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Abstract

One of the most important problems in teleoperation of heavy machinery is that the
work efficiency of teleoperation is lower than half that of a typical boarding operation.
This difference is primarily caused by operators’ difficulty in creating mental repre-
sentations (i.e., cognitive maps) of work sites. Operators have two opportunities to
acquire information, namely before work and during work, because the introduction
of teleoperation requires about one week. Therefore, we have developed a view sys-
tem to be used before work to provide environmental information concerning work
sites on the basis of human spatial cognition. Cognitive maps can be built by acquiring
knowledge from two perspectives—the survey perspective and the route perspective.
We display an external view from any viewpoint to acquire knowledge from a survey
perspective and a view from an operator’s viewpoint, which can be modified by the
operator’s intention to acquire knowledge from the route perspective. Experimental
results using a simulator suggested that a proposed view system could help opera-
tors acquire cognitive maps, which may lead to a decrease in task time, the number of
stops, and the moving distance and an increase in speed during grasping.

1 Introduction

Japan has experienced many natural disasters, such as the eruption of
Unzen-Fugendake in 1991 (Nakada & Fujii, 1993) and the Great East-Japan
Earthquake in 2011 (Lay & Kanamori, 2011). After such disasters, teleop-
cration of heavy machinery such as construction equipment has been intro-
duced since secondary disasters such as landslides may occur (Hiramatsu, Aono,
& Nishino, 2002; Kawatsuma, Fukushima, & Okada, 2012; Chayama et al.,
2014). Operators can maneuver heavy machinery in a safe and distant area by
watching several views from cameras in disaster sites. One of the most crucial
problems affecting teleoperation is degradation of work performance. The
work efficiency of teleoperation is lower than half that of a typical boarding
operation (Moteki, Akihiko, Yuta, Mishima, & Fujino, 2016). This degradation
primarily arises because operators have difficulty creating mental representa-
tions of work sites in their mind because of the current view system, as shown
in Figure 1 (Asama & Ueki, 2013; Fong, Thorpe, & Baur, 2003). Operators
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creating mental
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(a) Teleoperation room

(b) Example of an actual work site

Figure 1. Difficulties in creating mental representations of work sites.

need two types of information to create mental repre-
sentations of work sites (Asama & Ueki, 2013). The
first one is environmental, for example, the locations of
things such as debris or clods (see Figure 1(b), a picture
of a disaster site in the 2016 Kumamoto earthquake).
The second one is the heavy machinery itself, for ex-
ample, the posture of the arms and the orientation of
the equipment during work. In this article, we focus on
mental representations of environment because environ-
mental information is essential for teleoperation.

Operators can hardly plan paths and working strate-
gies without mental representations of work sites be-
cause humans judge based on what they recognize (End-
sley, 1995). For example, in the work sites with seven
objects to transport and four obstacles, as illustrated
in Figure 2(a), operators can choose an oblique path
(black dotted line) without the information concerning
the four diaphanous objects on the right of the figure.
Moreover, operators may stop to search for objects with-
out their positional information. Furthermore, in the
work site as illustrated Figure 2(b), operators can choose
a roundabout path (black dotted line) without the infor-
mation concerning the distance between the obstacles
(black two-way arrow).

Operators have two opportunities to obtain such in-
formation, namely before work commences (since the
introduction of heavy-machinery teleoperation requires
about a week; Nitta, 2012) and during work. Several
researchers have developed systems to provide such in-
formation during work periods. These include, for ex-

ample, adding displays to increase fields of view (Moteki,
Akihiko, Yuta, Mishima, & Fujino, 2016), providing

an arbitrary view using a drone (Kiribayashi, Yakushi-
gawa, & Nagatani, 2018), and providing views from
various perspectives by automatically changing the ro-
tation and view angle of the cameras (Kamezaki, Yang,
Iwata, & Sugano, 2016). Furthermore, moving map
displays designed to give a sense of robot orientation
(Casner, 2005), gravity-referenced view displays to show
robot attitude (Wang, Lewis, & Hughes, 2004), and
stereoscopic displays to offer depth perception (Draper,
Handel, & Hood, 1991) have been developed outside of
the construction-research field.

