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a b s t r a c t

This paper presents an algorithm to provide floor projection feedback according to the local distance
and density of individuals. It is realized by a large-space floor projection system with a feedback
function based on human tracking with laser ranging image sensors. The purpose is to support the
cognition of spatial–temporal structures of groups of adolescents with neurodevelopmental disorders
(NDs) that are conducting organized physical activity (PA). Observation and evaluation of behavioral
changes in adolescents with NDs, when they were active with or without the floor projection based on
the proposed algorithm, were conducted to validate its effectiveness. We observed that the proposed
algorithm can be implemented in different organized PAs. It had the effect to help individuals in a
behavior to keep a close distance to each other as a group rather than to keep the same distance apart
from each other while walking.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Neurodevelopmental disorders (NDs) are an impairment re-
arded as ‘‘a group of heterogeneous conditions characterized by
elay or disturbance in the acquisition of skills in a variety of
evelopmental domains, including motor, social, language, and
ognition’’ (Thapar, Cooper, & Rutter, 2017). Examples of NDs
nclude a wide range of disabilities such as intellectual disability
ID), autism spectrum disorder (ASD), developmental coordina-
ion disorder (DCD), and communication disorders (American
sychiatric Association, 2013).
Physical activity (PA) participation is beneficial for children

ith disabilities for therapeutic reasons as well as general physi-
al and social development (Johnson, 2009; Pontifex, Fine, da Cruz,
arks, & Smith, 2014). A systematic review suggests that PA offers
safe and alternative form of treatment for children aged 21 and
nder (Tayla, April, Kirsten, & Jeanette, 2017). In addition to the
hysical benefits, enhanced social identity, including perceptions
f competence and similarity to peers, enhanced self-worth,
nd strengthening of social interaction and bonding have been
eported (Arim, Findlay, & Kohen, 2012; Taub & Greer, 2000).

In this paper, we use the term organized PA in reference
o sports, lessons, instructions, and collective activities that are
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c-nd/4.0/).
conducted under specific rules and predetermined tasks with
a coach or instructor (Arim et al., 2012). School teachers and
therapists spend much time and effort on teaching organized PA
based on the curriculum; these are collective activities performed
among a group of people (Choi & Savarese, 2014). Fig. 1 shows
an example. To acquire these skills, practice levels are defined
so as to make the elements of learning clearer (Phillips, Hannon,
& Molina, 2015). Lessons are conducted for achieving the most
basic skills to perform collective PAs with others, such as walking
together, gathering, keeping a certain distance from each other,
waiting in line, and so on.

In collective PAs, we consider that spatial–temporal coor-
dination of understanding the task assigned either verbally or
by demonstration, the ability of spatial awareness (perception
of space and surrounding persons, prediction of action and in-
teraction of other people, choosing the most appropriate inter-
personal distance (Gabbard, 2012; Klatzky, 1998; Kozlowski &
Bryant, 1977)), as well as the action determination and physical
movement of the body accordingly, are needed.

However, existing reports on each of these elements state that
people with ND have difficulties with them. For example, people
with ASD have been characterized as visual learners, in that
they process visual information more effectively than auditory
information (Greenspan & Wieder, 1997; Quill, 1995; Tissot &
Evans, 2003). People with ND have difficulty in reconstructing,
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Fig. 1. One example of organized collective PA (Delivery Service Game (DSG)).
Details are shown in Figs. 6 and 7.

understanding, and taking actions according to verbal words.
In addition, imitation is reported to be challenging for them.
They may be limited in terms of motor abilities and social skills,
thus impacting their ability to participate in PA (Arim et al.,
2012; Chester & Calhoun, 2012; Donnellan, Hill, & Leary, 2012).
It is known that the development of spatial awareness is diffi-
cult for children with DCD, ASD, and other conditions (Bryson,
Wainwright-Sharp, & Smith, 1990; Coulter, 2009).

Adjusting and structuring the environment by providing ad-
ditional visible instructions to support the cognitive abilities of
children with ND is helpful (Olley, 2005; Sharmin et al., 2018).
We have been studying an interactive floor projection system
called FUTUREGYM featuring image projecting and capturing ca-
pabilities as implemented in the gymnasium of a special needs
school (Oki, Bourreau, Takahashi, & Suzuki, 2019; Takahashi, Oki,
Bourreau, Kitahara, & Suzuki, 2018a, 2018b, 2018c). With the
help of FUTUREGYM, students with ND can perform PA in an
efficient manner (enhancing their social interactions (Takahashi
et al., 2018c), understanding of cleaning (Takahashi et al., 2018a),
and cognition, as well as augmenting PA classes (Oki et al., 2019;
Takahashi et al., 2018b)).

In this study, we propose an algorithm to provide floor pro-
jection feedback according to the local distance and density of
individuals, in order to support the cognition of spatial–temporal
structures of groups of individuals. This is supposed to lead to
the success of a certain predetermined task in organized PA. By
using these floor projection algorithms associated with different
collective PAs, we consider it has a potential to support the
behavior of students with ND in performing various tasks.

To validate the effectiveness of the proposed algorithm, we
designed three different collective PAs, and performed observa-
tion and evaluation of behavioral changes in adolescents with
ND when they were active with or without the floor projection
feedback. All of them are conducted with the participation of four
people at once. The predetermined task in the PAs is that the four
people cooperate when walking in a certain spatial location, as
shown in Fig. 2.
2

We hypothesize that the proposed projection algorithm works
as a visual aid to change their behavior to accomplish the desired
tasks.

Our contributions are three-fold:
1. Proposing a floor projection feedback algorithm in which

the projection pattern changes according to the local distance and
density of individuals.

2. Verifying that the proposed floor projection feedback can
be effectively used as a visual aid for adolescents with ND in a
behavior to keep a close distance to each other as a group while
walking.

3. Introducing possible applications of the proposed algorithm
and the potential of floor projection for the acquisition of skills
taught in special needs education.

2. Background and related work

2.1. VR/AR/MR for individuals with ND

Interventions for children and people with ND are performed
based on the concept of sensory integration, stimulating the
most basic perceptual mechanisms and promoting perceptual
learning (Fahle & Poggio, 2002), and the concept of embodied
cognition (Wilson, 2002). As a result, attempts have been made
to functionalize and structure the environment.

