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Abstract: Due to the maker movement and 3D printers, people nowadays can directly fabricate
mechanical devices that meet their own objectives. However, it is not intuitive to identify the re-
lationship between specific mechanical movements and mechanical structures that facilitate such
movements. This paper presents an interactive system that can enable users to easily create and
experiment with desired mechanical assemblies via direct manipulation interfaces in virtual reality,
as well as to intuitively explore design space through repeated application of the crossover operation,
which is used at the core of the genetic algorithm. Specifically, a mechanical assembly in our system
is genetically encoded as a undirected graph structure in which each node corresponds to a mechan-
ical part and each edge represents the connection between parts. As the user selects two different
mechanical assemblies and commands the crossover operation, each of their corresponding graphs
is split into two subgraphs and those subgraphs are recombined to generate the next-generation
mechanical assemblies. The user can visually examine new mechanical assemblies, save assemblies
that are closer to objectives, and remove the others. Based on our experiments, in which non-expert
participants were asked to achieve a challenging design objective, it was verified that the proposed
interface exhibited significantly effective performance.

Keywords: mechanical assembly; genetic algorithm; exploratory interface; virtual reality
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1. Introduction

Mechanical assemblies are used widely in the daily lives of modern people. For
example, in the morning, there are numerous examples of these essential devices, such
as analog alarm clocks that ring to wake us up, doorknobs that we turn to get out of
their rooms after waking up from bed, grinders that grind coffee beans for our morning
coffee, and cars that we drive to work. These mechanical assemblies have been traditionally
designed by a few experts and manufactured on large scale in factories to satisfy universal
objectives. Nowadays, people can directly fabricate devices that meet their own objectives
through the maker movement and the general spread of 3D printers [1]. With this trend,
even elementary school students can receive integrated science, technology, engineering,
and mathematics (STEM) classes or after-school classes, which include practical training
based on 3D printers [2]. However, it is difficult to intuitively identify a relationship
between specific mechanical movements and mechanical structures that facilitate such a
movement. Therefore, mechanical assembly design, which is the first stage of individually
customized fabrication, can serve as a barrier that disrupts the access of non-experts who
have not studied mechanical engineering. For example, when ordinary people are provided
with a sufficient number of parts that can be used for assemblies, such as gears, cams, and
connecting rods, and asked to design a mechanical structure for moving the location of a
beverage cup based on these parts, most of them could give up soon.
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In the field of computer science, research has been actively conducted to develop
methods that can derive efficient design plans by applying computer algorithms [3]. The
so-called computational design methods mainly apply optimization algorithms to auto-
matically identify an optimal design plan, which can satisfy objectives and constraints
that are mostly established by the user, among all the design plans available. As these
methods completely authorize computers to perform design works, which depend on the
knowledge-intensive labor of experts, they can reduce the costs required for design works,
such as the time and effort. These solutions can also derive efficient and stable design plans
that are beyond the limitations of human experts in terms of their experience, knowledge,
and imagination. However, the optimization-based design tools have the following prob-
lems. First, the successful application of optimization algorithms requires a specifically
restricted range of targets that can be designed to maintain the appropriate size of the
design space. Consequently, these tools are likely to be specialized for certain objectives.
Second, the users of these tools should express desired design objectives based on a series
of numerical objectives and constraints, which are equivalent to input data for optimization
algorithms. Users can find it difficult to convert design objectives to clear mathematical
expressions. They can also encounter difficulty in identifying and correcting problematic
parts when they receive undesired results caused by errors in defining incorrect objectives
or omitting certain constraints.

This study proposed an interactive system that can enable general users to assemble
devices and immediately inspect movements of the assembled devices through direct
manipulation and physics-based simulation in a virtual reality (VR) environment. The
proposed system can also support users to evaluate the design space easily and identify the
target mechanical structure swiftly using an exploratory interface applying a genetic algo-
rithm. Because this system allows users to assemble mechanical parts provided in arbitrary
ways, they are free from restraints on the range of designable mechanical assemblies and
can use this system as a universal design tool. Moreover, this system uses algorithms to
explore design plans and enables users to perform evaluations. In this regard, this system
shows an essential difference from optimization-based design tools, which order computers
to solely perform exploration and evaluation of design plans. In other words, the proposed
system helps users intuitively explore the design space through repeated interaction and
obtain a design plan that can satisfy the desired objectives and constraints without pre-
senting design objectives and constraints in a standardized format that a computer can
understand.