However, no studies have focused on providing in-
formation before work commences. Lack of environ-
mental information before work causes difficulties in
planning paths and working strategies because opera-
tors tend to do so before work. People can plan only
with information acquired during work (Passini, 1984).
Thus, many navigation systems for displaying which
way to go at that moment, including car navigations,
head-up displays (Burnett, 2003), and augmented re-
ality navigation systems (Narzt et al., 2005), have been
developed. However, these systems require the answer
paths. Various information including a 3D map at dis-
aster sites, the hardness of the ground, and water con-
tent of the ground is necessary for finding the answer
paths at the disaster sites. However, current systems can
hardly acquire all the information, even though some
information such as a 3D map at disaster sites can be
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Figure 2. Degradation of work efficiency owing to lack of environmental information.

acquired (Nex & Remondino, 2014). In summary, pre-
vious research including navigation systems can barely
adapt for teleoperation of heavy machinery owing to
difficulties to acquire necessary information for plan-
ning answer paths. Moreover, planning only with in-
formation acquired during work forces them to plan
and work simultaneously. Humans acquire 70% of their
information from sight (Heilig & Futuro, 1992), and
visual information is the most important among the
five senses for judging and planning (Crundall & Un-
derwood, 1998). Therefore, in this study, we develop a
view system to be used in advance of work so as to pro-
vide environmental information; we also analyze the
work-performance and operator-mental-representation
effects of this system. The contribution of the study is
to help operators plan before work by providing prior
environmental information, though previous studies
have focused on providing information during work.
This can increase work efficiency because operators can
focus on operation with enough prior environmental
information.

In Section 2, we first introduce human spatial cog-
nition, and then develop a view system based on it and
hypothesize the effects of the proposed system. In Sec-
tion 3, experiments to evaluate the proposed view sys-
tem are conducted, and the results are analyzed in terms
of work efficiency and operator-mental-representation.
In Section 4, we conclude the study and explain future
work.

2 A View System for Providing
Environmental Information Prior to Work

In this section, we develop a view system to pro-
vide environmental information to teleoperators before
work on the basis of human spatial cognition. First, we
explain human spatial cognition according to psycholog-
ical knowledge. Next, we assume the effects of acquiring
environmental information for teleoperation. Finally, we
develop a view system based on human spatial cognition
and presume the effects of this view system.
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Figure 3. Comparison of two perspectives of a cognitive map.

2.1 Human Spatial Cognition

Humans store mental representations known as
cognitive maps (Edward, 1948). These maps can be
built by acquiring knowledge from survey and route per-
spectives (Golledge & Stimson, 1997). Humans acquire
survey knowledge from external viewpoints, whereas
route knowledge can be acquired from internal or per-
sonal viewpoints. Thus, survey knowledge is usually de-
scribed in absolute coordinates such as east and west,
whereas route knowledge is described in terms of rela-
tive coordinates such as front and back. Moreover, maps
are usually used to express survey knowledge, whereas
pictures taken from a human viewpoint are usually used
to express route knowledge. For example, the maps illus-
trated in Figure 3(a) are used for the survey knowledge
and described in terms such as south and north, whereas
the pictures shown in Figure 3(b) come from the route
knowledge and are described in terms of right and left
(Figures 3(a) and (b) represent the campus of Waseda
University).

2.2 Assumption of Effects of Acquiring
Cognitive Maps

We assume the effects of acquisition of cognitive
maps upon teleoperation work performance. Operators
can plan general paths with knowledge from the survey
perspective and work strategies in a particular area with
knowledge from the route perspective.

2.2.1 Survey Knowledge. We hypothesize the effects
of acquiring knowledge from the survey perspective in
a work site as illustrated in Figure 2(a). Operators can
recognize where objects and obstacles are from exter-
nal viewpoints if they acquire knowledge from a survey
perspective. Thus, operators can plan and choose the
shortest path such as the green line in Figure 2(a) and
thus avoid stopping to search.

2.2.2 Route Knowledge. We assume the effects of
acquiring knowledge from route perspective in a work
site as illustrated in Figure 2(b). Operators recognize
the working environment, including distance between
obstacles, as illustrated in Figure 2(b) inside the cab-

ins during a usual boarding operation. Therefore, op-
erators can recognize the distance between obstacles
because route perspective is close to the views opera-
tors watch during a usual boarding operation. Thus,
operators can choose the shortest path, such as the green
line in Figure 2(b). Moreover, we hypothesize the ef-
fects in a work site, as illustrated in Figure 4. Operators
must simultaneously work and plan how to grasp the
right and left fallen trees illustrated in Figure 4 without
prior route knowledge. Therefore, the speed of grasping
may be degraded or operators may need to stop to plan
how to grasp the fallen trees. However, operators can
finish planning prior to the work if they acquire route
knowledge before work because they recognize envi-
ronments from viewpoints where operators usually are.