Research focused on the application of virtual reality (VR),
augmented reality (AR), and mixed reality (MR) for use by in-
dividuals with ND is increasing exponentially globally. This is
a reasonable method because visual assistance is effective for
children and individuals with ND who are reported to be visu-
ally dominant (Greenspan & Wieder, 1997; Quill, 1995; Tissot &
Evans, 2003). This is also pointed out in Kientz, Hayes, Good-
win, Gelsomini, and Abowd (2020) as one of the several myriad
putative affordances associated with VR technologies for autism.
By implementing interactive floor projection, we aim to lower
the cognitive burdens of reconstructing and understanding verbal
words. It acts as a visual medium so that users in the environment
can perceive the context that should be shared. This will lead
to a mutual understanding of verbal words among people in the
environment.

A VR environment using tablet games and floor-wall projec-
tion has been proposed as a method for interactively providing
visual assistance. For example, studies aimed at supporting social
interaction (Parés et al., 2005; Parsons, 2015; Parsons & Mitchell,
2002) and promoting collaborative behavior by providing inter-
actions using the whole body by projecting onto the floor and
walls were conducted, and the effects of the intervention have
been reported (Cibrian, Ortega, Escobedo, & Tentori, 2015; Cib-
rian, Tentori, & Martinez-Garcia, 2016; Malinverni & Parés, 2018;
Mora-guiard, Crowell, Parés, & Heaton, 2016a, 2016b). In addition,
studies have been reported that use projections to teach proce-
dures to achieve certain tasks that are difficult for children with
ND (Mueller, Byrne, Andres, & Patibanda, 2018). In addition to the
use of visual stimuli, therapy rooms that make use of multi-modal
Fig. 2. Concept of (a) Walking Apart Game (WA), (b) Walking Together Game (WT), and (c) Delivery Service Game (DSG). Details are given in Section 5.
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stimulation in a complex manner have been proposed (Garzotto &
Gelsomini, 2018; Gelsomini, Leonardi, & Garzotto, 2020; Lancioni,
Cuvo, & O’Reilly, 2002; Ringland et al., 2014). Through these
exploratory studies, a certain effect on the support of cognition,
communication, interpersonal interaction, emotion, and motion
has been demonstrated. However, its effectiveness in intervention
has not yet been sufficiently verified, and further research is
required (Kientz et al., 2020) (Khowaja et al., 2020); we believe
further investigation is needed in a school setting.

In addition to children and people with ND, AR space is ex-
ected to be applied in various situations. For example, a study on
he effect of revealing the social presence of people using an in-
eractive floor projection installed in a public space (Monastero &
cGookin, 2018) has been reported. Graf et al. (2019) introduced
n interactive floor projection system featuring peripersonal cir-
le for inclusive exergames among wheel-chair and non-wheel-
hair users. However, few works focused on proposing a specific
odel to support each element required in the accomplishment
f collective PAs.

.2. Object tracking methods for floor projection

The problem of determining an adequate illumination con-
ition for conducting PAs in a floor projection environment is
ifficult because the illumination condition should cover the fol-
owing two requirements, which exhibit a trade-off relation: The
irst one is ensuring visibility of the field. When conducting
As among multiple people in the gymnasium, it is necessary
o secure a minimum amount of light in order to provide an
nvironment in which other people can be seen while ensuring
afety. Therefore, the amount of light is adjusted by opening the
ark curtain of the gymnasium, turning on the electricity, or using
highly bright color (e.g., white) for the content to be projected.
he second one is ensuring darkness of the field so that the floor
rojection is visible enough.
In the literature, a method to capture the position of a moving

rojection target by distance measurement using light with a
avelength band that is different from the image, such as in-

rared (IR) light (Cibrian et al., 2015, 2016; Zhou, Xiao, Tang,
ei, & Chen, 2016), has been used. In addition, a new sensor
edicated to tracking the target (Hoberman, Pares, & Pares, 1999;
ora-guiard et al., 2016a) was employed. Many methods increase

he robustness against illumination fluctuations by dividing the
avelength band of light handled in image projection and mea-
urement (Cibrian et al., 2015, 2016; Siegl, Lange, Stamminger,
auer, & Thies, 2017; Zhou et al., 2016). Visible light is used to
roject the image, while a distance sensor consisting of an IR
rojector and IR camera typified by Kinect is used to measure
he object. Because controlling the lighting conditions in the
ymnasium is challenging, we need to measure the user position
sing a distance sensor that is robust to lighting fluctuations, as
n these approaches.

There are methods for real-time position tracking of humans
nd objects in an image. Recently, several machine-learning-
ased approaches using feature extraction by convolutional neu-
al networks (CNNs), such as Faster R-CNN (Ren, He, Girshick, &
un, 2015) and YOLOv3 (Redmon & Farhadi, 2018), have been
dopted for the detection of the target object (Bewley, Ge, Ott,
amos, & Upcroft, 2016). Although these methods convert the ap-
earance of a person in an image into features, the environment
n this study involves a wide field of view in addition to large
llumination variations, leading to changes in the appearance of
he target depending on the position in the image. Therefore,
n this study, human tracking is realized by a clustering-based
bject detection approach, which is specialized for point cloud
ata processing, and a frame-matching method using motion
nformation.
3

Fig. 3. Image of actual environment and changes in the appearance of a person
in the tracking range captured by the ceiling camera.

3. Proposed method

3.1. Robust human tracking

Owing to the dynamic changes in brightness of the camera-
shooting environment due to sunlight and projection, as well as
the use of a wide-angle RGB camera, the appearance of a person
may vary even when the person is stationary. Fig. 3 illustrates the
actual environment and changes in the appearance of a person
in the tracking range. Fig. 3(c) shows the change in appearance
according to the change in the position of the person over the
entire field.

