. In this manner, we summarize a twofold guideline to
ensure the motion mechanisms in a convertible layout sys-
tem to be as simple as possible, and the conversion process
to be ef�cient as well. For the �rst purpose, we expect the
system to have as few mechanisms as possible and de�ne a
complexity cost to evaluate the designed mechanical system
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