€20z Jequieydag 20 uo 3senb Aq jpd'eec00™ & seud/229€002/60¢/E/LZ/HPd-8loie iead/npayiwioalip//:dpy woly pepeojumoq



Satoetal. 313

Figure 4. Hypothesized effects of acquiring cognitive maps.

Thus, operators can maintain a high speed during grasp-
ing and keep working without stopping.

2.3 Development of a View System for
Acquiring Cognitive Maps and
Hypothesis on Effects of a View System

Acquiring cognitive maps can enhance work per-
formance as described in Subsection 2.2. Therefore,
we develop a view system before work to enable opera-
tors to acquire cognitive maps, as illustrated in Figure 5.
Moreover, we hypothesize the effects of this proposed
view system.

2.3.1 Survey Knowledge. This knowledge can be ac-
quired from external viewpoints. Different viewpoints
that occur before and during work may cause difficulties
in recognizing environments, since mental rotation is
required to match different viewpoints (Levin, Jankovic,
& Palij, 1982). Furthermore, suitable viewpoints differ
between operators (Sato, Kamezaki, Sugano, & Iwata,
2016) and tasks. Thus, we display a zoomable view from
an external viewpoint that can be modified by opera-
tors as shown in Figure 5(a). We display this view in 2D
because teleoperators maneuver by watching 2D views.
This survey-knowledge view can let operators plan
general paths, which allows them to keep working with-
out stops as explained in Subsection 2.2.1. Operators
can remember more objects more accurately from exter-

nal viewpoints, but remembering all positions of objects

in disaster sites is almost impossible because humans
have a limited memory (Miller, 1956). Thus, opera-
tors may prefer to remember important objects, such as
the debris that needs to be transported and the area to
which the debris should be released, to follow planned
paths.

2.3.2 Route Knowledge. This knowledge can be ac-
quired from personal viewpoints. Operators can acquire
it more effectively from active movements which include
modifying views according to their intention, rather than
watching predetermined views (Cadwallader, 1975).
Thus, we display a view from an operator’s perspective
that can be modified according to the operators’ in-
tention as shown in Figure 5(b). Cognitive distance,
which is a distance humans recognize, works more eftec-
tively in decision making than actual distance (Garling
& Golledge, 1993). Cognitive distance is formed by
various things including human experience (Ankomah,
Crompton, & Baker, 1996). Therefore, we display a
view so that operators can modify this view at the same
speed as heavy machinery moves.

This route-knowledge view can let operators plan
how to work by means of grasping objects. This is be-
cause these views are similar to those that operators
watch when they operate heavy machinery and cab
views during teleoperation. Moreover, operators prefer
watching cab views from cameras in heavy equipment,
rather than views from cameras around the work site
(Moteki, Fujino, Ohtsuki, & Hashimoto, 2011). This
planning can help operators keep working without stops,
speed of the attachment can be faster during grasping,
and moving distance can be decreased as explained in
Subsection 2.2.2.

3 Experiment

We conducted experiments, including grasp-
ing objects and transporting them using a simulator
(Kamezaki, Yang, Iwata, & Sugano, 2014), to evalu-
ate the effects of the proposed view system. The ethics
committee for human research at Waseda University ap-
proved the procedures of the experiments in the study.
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Figure 5. A view system to acquire cognitive maps before work commences.

3.1 Method

3.1.1 Participants. Sixteen novice operators with no
experience in operating heavy machinery were involved
as participants because there are only about 20 skilled
operators in Japan (Nitta, 2012). However, they ac-
quired the skills required to teleoperate heavy machinery
in a simulator through training before the start of the
experiments. The participants were all male students,
aged 22 to 25, majoring in mechanical engineering at
Waseda University. The number of participants was de-
termined by using GsPower (Faul, Erdfelder, Lang,

& Buchner, 2007; Faul, Erdfelder, Buchner, & Lang,
2009). We conducted the pre-experiments, which were
the same procedure as the experiments in this study,
with eight participants who tried the tasks three times.
Four parameters, including the effect size 4, « error
prob, power (1-8 error prob), and allocation ration

N2 /N1, are required to calculate the required sample
size for t-test (statistical test; means: difference between
two independent means (two groups), type of power
analysis; a priori: compute required sample size). Mean
and SD values are required to calculate the effect size 4.
The results of mean work time and SD obtained by the
pre-experiments with 24 samples were 282.0 £ 33.2 for
participants watching the proposed prior view systems
and 331.9 + 65.7 for those watching the conventional
view systems. Thus, the effect size 4 was 0.96. More-

———

Levers for

Lever for
manlpulatlon

.