We then propose a robust human-tracking method for situ-
ations where it is difficult to track using only an RGB camera.
Specifically, four laser ranging image sensors, which are time-of-
flight (ToF) sensors, were installed in the middle of the gymna-
sium ceiling, and the point cloud data provided by these sensors
were used. A ToF sensor has an advantage in that it is easy to
obtain robust measurement results against changes in ambient
light, because it projects IR light onto the target for measurement.

Calibration was performed to convert the position coordinates
expressed in the ToF sensor coordinate system into the ceiling
camera image coordinate system. We confirmed that accurate
calibration was realized by observing that all points were super-
imposed onto the position of the retroreflective material on the
image captured by the ceiling camera.

Fig. 4 presents the outline of the person-tracking method,
which consists of three steps: preprocessing, detection, and ID
assignment.

At the preprocessing step, the set of point cloud data P ob-
ained by the sensor coordinate system from the four ToF sensors,
re converted into a floor coordinate system with the center of
he shooting range as the center of the imaging range, and with
position of approximately 0.1 m above the floor surface on the
-axis as 0. It is indicated as pi ∈ P, pi = (xi, yi, zi), i = {1, . . . ,N},
here N denotes the number of points. The preprocessed point
roup P ′, which comprises only the person/object existing on the
loor, is obtained by removing the point group of zi < 0.0 in the
floor coordinate system.

At the detection step, the preprocessed point group P ′ goes
hrough clustering for each individual person/object (person and
bject are not distinguished here, but a person is taken as an
xample). The points measured on the same person are consid-
red to be close in distance. Therefore, we apply the Euclidean
lustering method, that uses the distance between points. The
oint groups existing within 0.3 m are grouped to generate a
luster, which is denoted as C i, i = {1, . . . , K }, where K indicates
he number of clusters at time t . Subsequently, the position of the
centroid of each cluster, c i = 1/mi

∑
p∈Ci

p, is calculated, where
i denotes the number of points that generate the ith cluster c i.
hen, assuming that the person does not overlap vertically, the
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Fig. 4. Outline of the person tracking method, which consists of three steps: preprocessing, detection, and ID assignment.
eight information is eliminated and the x, y coordinates of the
centroid in the floor coordinate system are used as the position
of the person.

The cluster trajectory is obtained by associating the cluster
detected in the previous frame with the closest cluster detected
in the current frame. First, a tracker, which is denoted as r , is
generated in the initial frame; r is composed of i that represents
the cluster ID, and the position at time t is indicated by r i(t). Let
i = k, r i(t) = ck in the initial frame. The number of clusters
obtained in the previous frame K (t − 1) and that in the current
frame K (t) are compared, and their IDs are assigned through three
different cases as follows.

In the case of K (t) < K (t − 1): It is considered that a person
being tracked has moved out of the frame, or has merged into a
cluster owing to the approach of multiple persons. In this case,
the cluster q at time t (cq(t)) that gives the minimum distance î
between r i(t − 1) and cq(t) is assigned to be r i(t). The function
of î is indicated by Eq. (1).

i = argmin
q∈K (t)

|r i(t − 1) − cq(t)| (1)

q = {1, . . . ,Q } denotes the cluster ID of the current frame at time
t .

In the case of K (t) > K (t − 1) : It is considered that a new
person has entered in the field of view. Therefore, a new tracking
target is added. After updating the tracker to the nearest cluster
using the same method as above, the surplus cluster is added as
a new tracker.

In the case of K (t) = K (t − 1): The tracker is updated to the
nearest cluster, but the combination that minimizes ĝ in Eq. (2)
is calculated from the combination of the tracker and cluster so
that assignment failure does not occur. The combination of the
tracker and cluster is denoted as g = {i, j} ∈ G. To improve the
robustness of tracking, trajectory prediction using past frames is
also introduced. Here, the current tracker position is expressed
by r i(t) = r i(t − 1) + (r i(t − 1) − r i(t − 2)),

ĝ = argmin
g∈G

∑
g

|r i(t) − cq(t)| (2)

This function minimizes the total distance difference of the
entire assignment between the previous frame and current frame.
Therefore, it has the effect of minimizing local assignment fail-
ures.

3.2. Floor projection algorithm

We propose an algorithm to provide floor projection feedback
according to the local distance and density of individuals. The
content of floor projection feedback is expressed by a function
indicated as H i(t). At the centroid of the cluster c i(t)(xci (t), yci (t)),
a circular figure with different diameters and colors is drawn on
4

the floor according to the size of the cluster si(t) or the distance
between the clusters dij(t).

H i(t) = h(c i(t), µ(si(t)), η(min dij(t), si(t))) (3)

where µ(·) and η(·, ·) are functions that determine the diameter
and color schemes of the projected circular figure, respectively.
Here, µ and η give the following values depending on particular
thresholds:

µ =

{
µ1 = 1.0 (si < θS)
µ2 = 2.0 (θS ≤ si < θL)
µ3 = 3.0 (θL ≤ si)

(4)

η =

{
ηa = Alert color
ηs = Success color (5)

The threshold of each function is denoted as θS , θL. θS and θL are
the minimum and maximum thresholds of si(t), respectively. In
this study, the thresholds θS and θL are determined empirically
as 0.3 m and 0.8 m, respectively. If si(t) < θS , then one person
is supposed to be included in the cluster. If θL ≤ si(t), then it is
assumed that four persons are gathered at one location. The alert
color of the projected circular figure η is different among each
game. The success color is set to green in this study.

3.3. Design of interactive floor projection

The design of the floor projection feedback was determined
through discussions with school teachers and by referring to our
previous findings (Oki et al., 2019). Examples of the content of
floor projection feedback are shown in Figs. 6 and 7. Details are
provided in Section 5. One suggestion by the teachers is that sim-
ple figures would be better as reinforcers in these tasks, because
complex figures would impose considerable cognitive burden on
the students to derive the meaning. These are consistent with our
prior findings that simple figures, such as circles or lines, are suffi-
cient to support the cognition and change in physical behaviors of
students with ND (Oki et al., 2019). The color scheme of the floor
projection feedback was determined through discussions with the
school teachers. Simple objects also make it easier to focus on the
difference in the behavior of students with ND and their reactions
to the projection.