The proposed system was developed mainly based on the undirected graph structure,
which is the genetic encoding of mechanical assemblies. The nodes and edges of this graph
indicate mechanical parts and a coupling relationship between these parts, respectively.
When users add a new part, remove existing parts, or connect two different parts using a
motion controller, an input device in the VR environment, corresponding nodes or edges
are generated or eliminated. Through this process, the inner graph structure is renewed.
Several mechanical assemblies can exist simultaneously in the VR space, and each assembly
is represented as its unique, independent graph gene. Users select two different mechanical
assemblies and command a crossover of these assemblies to explore new design plans that
combine the characteristics of these assemblies. Specifically, the crossover process splits
corresponding graphs to both assemblies into two subgraphs, respectively, and exchanges
these subgraphs to generate new graph genes, and ultimately creates a corresponding
mechanical assembly to the graph gene in the virtual space. When users command the
crossover process, the proposed system repeatedly performs crossover operations on the
same two graph genes to generate a number of different next-generation genes and regularly
place corresponding mechanical assemblies to these genes like galleries in the virtual space.
Users can virtually inspect the structure and movement of new mechanical assemblies,
save assemblies that satisfy objectives, and remove the other assemblies. Users can also
repeat the crossover process on the remaining assemblies to constantly explore the design
space in the desired direction.
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Furthermore, this study conducted an experiment based on users, which can be
quantitatively evaluated, and analyzed the experimental result to verify the effectiveness
of the proposed interactive system. Specifically, non-experts were provided with a project
on ‘mechanical assembly design that can represent the straight reciprocating motion’, for
which they cannot easily provide a solution. They were then asked to derive the optimal
design plan for the project within a limited time. The experimental result showed that
users showed significantly higher values of objective achievement indices when they used
both the direct manipulation interface and the crossover operation interface than when
they used only the direct manipulation interface. Based on this experimental result, this
study concluded that the proposed evolutionary exploration interface exhibits significantly
effective performance for enabling non-experts to perform mechanical assembly design
tasks. Additionally, it is expected that everyone can easily fabricate their own customized
mechanical assembly using the proposed interface combined with a customized fabrication
system.

The key contribution of this paper is that a novel approach to interactive mechanical
design is presented for allowing the user to evolutionarily explore design spaces in im-
mersive virtual reality systems. The genetic algorithm has long been adopted to a large
diversity of interactive design systems due to its effectiveness in coping with large-scale
design spaces primarily based on its crossover operation. The presented evolutionary
algorithm based on our dedicated crossover operation facilitates the discovery of new
and insightful possibilities of recombining given mechanical designs while preserving the
existing substructures which are highly probable to contribute to their original mechanical
movements. Furthermore, on top of the evolutionary algorithm, the presented direct ma-
nipulation interface maximizes the power of interactive exploration in design spaces by
translating conceptual design possibilities into nearly tangible ones in virtual reality, which
the user can visually examine and directly manipulate by moving his/her own heads and
hands in the immersive 3D space.

The remainder of this paper is organized as follows. The previous research efforts
related with this paper are classified into three categories and briefly introduced in Section 2.
How the mechanical assemblies are represented and simulated in our system is described
in Section 3. The direct manipulation interface for assembling mechanical structures is
clarified with precise mathematical equations in Section 4. As the core of our system, the
crossover operation algorithm tailored to the representation of mechanical assemblies
and the VR interface for evolutionary exploration is explained in detail in Section 5. The
setup and results of our user study for demonstrating the effectiveness of our approach
are presented and analyzed in Section 6. Lastly, the contributions, limitations, and future
research directions of this paper are summarized in Section 7.

2. Related Work

Research has been constantly conducted for a long time to develop VR systems for
effectively designing and fabricating mechanical assemblies [4]. Because these systems
require a process of elaborately assembling several parts in a VR environment, they should
be provided with an interface that supports precise manipulation in a three-dimensional
space [5]. The direct manipulation interface allows users to move or rotate virtual objects
by holding them with their hands in a similar way to that in the real world [6]. Therefore,
this interface has been widely applied in numerous VR systems. The mechanical assembly
system proposed in this study also allows users to move or rotate mechanical assemblies
by directly holding them with their hands in virtual space based on motion controllers that
they hold in the real world. They can also connect two different parts by holding them
with both hands. As such, a method that matches manipulation in the real world with
manipulation in the virtual world, facilitates intuitive and natural interaction. Furthermore,
researchers have conducted research on manipulating targets in random sizes more easily
and accurately using a degree of freedom, which can be additionally obtained only in VR.
For example, researchers have developed various methods that enable users to manipulate
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a target located far from them by casting a virtual ray that stretches infinitely from their
hands [7], easily approach a random target by reducing the extensive virtual world to a
miniature size that can be manipulated by their hands [8], or precisely control targets to be
manipulated using auxiliary virtual mirrors that are used to identify a spatial relationship
among these targets [9]. This study proposed an interface that enables users to intuitively
explore a design space, a set of possibilities that can be obtained through a combination
of each object beyond the existing interface that supports the convenient manipulation of
each object. The proposed interface allows users to effectively fabricate new mechanical
assemblies containing the structure and motions desired by users.