Figure 6. Interface of the developed simulator.

manlpulatlon

Lever for b . ."

over, we determined « error prob as 0.05, power as 0.8
(Cohen, 1992), and allocation ration N2 /N1 as 1 be-
cause of the same sample size. The required total sam-
ple size was 38 based on the calculation. Thus, we set
the number of sample size as 48, which means 16 par-
ticipants with three trials, so that it should be over the
required sample size.

3.1.2 Material. Figure 6 shows the interface to con-
trol the heavy machine in the simulator (Kamezaki,
Yang, Iwata, & Sugano, 2014). This simulator
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Release box

Heavy machine

(a) Picture of the environment 1

.
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Figure 7. Three experimental environments.

calculates physics by ODE and renders by OpenGL.
Details of the simulator are described in a previous paper
(Kamezaki, Yang, Iwata, & Sugano, 2014). We used a
desktop computer (processor: Interl®Core™i7-4770
CPU @3.40-GHz, memory: 8.00-GB, OS: Windows
10) for the simulator. We used two joysticks for manipu-
lation (type: S90JBM-YO-21R2G, made by Sakae), and
two levers for crawlers (type: 30JLK-X1-10R1H, made
by Sakae). Participants controlled heavy machinery by
watching a 42-inch monitor. The experimental tasks
included grasping four cylindrical objects and trans-
porting them to release boxes one by one in the three
environments (environment 1, environment 2, and en-
vironment 3) shown in Figure 7. Figure 8 shows the
drawing of the environment. All environments included
objects, release boxes, clods, stones, and slopes. The par-
ticipants were asked to avoid contacts with clods and
stones.

We displayed the survey-knowledge view by Solid-
Works 2014 because all the participants learned how to
modify the view, including changing the viewpoint and
zoom levels, by using the mouse wheel in the classes.
Participants modified the route-knowledge view by joy-
sticks for crawlers the same as moving the heavy ma-

chine. Thus, participants could navigate the environ-
ment as they maneuvered the heavy machine.

We measured cognitive maps using sketch maps in
PowerPoint 2013, which are widely used in the field of
cognitive psychology and geography because they oftfer
high reliability (Blades, 1990).

3.1.3 Procedure. Figure 9 shows the experimental
procedure and views displayed before and during tele-
operation work. First, all of the participants tried the
training tasks, which includes grasping one object and
transporting it to the designated box, to acquire enough
skills to teleoperate in the environment, as shown in Fig-
ure 10. We used the same conditions as used in previous
research to judge whether participants acquired skills
(Yang, Kamezaki, Sato, Iwata, & Sugano, 2015; Sato
ctal.,, 2019). At first, all the participants tried five tasks.
Then, we decided whether to finish the training tasks.
We first selected the three trials of the last five trials, ex-
cept for the fastest and the slowest ones. Next, we calcu-
lated the percentage of the time difference between the
average work time of the three trials and each work time.
If all the three percentages of time difference were less
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Figure 8. Drawings of three experimental environments.

than 5%, we finished the training tasks. If not, we con- Next, we divided the sixteen participants into two
tinued the training tasks until all the three percentages groups (Control Group and Knowledge Group) of

eight participants, such that the average time of training
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(b) Views displayed during teleoperation work

Figure 9. Experimental procedure and views displayed before and during work.
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(a) Picture of the environment used for training tasks
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Figure 10. Training task environment.

tasks in each group would be almost the same to eval-
uate the proposed view system. The mean work time
and SD of the selected three trials of Control Group
were 85.7 £ 5.9 s, and those of Knowledge Group were
82.2 £ 14.3 5. No significant differences were observed
between the Control Group and Knowledge Group by
Welch’s t-test £(31) = 1.08, p=.28.