The previous feedback algorithms used in FUTUREGYM (Oki
et al., 2019; Takahashi et al., 2018a, 2018b, 2018c) gives only
individual feedback, and these were static or simply moved at a
fixed pace without any group behavior detection. On the other
hand, the proposed algorithm in this study provides projection
feedback according to the degree of gathering with individuals
around oneself, that is, the local distance and density among
multiple individuals, by means of detection of the individuals in
the field. The diameter and color of the projected circle changes
accordingly.
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Fig. 5. Configuration of interactive floor projection system of FUTUREGYM.

4. System overview

The configuration of the proposed interactive floor projection
system is demonstrated in Fig. 5. The maximum floor projection
size is 8.5 × 11.34 m (approximately 558 inches of total screen
size), which is realized by eight different digital light processing
(DLP) projectors (Panasonic, PT-DW100 W). The projectors are
facing downward, with the lens height from the floor being 4.7
m. An RGB camera with a fish-eye lens (Point Grey BFLY-PGE-
13S2M-CS) was fixed in the center of the ceiling at a height of
5.2 m. The projection image generated from a Windows server
computer (CPU:3.30 GHz, RAM: 16G, OS: Windows 10 Pro) is sent
to another server and monitored by four joint displays using a
graphic board (NVIDIA, NVS 510). The image on the display is
projected by projectors on the ceiling. The gymnasium floor was
optimized by repainting with a polyurethane resin coating (Bona
Mega EX Matt). This was chosen for anti-reflection in order to
project a clear image, and at the same time to maintain appro-
priate friction of the floor when used for physical educational
purposes for children with ND (Takahashi et al., 2018c).

A software image blender (Japan Material, GeoBox G-602) is
used so that the four projected images can be stitched without
gaps at the borders. The required specifications of human tracking
in FUTUREGYM are specified so that the measurement stability
and sufficient resolution can be ensured when installed at a
ceiling height of 5.2 m. Four laser ranging image sensors (ToF
sensors) (Nippon Signal, InfiniSoleil FX8) were installed in the
center of the ceiling next to the RGB camera at a height of 5.26
m. The ToF sensor data are acquired at 10 fps, and the floor
projection feedback is sequentially projected on the floor at 10
fps. They are also stored and analyzed offline to evaluate the level
of achievement of collective PAs (Oki et al., 2019).

5. Experiment

5.1. Collective physical activities

We designed collective PAs called Walking Apart Game (WA),
alking Together Game (WT), and Delivery Service Game (DSG).

Each game is conducted with the cooperation of four people at
once.

The predetermined tasks in WA and WT were that four partici-
pants walk in the same direction around an 8 m-diameter specific
circle route in the same counterclockwise direction. The 8 m-
diameter specific circle route was a court line originally painted
red on the floor of the gymnasium. Meanwhile, the participants
5

were asked to maintain the same distance apart from each other
(90 degrees) in WA, as shown in Row(a) of Fig. 6. On the other
hand, the participants were asked to keep a close distance to
each other in a gathered formation in WT, as shown in Row(c)
of Fig. 6. The main difference between WA and WT was the
distance between individuals. WA and WT activities themselves
were designed to see the basic skills of collective physical activ-
ities. These fundamental skills to walk and act while keeping a
distance to other participants are needed in a number of collec-
tive physical activities at the school such as walking together,
lining up, keeping distance to each other in dance classes or to
keep physical distance, and sports for people with disabilities
such as line soccer, mini port ball. Regarding the floor projection
feedback, the main difference was the diameter of the projected
circle, µ, and especially the alert color, η, in a failure condition.
Nothing will be projected for failure in WA, and a red circular
figure will be projected in WT, respectively.

The DSG was based on what the teachers in the cooperating
school and a professional specialist of adapted physical activity
devised for students with special needs as a game to develop
the ability of cooperative games, being aware of others, and
nonverbal communication.

The relationship between the success and failure of the pre-
determined task in each activity and the image examples of
projection feedback are shown in Fig. 6.

5.1.1. WA (experiment 1)
The participants were asked to maintain the same distance

apart from each other (90 degrees) in WA, as shown in Row(a)
of Fig. 6. For WA, the proposed algorithm was applied as follows:

H i(t) = h(c i(t), µ2, η(min dij(t))) (6)

η =

{
ηa = none (min dij < θA)
ηs = green (θA ≤ min dij)

(7)

where µ2 = 2.0 m, θA is a constant value determined empirically
to work at 1 m in the actual field. One session time was τ = 60 s.
When performing the predetermined task successfully, a green–
white circular figure ηs = green was continuously projected
around each participant. When more than two of them were too
close to each other, which was a failure condition, it was observed
from the participants as nothing projected ηa = none. The reason
for not adopting a red circular figure for the feedback of failure
in WA was that the teachers suggested that it could make them
stop walking rather than being an alert.

5.1.2. WT (experiment 2)
The participants were asked to keep a close distance to each

other in a gathered formation in WT, as shown in Row(c) of Fig. 6.
For WT, the proposed algorithm was applied as follows:

H i(t) = h(c i(t), µ(si(t)), η(si(t))) (8)

=

{
µ1 = 1.0 (si < θS)
µ2 = 2.0 (θS ≤ si < θL)
µ3 = 3.0 (θL ≤ si)

(9)

=

{
ηa = red (si < θS)
ηs = green (θS ≤ si)

(10)

here θS = 0.3 m and θL = 0.8 m. One session time was τ = 60 s.
hen performing the predetermined task successfully, a green–
hite circular figure ηs = green was continuously projected
round the participants. The diameter of the projected circular
igure was µ2 = 2.0 m or µ3 = 3.0 m. When anybody falled out,
which was a failure condition, a red circular figure ηa = red with
diameter of µ = 1.0 m appeared.
1
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Fig. 7. Material, course, and image from the second floor of the gym for DSG.
a) Four ropes tied to the hula-hoop (Outer and inner circumference: 0.68 m,
.64 m, respectively. (b) Box placed on the hula-hoop.