An interactive exploration of the design space, which can be created through the
adjustment or combination of previously given basic elements, is an approach method
that has been effectively used to synthesize or edit images, shapes, and animations in the
field of human–computer interaction (HCI) [10]. Secretan et al. reported that a number
of users generated various types of interesting images by cooperatively evolving images
in the online space based on the NeuroEvolution of Augmenting Topologies (NEAT)
algorithm [11,12]. Fisher et al. developed a method, which can synthesize and display
scenes that can be derived based on input scenes using similar scenes included in a database
to examples of placement of three-dimensional (3D) objects that users suggested as input
scenes [13]. Desai et al. obtained a database, which connected a parameter for controlling
robots and the significance of a motion derived by the parameter and used this database
to help users explore desired robot motions in a semantic space [14]. Swearngin et al.
developed a method that converted the design requirements of the upper level demanded
by users to specific constraints of the lower level to present several user interface layout
candidates that satisfied such constraints [15]. Averkiou et al. performed hierarchical
embedding of 3D models comprising combined basic elements in a low dimensional space
and allowed users to explore the embedded space to effectively synthesize a new 3D
model [16]. Zheng et al. presented an efficient algorithm for identifying the functional
substructure of a 3D model and used this algorithm to replace parts that can be exchanged
between two models [17]. They reported that this new model synthesis process derived
a plausible outcome maintaining the functional properties of the target models. Xu et
al. defined a new crossover operation that can increase the variety of a 3D model in an
evolutionary process in a similar way to the proposed method in this study [18]. They also
used this operation to help users explore the design space based on interactive evolution and
become inspired for creative design. This study proposed the optimized genetic encoding
method and crossover operation for a specific design domain of mechanical assemblies
instead of general 3D models. The proposed methods enable users to select, exclude,
re-assemble, and simulate mechanical assemblies through direct interaction and explore
design spaces for mechanical assemblies easily and intuitively.

Evolutionary approach methods such as the genetic algorithm have been success-
fully applied for a long time to design mechanical assemblies and robots, which require a
massive size of space for exploration [19,20]. Karl Sims published a pioneering research
paper in 1994, which stated that genetic algorithms can be used to successfully evolve
the structure and behavioral patterns of artificial life [21]. Funes and Pollack developed
a method for evolving a Lego structure in a physically stable range to apply simulated
results in a virtual environment to the real world [22]. They also verified that the developed
method allowed users to assemble evolved results by practically using Lego bricks. Park
and Lee effectively optimized the structure and behavioral patterns of modular robots by al-
ternatively applying a genetic algorithm and a reinforcement learning algorithm [23]. In the
field of genetic algorithm, the presented approach can be regarded as a kind of interactive
genetic algorithm, in which the system only handles the process of reproduction, such as
crossover, and the users themselves evaluate the fitness of each entity and select the parents
to be reproduced based on those subjective fitness evaluations [24]. Interactive genetic
algorithm has been successfully employed in a large variety of design problems such as UI
design [25] and fashion design [26]. This study applied the undirected graph data structure
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as a genetic encoding method for evolving mechanical assemblies. It is known that genetic
encoding based on an undirected graph can also be effectively used in other fields related
to the design of electronic circuits, molecular structure [27], or sensor networks [28]. The
application range of evolutionary algorithms has been broadened consistently so that they
can handle a large variety of significantly different problems, including feedforward multi-
layer perceptron training [29], large-scale biomedical ontology matching [30], clustered
shortest-path tree finding [31], and vehicle routing with backhauls [32], just to name a few
examples.

3. Virtual Mechanical Assemblies

This chapter presents elements used to represent virtual mechanical assemblies. Specif-
ically, it describes the components of parts, which serve as essential elements composing a
mechanical assembly, a method of constructing a mechanical assembly by connecting parts,
and a process of power spread.

3.1. Properties of Parts

Parts used to fit a mechanical assembly should deliver power easily and be assembled
intuitively. In this regard, this study adopted certain parts of the Lego Technique series,
which satisfied the aforementioned requirements of parts (see Figure 1). This study formed
3D meshes by imitating each part, identified the necessary elements for assembly and
operation based on the 3D meshes, and generated data of the identified elements, which
were defined as property data. Property data included and stored the following elements:
names of parts, types of parts, types of parts or connecting sections which can be connected,
rotational properties of parts, unique data of each part (e.g., the number of gear teeth),
location of connecting sections such as holes, and types of parts that can be connected to
connecting sections.

Figure 1. Types of mechanical parts in our system.

3.2. Part Representation

The processes of representing each part in the VR space are as follows. Data are
classified as property data for storing the properties of parts and mesh data for determining
the 3D form of objects. The proposed interface integrates mesh and property data and
represents the integrated result in the VR space to facilitate the successful operation of
functions for part connection and power delivery. Users can visually inspect the list of
parts that can be generated based on the part generation UI. When they select parts to be
generated and move their controllers to the desired parts, 3D parts applying the property
data are displayed.