Then, the participants performed three sets of the ex-
perimental tasks with the different view systems before
work. Each experimental task involved watching views
to input environmental information before the start of
teleoperation and then teleoperating heavy machinery.
The participants in the Control Group watched two
fixed external views of all sets before work commenced.

In addition to these external views, the participants in
the Knowledge Group watched a survey-knowledge
view in the first set, a route-knowledge view in the sec-
ond set, and two views to acquire both the survey and
route knowledge in the third set before work. All par-
ticipants teleoperated heavy machinery by watching a
cab view and two fixed external views of all sets dur-
ing work. Each set involved three experimental tasks
for which the participants tried three sets under three
conditions in three different environments. Operators
were asked to prepare for teleoperation by watching
views up to 10 min beforehand. We measured four pa-
rameters during work, that is, total task time, number
of stops, moving distance, and speed during grasping,
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(b) Example of sketch maps
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Figure I 1. Measuring cognitive maps by sketch maps.

and asked the participants to answer interviews as done
in previous research (Lum, Rosen, Lendvay, Sinanan,

& Hannaford, 2009; Korte et al., 2014; Bidwell, Hol-
loway, & Davidoft, 2014.). We define the grasping as the
distance between the root of the end-effector and the
ungrasped target object less than 3 m the same as was
done in previous research (Yang et al.; 2015; Kamezaki
ctal., 2016).

The participants were asked to sketch maps based on
those in their minds immediately after watching views
before work. The templates for each landmark (objects,
releasing boxes, clods, stones, and slopes) and the frames
of each environment were prepared as shown in Figure
11(a) (the templates for clods and slopes were the same).
Figure 11(b) shows exemplary sketch maps acquired by
the experiment, and Figure 11(c) shows an example of
an actual map.

We now explain how to analyze the sketch maps. The
two important aspects of cognitive maps are quantity,
that is, the number of recognized landmarks, and qual-
ity, that is, the accuracy of recognized landmarks, be-
cause operators must create mental representations of

work sites, including where things are located. For an-
alytical purposes, we must identify which landmarks in
cognitive maps are recognized and how they correspond
to landmarks in actual maps. For example, we must iden-
tify whether object A in Figure 11(b) is recognized and
which object it corresponds to in Figure 11(c). Some
researchers have analyzed cognitive maps in the fields of
cognitive psychology and geography (Curseu, Schalk, &
Schruijer, 2010; Huynh & Doherty, 2007; Wakabayashi
& Itoh, 1994 ). However, the cognitive maps in these
studies did not include the same landmarks as in this
study because these studies are usually performed in
cities, which have landmarks with specific names, such as
Tokyo Station. Thus, no analytical methods can identity
which landmarks in cognitive maps are recognized and
correspond to landmarks in actual maps if maps include
the same landmarks. Therefore, we developed an analyt-
ical method to identify which landmarks are recognized
in cognitive maps and their correspondence with actual
maps.

If the participants draw landmarks randomly, we as-
sume that the probability that they will be drawn close
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Figure 12. Probability that landmarks are drawn in each area in sketch maps.
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If participants
draw randomly
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Distance between sketch maps and actual maps

Figure 13. Histogram of distance between sketch maps and actual maps.

or distant from landmarks on actual maps can be low
and that of being drawn at a middle distance from actual
landmarks can be high because middle area has the most
surface area as illustrated in Figure 12. Thus, we assume
that the histogram of distance can be Gaussian, like the
black curve shown in Figure 13. On the other hand, if
the participants recognize landmarks, we assume that
this histogram can obey the red curve shown in Figure
13 because they can draw landmarks close to those in
actual maps. Thus, we recognize landmarks in cognitive
maps as actual landmarks if the distance is less than that
of an intersection in a histogram. We calculate the width
of each column of a histogram using the Freedman-
Diaconis rule because this rule is calculated on a quartile
basis. We calculate the distance between the center point
of actual and drawn landmarks. If there are some dupli-
cate landmarks, we need to eliminate them. For exam-
ple, in the case of three stones in the bottom left of Fig-
ure 11(b), we calculate the distances between Stone A
and all the ten stones in the actual maps, and this calcu-
lation is done for Stones B and C as well. If the thresh-
old distance is 3.5, and the distances between stones in
the drawn maps and those in actual maps are as in Ta-
ble 1, then Stones A, B, and C are recognized as both

Table 1. Example of the Results of

Distance
Stonel Stone 2
Stone A 2.5 3.4
StoneB 1.3 29
Stone C 2.3 3.1

Stones 1 and 2, which are duplicate landmarks. There-
fore, we need to eliminate those duplicate landmarks to
minimize the total distance. In this case, the condition
with Stone B recognized as Stone 1 and Stone C recog-
nized as Stone 2 has the minimum distance. Thus, we
recognize Stone B as Stone 1 and Stone C as Stone 2,
and eliminate the others.