.1.3. DSG (experiment 3)
The Delivery Service Game (DSG) is an educational game that

as been developed for special needs education. Here, we use this
ame for an application of the proposed floor projection algo-
ithm. Its aim is to move one’s body while being aware of others
nd to develop the power of nonverbal communication through
ooperation of four people and adjustment to each other’s pace. In
ddition, the manipulation of tools with peers, such as adjusting
ow to lift and pull a rope while being aware of each other,
s experienced. We modified the specific rules according to the
nvironment of FUTUREGYM. The predetermined task in the DSG
as that four people carry an object placed on a hula hoop,
y pulling the ropes together that were tied to the hula hoop.
etails are as follows: The tools were prepared by tying a rope
o four points on a hula hoop (φ = 0.68 m). A cardboard box
W × D × H = 0.5 × 0.5 × 0.1 m) was placed on the hula hoop
s shown in Fig. 7(b). A retroreflective sheet was attached on
op of the cardboard box. Four people made a group, and each
erson held one rope. The hula hoop was lifted by holding the
ope to avoid the box dropping, and then moved from the area
urrounded by the lower area of Fig. 6(e), (f) (starting point=goal
oint) to the area surrounded by the upper area (turning point),
nd returned to the area surrounded by the lower area. The faster
hey reach the goal without dropping the box, the better they
ave performed.
If the four do not always lift the hoop to the same height, the

oop will tilt and the cardboard box will fall from the hula hoop.
he tips for success are pulling the rope outwards from the hoop
ith the same force at 90◦ to the hoop, as well as holding the
ope so that the two people on a diagonal line will stand in a
traight line. This requires that the angle between each other is
lways 90◦, and that the distances between the four are always
6

onstant. For that reason, we hypothesized that the proposed
loor projection algorithm can be effective in supporting the
chievement of success, that is, reaching the goal faster without
ropping the box. To this end, we projected a green circle around
ach person when they were at an appropriate distance from each
ther, and projected nothing as an alert when they got too close
o each other, which was similar to WA.

For DSG, the proposed algorithm was applied as follows:

i(t) = h(c i(t), µ1, η(min dij(t))) (11)

=

{
ηa = none (min dij < θB)
ηs = green (θB ≤ min dij)

(12)

here µ1 = 1.0 m, θB is a constant value determined empirically
o work at 2 m in the actual field. One session time τ was defined
hen they reach the goal. When performing the predetermined
ask successfully, a green circular figure ηs = green was continu-
usly projected around each participant. When more than two of
hem were too close to each other, which was a failure condition,
t was observed from the participants as nothing projected ηa =

one.

.2. Participants

The detailed demographic information of the participants with
D are presented in Table 1. We recruited a total of 16 students in
igher secondary education (15–17 years old). Every participant
ad prior experience playing in FUTUREGYM in recent years. The
tudy was carried out with the approval of the Ethics Review
oard of the Education Bureau at the University. The special
eeds school with FUTUREGYM was affiliated with the University.
he students signed consent forms on entering the school to
articipate in the experiments.

.2.1. Experiment 1
The students who participated in WA were high school 2nd

raders with mild/moderate ASD and ID (n=8, FSIQ: 46.3 ± 5.3,
ne adolescent could not be scored, FSIQ=Full Scale IQ measured
y WISC-IV). They were divided into two groups (Group1 (G1),
roup2 (G2)). When dividing the eight participants of each grade
nto each group of four, we asked the teachers to divide them into
wo groups so that the average FSIQ (or level of doing activities)
ould be almost the same between each group. The members
ere fixed to each group.
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Table 1
Participant and group information.
Activity Group no. Participant no. CA (yrs.) WISC-IV score Gender

FSIQ VCI

WA G1 P1–P4 16–17 46.3 ± 5.3a 49.0 ± 4.8 54.6 ± 8.2a 56.0 ± 6.3 4 M
G2 P5–P8 42.7 ± 3.8a 52.7 ± 11.6a 3 F, 1 M

WT G3 P9–P12 15–16 52.1 ± 15.9a 50.3 ± 17.2 56.4 ± 13.1a 52.3 ± 9.4 2 F, 2 M
G4 P13–P16 54.7 ± 17.2a 62.0 ± 17.3a 2 F, 2 M

DSG G5 P1, 3, 4, 7 16–17 45.4 ± 5.1a 46.5 ± 5.9 53.3 ± 5.9a 55.0 ± 7.5 1 F, 3 M
G6 P11, 13, 14, 15 15–16 44.0 ± 4.4a 51.0 ± 2.0a 2 F, 2 M

aOne adolescent could not be scored, F = Female, M = Male.
.2.2. Experiment 2
As shown in Table 1, the students who participated in the WT

ere high school 1st graders (15–16 years old) with
ild/moderate ASD and ID (n=8, FSIQ: 52.1 ± 15.9, one adoles-
ent could not be scored). In the same way as in Experiment 1,
hey were divided into two groups: Group3 (G3) and Group4 (G4).

.2.3. Comparative study
For reference, we conducted the same group activities with

ypically developing students (TD) of almost the same chrono-
ogical age. We recruited 8 typically developing students of high
chool 1st graders (15–16 years old), who were divided into two
roups (T1 and T2). The members were fixed among each group.
oth T1 and T2 conducted both WA and WT.

.2.4. Experiment 3
We conducted a preliminary experiment by 8 students with

D. As shown in Table 1, four students were recruited from
igh school 2nd graders who participated in WA, called group
5. Another four students were recruited from high school 1st
raders who participated in WT, called group G6 (n=8, FSIQ:
5.4 ± 5.1, one adolescent could not be scored).

.3. Experiment design

The points common to Experiment 1 and 2 for students with
D regarding the number of session days, duration from one
ession to another, and session order per day, were as follows:
our sessions of ABAB design (A1, B1, A2, and B2) for the two
roups were conducted per day. The A phase = without projec-
ion, will be called the baseline condition and the B phase = with
rojection, will be called the intervention condition, respectively.
ach session was done one group after another so that each group
ould take a rest after participating in a session. The first group
as alternated by day.

.3.1. Experiment 1
The 5-day intervention experiment was conducted over 2

eeks, and 2 months later, additional intervention experiment
as conducted for 1 day. For G1, at least one student was not able
o participate due to absence from school or leaving the session
n their own will for 3 days. For G2, at least one student was
ot able to participate due to absence from school or leaving the
ession on their own will for 2 days. The data of 3 out of 6 days
as used for analysis. For TD students, two sessions of AB design
A1, B1) for the two groups were conducted on a single day.