3.3. Properties of Assemblies

It is required to represent data of parts composing a mechanical assembly and con-
nection relations in the process of assembling, storing, or applying a mechanical assembly.
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When users select random parts, the proposed interface stores data of the selected parts,
such as the location and rotation of each part and connects the relations of these parts. Here,
the data of the location and rotation of parts are converted to those of the relative coordi-
nates and rotation based on the starting parts to facilitate the convenient representation of
these parts in the virtual space.

Users can use controllers to save or load mechanical assemblies that they fabricated.
The size of the mechanical assemblies to be loaded should be reduced to avoid collision
between the assemblies and allow users to inspect them at a glance. When users determine
the mechanical assemblies to be loaded and put buttons using their controllers, the de-
veloped interface represents the selected assemblies in the original size in VR space and
removes the list of the remaining mechanical assemblies.

3.4. Graph-Based Representation of Assemblies

This study represented the structure of the connection between parts as that of an
undirected graph to help users identify the entire structure of the parts connected (see
Figure 2). Parts composing a mechanical assembly are nodes of the graph and connecting
contact sections with other parts are edges of the graph. The graph structure can be used
to define the connecting structures, inspect, move, or rotate the entire parts connected, or
perform power simulations. The properties of the nodes include locational information,
rotational information, the list of edges possessed by nodes, types of parts, and names
of parts. The properties of the edges include parts to which they belong, types of edges
that can be connected, edges connected, and types of rotation (see Table 1). Each node can
approach other nodes based on the edges that they possess and other edges connected to
their edges. Users can identify the connected nodes using the properties of the nodes and
edges and recursively repeat the aforementioned processes to identify the entire structure
of the mechanical assembly.

Table 1. Allowable connections between connecting links and mechanical parts.

Part
Link Crossing Hole Circular Hole Gear Body

Axle Tight Rotation Loose Rotation –

Beam – – –

Gear body – – Gear Rotation

Motor body – – –

Figure 2. (Left) An example mechanical assembly. (Right) The graph representation for the left.

T is a rotation type serving as an element used in power simulation. Te, a rotation type
of an edge delivering power and an edge receiving it, is compared with Tp, a rotation type
currently spreading, to determine the rotation type to be transferred. Rotation types are
prioritized to facilitate convenient control. A rotation type with high priority is applied to
nodes that received power and all the nodes connected. A rotation type with low priority is
applied to only nodes that received power. When Tp is determined as a rotation type with
high priority, it is not replaced. When Te has a higher priority than Tp, Tp is replaced with
Te. When both Te and Tp have a low priority, Tp is not replaced.
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Power rotation types include a case (tight rotation) in which nodes perfectly combined
with connecting sections rotate based on the rotation axis with a local coordinate system
rotating; a case (loose rotation) in which nodes loosely combined with connecting sections
rotate based on the rotation axis with a local coordinate system not rotating; a case (stop
rotation) in which rotation should be suspended; and a case (gear rotation) in which rotation
between gears is performed. Tight rotation and gear rotation are rotation types with low
priority, whereas loose rotation and stop rotation are rotation types with high priority. In
the cases of tight rotation and gear rotation, nodes rotate based on the rotation axis and their
location. In the case of loose rotation, only the first node applying loose rotation rotates
to enable the nodes connect to follow the motion of the first node rotating. Subsequently,
nodes that delivered loose rotation stop rotating. Breadth first search is implemented to
identify nodes that were connected to nodes to be rotated but not explored yet. Then,
the nodes connected to nodes to be rotated are moved. Stop rotation is delivered to the
connected nodes to omit rotation.

3.5. Power Simulation

This system implemented a simulation sub-system that allows power generated from
a motor to spread through connected parts along with the graph representation defined
above (see Algorithm 1). This system induces power to move around the part graph, deliver
rotational information to each node, and support appropriate motion of parts.

Each node sequentially delivers power to the connected nodes based on edges to
represent the motions of the mechanical assembly. To deliver power, a node (n) in a graph
receives information on the rotation axis (a), central location (p) of rotation, rotation velocity
(s), a rotation type (T), and the list (S) of nodes were previously explored from the previous
node. Users can manipulate the motor to turn on or off the power supply, and the power
delivery system is operated when the motor rotates. When a power supply is executed,
depth first exploration is applied to the graph structure from the motor to recursively
deliver power. If a cycle exists, power is delivered to only nodes that are not included in
the list of nodes explored, which was delivered by the previous node, to avoid a re-visit to
the previously explored nodes.