3.2 Results and Discussion

In this section, first we explain the results and dis-
cussion for cognitive maps, and after that we explain
them for work efficiency. We verified normal distribu-
tion by the Shapiro-Wilk test for all the analysis using
Welch’s t-test.

€20z Jequieydag 20 uo 3senb Aq jpd'eec00™ & seud/229€002/60¢/E/LZ/HPd-8loie iead/npayiwioalip//:dpy woly pepeojumoq



Sato et al. 321

Recognized landmarks
600

400
200
0

The number of
landmarks

HEYEB8ClHEeS B2 NRB2S23R282233F2 8

[T V= T == O A T - T o = T V= S I = T T I I S e - 0 - M~ = O

c'c'l-iNr\in*d&dw&dﬂﬁoﬁmdﬁj:’ﬂjﬂﬁﬁﬂf:’rjga
(a) 1st set

300  Recognized landmarks

The number of
landmarks

PP F S E S
RO VR P UL B Y

e SR R ) T S - - . ]
SV AP oF N M P T 0P g oF

—

e

(b) 2nd set

soo - Recognized landmarks

Y—

om 400

o 2 3w

O @©

EE 200

S5 O

c c 100

v 8 0 .

< M 00 @ O e oom o W W

— ERESREEEL=ERIT
S S = oMW Y w8 E e

Distance between sketch maps and actua

8.786

@mmmgo—mmmymmohh'm'%'o

LSRRI 2Eo8REBERSEREER

g & S = ol el oo of oF W O O~ ofd 6 O S O =

= o e e e e e e e e e e o = = NN
| maps

(c) 3rd set

Figure 14. Results of histogram of the distance between sketch maps and actual maps.

3.2.1 Results on Recognized Landmarks. Figure
14 shows the histogram of distance between all land-
marks in the sketch maps and all the same landmarks in
the actual maps in each set. These histograms have at
least two peaks, and the shape of them is similar to the
one illustrated in Figure 13 that was our hypothesized
histogram. Thus, we determined the intersection as the
midpoint of the column of local minimum and set the
distance of the intersection as the threshold.

3.2.2 Effects for Cognitive Maps by Survey Knowl-
edge (First Set). Figure 15 shows the percentage of
recognized landmarks (recognized landmarks /the num-
ber of landmarks in the actual map) and the average er-
ror distance between recognized landmarks and those
in the sketch maps for all same landmarks in the first

set. The Mann—-Whitney U test indicates that partic-
ipants in the Control Group recognized more stones

U =177, p = .02 than those in the Knowledge Group
significantly, and a marginally significant difference is ob-
served between total of each group U = 203.5, p = .08.
Moreover, Welch’s ¢-test indicates that participants in
the Knowledge Group recognized release box £(180)
=2.26, p= .02, slopes £(39) = 2.55, p = .01, and to-
tal £(889) = 2.55, p = .01 more accurately than those
in the Control Group, and a marginally significant dif-
ference is observed between the average distances in

the clods #(204) = 1.89, p = .06 of the Control and
Knowledge Groups. These results suggest that watching
a survey-knowledge view before work can help operators
remember environments accurately, but it cannot input
environmental information in terms of quantity.

We now discuss two points, which are (1) the reason
why percentage of recognized landmarks in the Control
Group was higher than that in the Knowledge Group,
(2) the reason why the average error distance of objects
and stones was not improved significantly.
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Figure 15. Results of sketch maps for the first set (survey knowledge).