.3.2. Experiment 2
For students with ND, four sessions of ABAB design (A1, B1,

2, and B2) for the two groups were conducted per day. The 5-
ay intervention experiment was conducted over 2 weeks. For
days, at least one student was not able to participate due to
bsence from school or leaving the session on their own will.
herefore, the data of 3 out of 5 days was used for analysis. For TD
tudents, two sessions of AB design (A1, B1) for the two groups
ere conducted on a single day.
7

5.3.3. Experiment 3
We conducted a preliminary experiment of ABA design for G5

and ABABA design for G6. The experiment was ended with an A
phase, because we wanted to see if conducting the B phase would
have a short-term effect or not. One-day intervention experiment
was conducted.

5.4. Experiment procedure

The experiments were facilitated mainly by an experimenter
with the assistance of the school teachers. In addition, one or two
support teachers gathered in the gym to watch over the class.
When participants did not want to join the session, they were
able to tell the teachers and were not forced to participate.

5.4.1. Experiment 1 & Experiment 2
For both the students with ND and TD, the procedure in each

session was as follows:
A three-minute instruction was given before the first session.

Before each session, the experimenter reminded them of the
predetermined task. The order of the participants of each group
of how to line around the specific circle route was random in
both WA and WT. In addition, in the WT, they were allowed
to decide the formation of how to gather close together at the
starting line. Examples of formation were standing in a vertical or
horizontal straight line against the specific red circle court line, or
two participants standing in front with two in the back forming
a square shape.

Then, the experimenter verbally starts and ends the 1 min
session. In addition, during the session, neither the experimenter
nor teachers gave instructions or cheers to the participants, so
that the data will demonstrate the effect of floor projection only.

Minimum explanations of floor projection was given before
session B1 and B2. To what color and diameter size the floor pro-
jection feedback changes according to their physical movement,
was not explained; it was left to their own findings as embedded
support (i.e., ways for students to learn through experience as
opposed to being taught concepts explicitly). This is because we
have learnt from advice from teachers and previous studies (Oki
et al., 2019; Takahashi et al., 2018a, 2018c) that if we tell them
how the projection works, instead of the predetermined task,
they will focus on making the feedback work successfully.

5.4.2. Experiment 3
The teachers showed demonstrations to the participants and

explained the tips verbally. The tools are placed at the starting
point. The order of the participants of each group of how to
stand around the hula hoop was random. At the moment the
box falls from the hula hoop, it was required for them to stop
the activity, put the box back onto the hula hoop and restart
from that point. During the session, the teachers and other four
students waiting for their turn, were allowed to cheer them. Min-
imum explanations of floor projection was given before session
B1 and B2. To what kind of color and to what size of diameter
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The trajectory plot of the x, y coordinate of a whole one-minute walk by four
articipants is superimposed as white dots on the ceiling RGB camera image.

he floor projection feedback changes according to their physical
ovement was not explained. That part was left to their own

indings.

.5. Evaluation method

The evaluation was performed based on the positions of the
articipants using the centroid of the cluster c i(t)(xci (t), yci (t)) ob-

tained by the ToF sensors. After extracting the data, the trajectory
of c i(t) was plotted. The white dots in Fig. 8 indicate the plots
of one session of four people superimposed on the RGB camera
image.

5.5.1. Experiment 1
The central angle between one participant and others θij were

calculated (Fig. 8(left)). The success condition for WA was defined
as when the angle between two persons was 90 ± 22.5 deg.
(67.5 < θij < 112.5). This reflects the success of the prede-
termined task, that the four students keep the same distance
apart from each other around the specific circle route. We then
obtained the accumulated time of the success period averaged by
each participant. This evaluation method provided only one data
point for one session. The larger the success time, the more the
students were able to keep the same distance apart from each
other. The level of achievement was based on the time length of
the success per session (longer is better).

5.5.2. Experiment 2
The success condition for WT was defined as the square area

that surrounds the four students, which was calculated by the
maximum and minimum coordinates of xci (t) and yci (t) among
the four participants. That is, (max xci (t)−min xci (t))·(max yci (t)−
min yci (t)) m

2, as illustrated in Fig. 8(right). The square area data
was taken at 10 fps. One session was 60 s. Here, we obtain the
level of achievement based on the averaged area per session. The
smaller the calculated area, the more it indicates that the success
level is high, since the required task was that four students walk
together closely.

5.5.3. Experiment 3
The evaluation was done by observing videos using ELAN

(ELAN, 2020). The required time from the beginning to achieving
our goal, τ , was measured. The number of boxes dropping in each
session was also counted. Smaller time and number of dropped
boxes corresponds to better achievement.
8

6. Result

6.1. Experiment 1

The results of WA sessions for 3 days (WA-Day1, WA-Day2,
WA-Day3) were illustrated in Fig. 9. The unfilled and filled mark-
ers in Fig. 9(a), (b) represent the results of the baseline condition
(A phase = without projection), and the intervention condition (B
phase = with projection), respectively. There exist no error bars
because the evaluation method used here provides only one data
point for one session. The horizontal dotted lines in each day,
which represent the mean (average) of success time for that day
regardless of A or B, also indicate an increase in success time with
each passing day.

Next, based on the results of Fig. 9(a) and (b), a total of 12
plots of the baseline condition (A phase) of group G1 and G2, and
12 plots of the intervention condition (B phase) of group G1 and
G2 are given in Fig. 9(c). The IQR 75 percentile–25 percentile
were plotted as filled gray markers and the others were plotted
with unfilled markers in Fig. 9(c). A Wilcoxon signed-rank test
was conducted to determine whether adolescents with ND per-
formed better in the intervention than in the baseline condition.
The null hypothesis is that there is not a difference between
the intervention and the baseline condition. The statistical tests
were conducted to reveal only the effect of having projection
or not during the activities among all groups and all days. The
phases did not differ significantly (p=0.23>0.05). The mean for the
intervention condition (M=23.40, SD=10.36) was not significantly
different from that at baseline (M=19.76, SD=5.50). These findings
do not support the idea that the intervention condition was
more effective than the baseline condition. The cross markers in
Fig. 9(c) are the average success times of T1 and T2. The success
times for the baseline and intervention conditions were 52.58
and 59.68 s, respectively. In addition, since the predetermined
task achievement level was close to 100% (60 s) in both the
baseline and intervention conditions, this indicates that the TD
students were able to conduct the task successfully even without
the guidance by projection.