Algorithm 1 Power Transfer

function POWERTRANSFER(a, p, s, T, S) . Where S : Array

if S not contains n then . Where n : node(brick)
S.push(n)
Rotate n by T

for e1 in edges of n do . Where edges : Array
if e1.T is high priority or both T and e1.T is low priority then

change a, p, T to n.a, n.p, e1.T
end if

for e2 in connected edges with e1 do
if e2.T is high priority or both T and e2.T is low priority then

change a, p, T to e2.a, e2.p, e2.T
end if
nt.PowerTransfer(a, p, s, T, S) . nt : node of e2

end for

end for

end if

end function
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4. Direct Manipulation Interface

This study presented users with an environment where they were allowed to fabricate
and assemble parts. Users interact with the environment provided using VR controllers,
and the location and rotation of controllers in the real world are reflected in the virtual
space. VR controllers enable users to display or hide the part generation UI, rotate the motor
in a clockwise or counterclockwise direction, and move or rotate parts. When controllers
reach parts, the contacted parts are selected. When controllers move apart from the selected
parts, the selection state is terminated. Users should identify both parts selected based on
connection relations and parts connected to the selected parts to control all the parts. The
selected parts are controlled according to buttons pushed by users. Part control consists
of part movement and part rotation. When parts are connected, the proposed interface
calibrates the location of the connected parts or restricts a direction of movement to ensure
user convenience for manipulation. Details of the manipulation are as follows.

4.1. Part Translation

When parts are not connected, users can move these parts freely (see Figure 3). To
provide users with a feeling of directly moving objects, the original location (p) of a part is
added with change (∆c) in the location of the controller to identify the adjusted location (p′)
of the part the change in the location of the controller is calculated based on the location of
the current frame and previous frame. When the entire part is moved, the aforementioned
method is applied to calculate the change in the location of the selected part. Then, all
the parts connected are moved according to changes in the location of the selected part
calculated.

p′ = p + ∆c (1)

When parts are connected, they are moved along with the connecting sections (see
Figure 4). Change in the location of the controller is projected in the vector (~f ) of parts
in the movement direction making parts move in a straight direction. Here, the vector
of parts in the movement direction is established to make parts pass through holes in
connecting sections.

p′ = p + proj~f ∆c (2)

Figure 3. Free translation.

Figure 4. Constrained translation.
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4.2. Part Rotation

In the process of part rotation, the proposed interface generates a virtual circle that
has the same location and center as those of the selected part (see Figure 5). The selected
part is established as a sub-object for the circle. The radius of the circle was established as
the distance from the center of the part and controller. The circle was rotated according to a
change in the location of the controller to intuitively rotate the object. The rotation axis (~a)
of the part is a vertical vector to vectors heading for location (c1) of the controller based on
the previous frame from the center of the circle and location (c2) of the controller based on
the current frame from the center of the circle. The rotation angle (θ) is an included angle
between two vectors.

~a = −→c1s×−→c2s

θ = cos−1(−→c1s · −→c2s)
(3)

Figure 5. Free rotation.

4.3. Calibration of Location

When parts are combined, they are moved to locate these parts at holes on connect-
ing sections (see Figure 6). The central location (c2) of the currently manipulated part is
subtracted from the central location (c1) of the connecting section to calculate the vector
(~k) of the distance difference. This vector is projected to the vector (~f ) of the currently
manipulated part in the movement direction. The projected vector is subtracted from~k to
derive a vector that can calibrate the location of the part in a vertical direction to ~f . The
calibration vector is subtracted from the original location (p) of the part.

p′ = p− (c1 − c2)− proj~f (c1 − c2) (4)

Figure 6. Calibration of location.
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5. Evolutionary Exploration Interface

This study assumed that target users were inexperienced in managing mechanical
mechanisms. As they cannot predict the motions of mechanical assemblies easily, they
might find it difficult to finish designing appropriate assembly structures for desired
objectives. This study proposed a crossover operation interface for these users.

A crossover operation is basically a part of a genetic algorithm, which is used to evalu-
ate behaviors or properties of a target to be optimized and adjust the composition of the
target based on the evaluation result. Generally, this algorithm places several comparison
targets, selects targets that gained the most excellent evaluation results, and generates new
comparison targets by referring to components of the selected targets. Fitness refers to
the value of a property serving as an evaluation standard, and the crossover operation
is a technique for generating new elements based on the existing elements. The genetic
algorithm repeats the crossover operation multiple times to derive the optimized result
that can perform or represent the objective the most successfully.

This study provided users with the authority to establish fitness, repeat the crossover
operation in each generation, and ultimately identify the optimal structure instead of au-
tomating these processes. Such authority allows users to visually inspect the motions of
mechanical assemblies, determine more excellent mechanical assemblies, and fabricate new
mechanical assemblies based on existing mechanical assemblies through crossover opera-
tions. This study conducted experiments to verify whether users can design appropriate
mechanical assembly structures in the aforementioned environment.