6.2. Experiment 2

The results of WT sessions for 3 days (WT-Day1, WT-Day2,
WT-Day3) were presented in Fig. 10. The averaged area per ses-
sion was calculated by plots of 60 s per each session (600 plots).
Since there was a detection error for G3-Day1-A1, the results
of only 43 s (430 plots) were plotted for G3-Day1-A1&B1. The
unfilled and filled markers represent the results of the baseline
condition (A phase = without projection) and the intervention
condition (B phase = with projection), respectively. Taking a look
at WT-Day1 of G3 and G4 altogether (Fig. 10(a) and (b)), there
exist four sets of AB in total. It can be observed from the figure
that the squared area size decreases in the intervention condition
for three out of four sets of AB (75%) on WT-Day1. Taking a look
at WT-Day2 and WT-Day3 of G3 and G4 together (Fig. 10(a) and
(b)), the squared area size shows a decrease in the intervention
condition for four out of four sets of AB (100%) on both WA-Day2
and WA-Day3. This indicates that the participants got closer to
each other in the intervention condition compared to the baseline
condition at a fairly high probability (more than 75%) even from
the first day. Next, as the same way as for WA, in Fig. 10(c),
12 plots are used for the baseline condition and the interven-
tion condition, which are a collection of 6 plots of the baseline
condition or the intervention condition of one group (G3), which
are seen in Fig. 10(a), and 6 plots of the baseline condition or
the intervention condition of the other group (G4), which are
seen in Fig. 10(b). The IQR 75 percentile–25 percentile were
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Fig. 9. The time of success when conducting WA activity without (A1, A2) and with (B1, B2) projection for three days for (a) G1 and (b) G2, respectively. For (a)
and (b), there exist no error bars because the analysis method used here provides only one data point for a single session. The horizontal dotted lines in each day
represent the mean (average) for that day. (c) The time of success when conducting WA activity without (A) and with (B) feedback over all sessions of two groups.
For (c), gray markers represent data within 25–75 percentile for each condition. p=0.23>0.05 (n=12). For WA, the data will be counted as success when the angle
between two participants is 90 ± 22.5 (67.5 to 112.5) degrees. The success rate was higher when the success time was longer. Since the session was 60 s, the
success time would be 60 s if they achieved a 100% success rate.
Fig. 10. The area size surrounded by 4 participants when conducting WT without (A1, A2) and with (B1, B2) feedback over three days for (a) G3 and (b) G4,
respectively. For (a) and (b), Error bars indicate ± standard deviation. (c) The area size surrounded by 4 participants when conducting WT without (A) and with
(B) feedback over all sessions of two groups. For (c), gray markers represent data within 25–75 percentile for each condition. p=0.007<0.05, d=0.85 (n=12). For WT,
smaller area size indicates higher success rate.
plotted as filled gray markers and the others were plotted with
unfilled markers in Fig. 10(c). A Wilcoxon signed-rank test was
conducted to determine whether adolescents with ND performed
better in the intervention than in the baseline condition. The
phases differed significantly (p=0.007<0.05). The mean for the in-
tervention condition (M=2.49, SD=1.16) was significantly smaller
(success trend was significantly higher) than the baseline con-
dition (M=4.29, SD=2.95), and the effect size was high (d=0.85).
These findings support the idea that the intervention condition
was more effective than the baseline condition, which was an
indication of a positive effect of the proposed floor-projection
feedback. The cross markers in Fig. 10(c) are the average squared
area sizes of T1 and T2. The degree of decrease from baseline to
intervention was sharper than that of adolescents with ND.
9

6.3. Experiment 3

The results are shown in Fig. 11. For G5, both the time du-
ration τ and the number of dropped boxes were smaller in
the intervention than in the baseline condition, which might
indicate the efficacy of our proposed algorithm. For G6, the num-
ber of dropped boxes was smaller in the intervention condition.
Although the time duration increased slightly during the inter-
vention, the deviation from the baseline condition was small
in the intervention condition. From observations during the ex-
periment and through ELAN, we observed that conducting this
activity was challenging for students with ND. It required pa-
tience, but that seemed to lead to a sense of accomplishment after
reaching the goal, because we observed that they were praising
each other and showed positive behaviors, such as high fives and
saying ‘‘hooray’’ after reaching the goal. This task is not so difficult
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Fig. 11. Examples of time duration and number of dropped boxes in DSG for
two groups. (a) Time duration starting from the start to achieving the goal, and
(b) number of dropped boxes from the start to achieving the goal.

for teachers or adolescents who understand verbal instructions
easily.

7. Discussion

7.1. Floor projection algorithm for WA

For WA, the results do not support the hypothesis because we
ere not able to make it clear whether the increase in success
ime in the intervention condition was made by the floor projec-
ion or not. We observed that some students did not understand
he task to walk at an appropriate pace because they were not
ooking at both the person in the front and behind so as to
eep the same distance apart from them. In WA, participants
eed to pay attention to a wider range in order to recognize and
onfirm each other. In the intervention condition, it is required to
eep attention to a wider range, sometimes even using peripheral
ision to see both the floor projection feedback and the distance
rom yourself to others.

Even in the case of TD students, the effect of the proposed
rojection algorithm cannot be discussed, since the success level
as high even in the baseline condition. This means that the
redetermined task, which was verbally explained, was not diffi-
ult for the TD students to follow, which was also an indication
hat the feedback did not interfere with their behavior in the
ntervention condition. There was no need to perform continuous
nterventions, because the predetermined task was successfully
erformed with ease.