5.1. Crossover Operation Algorithm

The crossover operation algorithm is based on the part graph structure. In the graph
structure (G), two nodes that are not duplicated are selected randomly. The selected nodes
and connected to the selected nodes are alternatively inspected to group them. Through this
process, the part graph is classified as subgraphs ga and gb with the connecting structure of
the nodes maintained. The connecting relation between both subgraphs is also maintained.
These processes are also applied to another graph structure (G′) to derive four subgraphs ga,
gb, g′a, and g′b. The subgraphs obtained are used to generate a new assembly graph ga + g′b
or gb + g′a (see Figure 7). To form a new assembly graph, a node is randomly selected in two
subgraphs, respectively. It is then inspected whether certain edges of the selected nodes
can be connected. If these edges exist, the edges of both nodes are logically connected.
Subsequently, the location of the subgraph g′y are adjusted according to the location of the
edge of the subgraph gx previously connected in the process of practical part rendering.
Detailed processes are as follows (see Algorithm 2). Users order a crossover command
based on the crossover operation interface. Based on this order, two nodes, n1 and n2, are
randomly selected to divide a graph into two subgraphs. Then, two queues, q1 and q2, are
generated, and n1 and n2 are placed in these queues. The nodes placed in queues are pulled
out and stored in a sequence. Subsequently, nodes connected to the aforementioned nodes
are placed in queues. These processes are applied to both queues and repeated until all the
nodes are explored. Consequently, a graph can be classified as two sequences.

The computation indicated in Algorithm 2 is applied to two graph structures, G and
G′, and a subgraph is brought from each graph. A node is then randomly selected in each
subgraph. The types of edges that can be connected among all the edges of both nodes
are analyzed to select a pair of edges that can be combined and can connect these edges.
If these edges are not connected, a node is randomly selected again in each subgraph,
and the processes described above are repeated. If edges are not connected despite the
exploration of all the parts, a subgraph is randomly re-generated in a parent graph, and the
aforementioned processes are repeated.



Mathematics 2022, 10, 1232 11 of 18

Figure 7. Crossover algorithm. Given two existing mechanical assemblies (left), two subgraphs (red
and blue areas) are obtained from their associated graphs and then recombined to produce a new
mechanical assembly (right).

Algorithm 2 Seperation

function SEPERATION(G) . Where G : Array
Output : ga, gb . Where ga, gb : Array

if G.size == 1 then
ga = G
gb = G

else
n1 = G[random from 1 to size]
n2 = G[random from 1 to size] . n1 6= n2

q1.push(n1)
q2.push(n2) . Where q1, q2 : queue

while not visitting every node in G do
for node n in q1 except added in this iteration do

if n.searched is false then
n.searched = true
ga.add(n)
q1.push(n.nextNode but not searched)

end if
end for

for node n in q2 except added in this iteration do
if n.searched is false then

n.searched = true
gb.add(n)
q2.push(n.nextNode but not searched)

end if
end for

end while
end if

end function
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5.2. Crossover Operation Interface

The proposed interface applied the crossover operation, which is a part of the ge-
netic algorithm. Because users were provided with this interface, they participated in
the optimization process, unlike general genetic algorithm processes. The proposed inter-
face partially copies and integrates mechanical assemblies fit by users to present a new
mechanical assembly.

Users need two mechanical assembly structures to use the crossover operation al-
gorithm in a VR environment. Additionally, they are provided with two-parent setting
interfaces for crossover operation, which are used to register mechanical assembly struc-
tures as parent devices for crossover operation in a VR environment, crossover operation
interface for executing crossover operations, and 14 result interfaces for displaying the
crossover operation results (see Figure 8).

When each part of mechanical assembly structures reaches the parent setting interfaces,
these interfaces load and save all the graph structures from these parts and enter into a
crossover standby state. When both parent setting interfaces are in a crossover standby
state and users move controllers toward the crossover operation interface, the crossover
operation algorithm is operated to display the crossover result of the two mechanical
assembly structures on result interfaces. A subgraph is moved and rotated to make two
subgraphs look connected naturally. When users select one of the crossover operation
results, the other results are eliminated. Users can use crossover operation results for their
crossover operation.

Figure 8. An example result of the crossover operation in our system. Crossing-over the left two
assemblies yielded the twelve new assemblies on the right.

6. Experimental Results
6.1. Environment

Unity, a game production engine, was used to establish an experimental environment,
and Oculus Quest 2 was used as a VR device, which was capable of running as a standalone
headset so that the participants in our experiments were able to move freely without
physical constraints imposed by connecting cables. Launching the VR application for
experiments, equipped with the headset, participants were immersed in a 3D environment
in which only a large floor plane was placed under the feet. Each participant was asked
to assemble a mechanical structure that satisfied specific requirements from the scratch
using the direct manipulation only or additionally with the evolutionary interface. The
direct manipulation interface allowed the instantiation of new mechanical parts, translation
and rotation of existing parts, and connection between any two existing parts. With the
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evolutionary interface, users first placed two existing mechanical structures to parent
setting areas, which were visually represented as translucent cubes floating in the air, and
then pressed the execution button next to the parent setting areas, which generated 14 new
mechanical structures corresponding to the children of the given mechanical structures.
Participants were given the options to keep any of those child structures if they satisfied the
given requirements more precisely than existing mechanical structures, or to simply discard
ones otherwise. Each experiment was allowed to end when a participant determined that
he/she had completed the given task, or was forcibly terminated if the time limit was
exceeded. The mechanical structures at the end of the experiments were automatically
saved and, thereafter, were evaluated according to the measurement criteria. Please refer
to the Supplementary Materials if you would like to visually examine the experimental
environments in detail.

6.2. Method

Two rounds of experiments were conducted and each experiment was conducted for
30 min. After each experiment, the subjects participated in surveys on each experiment for
approximately 10 min. Ten students, who majored in software, computer engineering, or
electronic engineering and expected to have little knowledge in mechanical engineering,
participated as subjects in the experiments. The proposed interface can optimize various
functions; to verify the effectiveness of this interface, participants were requested to com-
plete the task of fabricating a mechanical assembly that performs a straight reciprocating
motion. In the first experiment, participants were provided with simple assembly examples.
This study evaluated if they achieved their tasks using only the direct manipulation inter-
face. When they accomplished their tasks, the evaluation indices were improved. In the
second experiment, they were provided with sample assembly examples offered in the first
experiment and the final mechanical assemblies that they submitted in the first experiment.
They were allowed to use both the direct manipulation interface and crossover operation
interface during the second experiment. As in the first experiment, this study analyzed if
they achieved their tasks. When they accomplished their tasks, the evaluation indices were
improved. When the second experiment was terminated, this study classified the status of
success or failure according to whether a part that showed a straight reciprocating motion
existed among the parts composing the final mechanical assemblies that users submitted in
the second experiment. The experimental results were then registered on the evaluation
interface, and evaluation indices were obtained according to the following evaluation meth-
ods. Because the motor can represent only the rotational motion, the overlapping operation
of several motors can present various motions ranging from an elliptical motion to a similar
motion to a straight motion. When it is assumed that a mechanical assembly performs an
elliptical motion, the longest distance and shortest distance between two points can be
calculated on a track on which these points moved over time. A length ratio between both
distance values is calculated to numerically indicate the closeness of an ellipse to straight
motion. When the track is close to a circle under the condition of the longest distance
divided by the shortest distance, the length ratio is close to 1. When the track is close to
straight motion under the condition of the longest distance divided by the shortest distance,
the length ratio is close to 0. Among the meshes comprising a part, a point drawing the
track with the lowest length ratio and a point drawing the track with the highest length
ratio are identified, respectively. Then, a point drawing the track with the lowest length
ratio and a point drawing the track with the highest length ratio in each part are identified,
respectively, represented in the VR space, and numerically indicated. The white track refers
to the track with the lowest length ratio, whereas the yellow track refers to the track with
the highest length ratio.

6.3. Results

Five participants out of ten in the experiments completed their tasks (see Figure 9).
One out of the ten participants completed the given task in the first experiment, and four
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more participants completed their tasks in the second experiment. Four out of the five task
achievers did not accomplish their tasks at the direct manipulation interface but completed
these tasks at the crossover operation interface. All the five task achievers designed mechan-
ical assemblies that can represent an elliptical motion or a straight reciprocating motion (see
Table 2).

Figure 9. A mechanical assembly designed by one of the participants in our experiment. The white
and yellow trajectories represent the straightest and longest movements obtained from this structure,
respectively.

Table 2. Performance data obtained from the participants in our experiment.

Participant Pass/Fail Maximum Length Minimum Ratio

A Fail 0.367 0.993
B Pass 0.203 0.110
C Pass 0.202 0.013
D Fail 0.120 0.995
E Fail 0.202 0.011
F Fail 0.367 0.993
G Pass 1.018 0.002
H Fail 0.128 0.992
I Pass 0.516 0.020
J Pass 0.683 0.001

Details of the surveys conducted based on the participants are as follows. The fabrica-
tion of mechanical assemblies and motions were determined as survey keywords, and the
participants were asked whether they easily got ideas on these keywords and whether they
easily fabricated mechanical assemblies. Table 3 lists up the survey questions. The surveys
were conducted based on a five-point scale ranging from “very unlikely (Score 1)” to “very
likely (Score 5)”. The survey results are depicted as bar graphs in Figure 10.
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Table 3. Survey questions.

No. Questions

(a) I easily got an idea on an appropriate part assembly.

(b) I easily performed an appropriate part assembly.

(c) I easily imagined appropriate motions.

(d) I easily fabricated a mechanical assembly to facilitate appropriate motions.

(e) I obtained sufficiently satisfactory results.

(a) (b) (c) (d) (e)

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

Direct Manipulation Direct Manipulation + Crossover Operation

Figure 10. Survey results of five questions (a–e) about the given task.