.2. Floor projection algorithm for WT

For WT, it was suggested that the hypothesis was supported,
ecause there existed a significant decrease in the result com-
aring the mean square size area of eight students with ND of
he whole three days in the intervention condition compared to
he baseline condition. We consider that participants used the
nteractive floor projection as a cue to help the success of the
redetermined task.
Evidence suggests that individuals with ND have reduced per-

onal space (Asada et al., 2016) in dyadic situations, specifically
any are in face-to-face situations. It was not possible to make
lear from this experiment and further investigation is needed
hether the inherent proximity problem affected the results or
ot.
In the case of TD students, it was shown that the degree of de-

rease of the squared area size from the baseline to intervention
ondition was sharper than that of adolescents with ND. As we
an observe that the squared area size for ND (4.36 m2) and TD
3.66 m2) were close values in the baseline condition, it could be
10
said that the degree of how close to gather was not clear from
the verbal instructions even for the TD students. However, it can
be considered that the TD students understood the contingent
behavior of the projection feedback, which was given according
to their movement, and used that visual feedback as an indicator
of how close to gather.

7.3. DSG

From observations, the task in DSG seemed difficult, because
it utilized an object, making the elements for conducting the ac-
tivity more complicated. However, from the one-day intervention
results, the feasibility of the proposed algorithm was suggested.
It was shown in the DSG that the similar application of the
algorithm as WA was effective to achieve a better DSG level.

We consider that having a physical object in between the
students has a possibility to impact the activity. The task cannot
be completed unless the students work cooperatively together
keeping the same distance apart from each other as well as in WA.
In DSG, the presence of an object determines a focal point for the
participants, and the task of carrying a box is easily shared among
the four participants. Being able to carry the box directly means
‘‘achievement’’ of the predetermined task, and the moment the
box falls, it directly means ‘‘failure’’, so it is easy for the four
people to share the situation of failure, and it is possible to try
at that time to stop the activity and restart. It is noted that, floor
projection feedback can be combined in the form of extending
existing school activities whether or not a tool is used.

By using the developed system, the places and objects to pay
attention to, such as where the students should look at and where
to put their hands on, can be visually emphasized. We consider
that the instructions of the teachers given to students can be
extended.

7.4. Behavioral repertoire

From the experimental results, we consider WT as one of the
activities that were already in their repertoire of behavior of
collective physical activity. However, the degree of gathering was
not clear in order to successfully finish the predetermined task.
We consider that the proposed projection algorithm performed
effectively as an index of the degree of gathering. On the other
hand, it is possible that WA was not in their repertoire of behav-
ior. When we teach them to learn a new task that is not in their
repertoire, it might be that practices with projection contents that
do not change according to their movement but move at a fixed
pace and size would be effective. In our previous study, the effect
of showing the trajectory to achieve a given task was verified in
a cleaning task scenario (Takahashi et al., 2018a).

7.5. Future work

Although VR environment using tablet games and floor-wall
projection has been proposed as a method for interactively pro-
viding visual assistance, its effectiveness in intervention has not
yet been sufficiently verified, and further investigation is needed
in a school setting (Khowaja et al., 2020). In this study, we
provided a new study so as to verify the difference between the
baseline and intervention condition based on experiments on a
short term. We saw a lot of potential in DSG as it was a practical
application of collective physical activities which is something
much more likely to occur in a physical education classroom.

Future work includes increasing the number of participants
of the same chronological age and days of intervention, to in-
vestigate the probability of generalizing the obtained system
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result and behavior. In addition, conducting a follow-up condi-
tion would be useful to check the long-term effect to verify its
effectiveness in intervention. By deploying this in the gymnasium
of the school as in this study, it will open up the possibility of
conducting a long-term intervention research that verifies the
efforts of various subjects.

The strong demand from school teachers to support collective
As was one of the motivations to propose this algorithm. When
ifficulties lie in guiding the students only through verbal words
n how to move with their peers or the degree of behavior
n organized PAs that are conducted under specific rules and
redetermined tasks, the proposed feedback given by interactive
loor projection showed a potential to be a complementary and
ffective tool.
We hope that the support of organized collective PAs in the

UTUREGYM will lead to inclusion of playing with neurodiverse
eers. We have already been conducting such attempts through
hysical games and activities in the FUTUREGYM. Before playing
nclusion games with TD students, the students with ND could
ractice the tasks through this algorithm, and then share a higher
evel of PA.

. Conclusion

In this paper, we proposed an algorithm to provide floor
rojection feedback according to the local distance and density of
ndividuals, in order to support the cognition of spatial–temporal
tructures of groups of individuals so that it will lead to the suc-
ess of a certain predetermined task during organized PAs. Each
ame was conducted with the cooperation of four people at once.
bservation and evaluation of behavioral changes in adolescents
ith ND when they were active with or without the floor projec-
ion feedback were conducted. We observed that the proposed
lgorithm can be implemented in different organized collective
As. The proposed algorithm demonstrated significantly positive
esults for the support of WT, and although no significant positive
ffect was observed for WA, it was shown in DSG that a similar
pplication of the algorithm as WA was effective for a better
chievement level in DSG. We consider that not only DSG, but
lso activities that are performed based on the local distance and
ensity of individuals has a potential to be generalized, and that
he proposed algorithm can be utilized for tasks in which two
r more people must act while considering the spatial–temporal
elationship with other individuals.
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Selection and participation

All the study’s participants were students of Otsuka Special-
Needs School, University of Tsukuba, located in Tokyo, Japan. The
study took place in the gymnasium of their school where FUTUR-
EGYM was implemented. Data related to the study were collected
after approval from the Ethics Review Board of the University
of Tsukuba Education Bureau of Laboratory Schools, following all
the regulations and recommendations for research with students.
The participants and legal guardians signed consent forms to
participate in the experiments. The experiments were conducted
during the classroom activity under the guidance of teachers and
experimenters. We provided the teachers with consent forms
and information sheets of the experiments and of WISC-IV tests,
which they distributed to legal guardians prior to the work being
carried out. In addition, participants were able to withdraw their
consent for the data collection at any time without affecting their
participation in the activity. When participants did not want to
join the session, they were able to tell the teachers and were not
forced to participate.
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