This study analyzed the responses of participants and calculated the mean of the
indices according to items. The calculation result indicated that most participants preferred
a crossover operation environment to a direct manipulation environment. Particularly,
participants showed more positive responses toward the crossover operation environment
than those toward the direct manipulation environment in terms of the indices related to
motions. The most remarkable difference is found in the responses to the last question,
which relates to the participants’ satisfaction with whether or not they successfully assem-
bled a machine that met the given requirements. This result can be regarded as a natural
consequence because just 10% of the participants succeeded in the first experiment with
only the direct manipulation interface whereas 50% of the participants succeeded in the
second experiment with the additional evolutionary interface. Considering that the scores
for the questions (a) and (b) related with the convenience of assembly does not exhibit
notable differences, it is interpreted that the most important factor determining success or
failure lies in making it easy to imagine the appropriate motions through the evolutionary
interface, which is strongly evidenced by the significant difference in scores for the question
(d). Such an interpretation is exactly in line with the direction of presenting the evolutionary
interface as a creative tool for exploring new and effective design solutions in this paper.
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The results of observing participants in experiments are as follows. A few participants
were aware of the mechanical assembly structures that existed in the real world and can be
used to achieve their tasks. However, they failed to accomplish their tasks because they
could not fabricate the same structures in an experimental environment. Two participants
were involved with this case, and one of them presented a similar mechanical assembly to
the solution in the crossover operation environment. Then, 3D meshes of components can
be duplicated in a mechanical assembly obtained as a result of the crossover operations.
Thus, most participants performed crossover operations based on the same combination of
mechanical assemblies for multiple times to derive results. When asked about the state of
the task achievement, a majority of participants responded that they were not sure about
the design direction in direct manipulation. However, most participants commented that
the crossover operation environment helped them design mechanical assemblies and derive
solutions. The experimental results verified that the proposed interface system based on
crossover operation assisted even those with little knowledge of mechanical engineering to
achieve their goals and provided practical support for users.

In addition, the comparison between the direct manipulation and the evolutionary
interfaces, participants were asked some additional questions about their general satisfac-
tions about the presented system. Most of the participants agreed that “it was more realitic
to assemble in the presented VR system than in other PC or mobile applications” (scored
4.3). On the other hand, not so many participants agreed with that “it was easier to assemble
in the presented VR system that in other PC or mobile applications” (scored 2.9). It was ex-
pected that assembling in 3D sapce would be easier to directly manipulate in an immersive
virtual reality in a similar way to the real world than to operate through a conventional 2D
screen. However, on the contrary to such an expectation, not an insignificant portion of the
participants did not feel very comfortable with the assembly process using the VR interface.
One possible interpretation of this result is that most of the participants did not feel familiar
with the VR interface itself because they had little experience with VR equipment, such as
head-mount displays and motion controllers. In fact, it is somewhat supported by the fact
that some participants who had participated in VR-related research and were familiar with
VR devices gave high scores to this question, while others who did not gave average or
lower scores.

7. Conclusions

This study proposed a crossover operation interface system that can support non-
experts to design mechanical assemblies that are operated according to the desired functions.
To this end, this study established a VR assembly environment, which was similar to an
assembly environment in the real world and provided a crossover operation interface
that allowed users to assemble various structures of mechanical assemblies. When users
face a lack of inspiration in the process of assembling mechanical assemblies in direct
manipulation environment, they can use a crossover operation to obtain a new mechanical
assembly combined with a different mechanical assembly. They can design a mechanical
assembly that contains the desired functions by repeating the aforementioned process.

Based on this theory, this study implemented a VR environment and conducted an
experiment under the VR environment that allowed the quantitative comparison between
the direct manipulation interface and the evolutionary interface based on an assembly
of a mechanical structure satisfying given objectives. The experimental result showed
that a higher proportion of participants achieved their tasks successfully based on the
evolutionary interface. Moreover, users experienced a lower level of difficulty in completing
tasks and a higher level of satisfaction with the evolutionary interface combined with the
direct manipulation interface than just with the direct manipulation interface.

One of the limitations in the presented system is that it requires users to handle a large
number of mechanical structures simultaneously because each execution of the crossover
operation yields dozens of new structures. Examining each new structure and determin-
ing whether to accept or not may take a considerable amount of time and effort. Some
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improvements on the interface might alleviate this problem, for example, by allowing users
to easily and compactly rearrange the mechanical structures in 3D space or to quickly move
among different mechanical structures located at distant places. As a more fundamental
improvement, the inferior child machines could be automatically removed in advance
according to a criterion that could quantitatively evaluate the degree of satisfaction with
the requirements of the mechanical device to be made. This will provide a hybrid interface
in the form of a mixture of interactive evolution and automated optimization.

This study established each mechanical assembly based on the unit of a gene. Therefore,
the mechanical assembly obtained through the crossover operation could include fewer
functions or show more incomplete performance than the reference assemblies when the
structure of this assembly is complicated or its parts are divided according to the functions.
Thus, further research should be conducted to carry out the crossover operation on both
the complex structures of the mechanical assemblies according to the functional parts and
components composing these functional parts to increase genetic variation. It is expected
that the technical engineering design support based on the crossover operation will also
be effectively applied, not only in the mechanical engineering field but also in other fields
such as electronic circuit design.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/math10081232/s1, Video S1: Experimental Environment.
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