Percentage of recognized landmarks in Control Group
was higher than that in Knowledge Group: This could
be caused because participants in the Control Group
tried to remember all the landmarks; even though those
in the Knowledge Group tried to remember impor-
tant landmarks. Stones are not as important as ob-
jects or releasing boxes for path planning because they
are small obstacles. Figure 16 shows the actual map
and the shortest path ofall the trials (black line) in the
environment 1. Stones 1 and 2 are close to the short-
est path and Stones 3 to 10 are far from the shortest
path. Figure 17 shows the percentage of recognized
Stones 1 and 2, and 3 to 10. The Mann-Whitney U
test indicates that no significant differences are ob-
served between the Knowledge Group and the Con-
trol Group in Stones 1 and 2, U = 263, p = .47, but
a significant difference is observed in Stones 3 to 10,

U =172.5, p=.01. Moreover, “clod 4” is far from
the shortest path as shown in Figure 16, and the Mann—
Whitney U test indicates that a significant difference
between the recognized percentage of each group,

U =192, p = .02. Furthermore, participants in the

Knowledge Group recognized almost all of landmarks
close to the shortest path such as objects, release boxes,
and slopes, as shown in Figure 16, though those in

the Control Group recognized unimportant land-
marks including Stones 3 to 10, as shown in Figure
11(a) and 17. This difference could lead the Knowl-
edge Group to recognize more accurately, as shown in
Figure 11(b).

Average ervor distance of objects and stones were not
improved significantly: This could be caused by the im-
portance of the landmarks. Objects could be the most
important landmark in this experiment because the task
included grasping objects. All of the participants tried
to remember objects from the interview. On the other
hand, stones are not so important, as explained in this
section. All the participants tried to remember stones
with little effort from the interview. Those results sug-
gest that the average error distance of objects and stones
were not improved significantly because of the impor-
tance of landmarks.

These results suggest that watching a survey-
knowledge view can help operators remember important
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landmarks accurately because of improvement in accu-
racy, as shown in Figure 11(b) and recognizing only
important landmarks, as shown in Figures 11(a) and 17.

3.2.3 Effects for Cognitive Maps by Route Knowl-
edge (Second Set). Figure 18 shows the percentage
of recognized landmarks and the average error dis-
tance between recognized landmarks and those in the

sketch maps for all same landmarks in the second set.
The Mann-Whitney U test indicates that participants in
the Control Group recognized more stones, U = 202,
p=.07,and total, U = 206, p = .09, than those in the
Knowledge Group, by a marginally significant num-
ber. Welch’s #-test indicates that a marginally signif-
icant difference was observed in objects, z(161) =
1.68, p = .10. These results suggest that watching a
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Figure 18. Results of sketch maps for the second set (route knowledge).

route-knowledge view before work cannot input en-
vironmental information in terms of both quality and
quantity. We will discuss this with results on work effi-
ciency in Subsection 3.2.6.

3.2.4 Effects for Cognitive Maps by Survey and
Route Knowledge (Third Set). Figure 19 shows

the percentage of recognized landmarks and the aver-
age distance between recognized and actual landmarks
in the third set. The Mann—-Whitney U test indicates
that participants in the Knowledge Group recognized
significantly more objects, U = 201, p = .04, than
those in the Control Group, and a marginally signit-
icant difference was observed in slopes, U = 216,

p = .08. Welch’s #-test indicates that participants in the
Knowledge Group recognized release boxes, £(176) =
2.24, p= .03, clods, #(153) = 2.41, p = .02, stones,
£(269) =4.99, p < .001, and total, £(793) = 5.65, p <
.001, more accurately than those in the Control Group.
These results suggest that watching a survey-knowledge
view and a route-knowledge view before work can in-
put environmental information in terms of both quality
and quantity. These results are different from results

explained in Subsections 3.3.2 and 3.3.3, and we will
address this further. This difference in results could be
caused because the participants in the Control Group
could not remember environment 3 as well as environ-
ment 1. Environment 1 has 4 objects, 4 release boxes,
1 slope, 6 clods, and 10 stones, and environment 3

has 4 objects, 4 release boxes, 1 slope, 5 clods, and 10
stones. Thus, the only difference is that environment

3 has 1 less clod than environment 1. However, the
participants in the Control Group recognized about
81% in the first set (environment 1), but they recog-
nized about 70% in the third set (environment 3). The
Mann-Whitney U test indicates that this difference is
significant, U = 174.5, p = .02. Morcover, objects are
important landmarks because the task requires partici-
pants to grasp the objects. However, the participants in
the Control Group remembered only 74%. These results
indicate that a view to acquire knowledge from the sur-
vey perspective can help operators recognize important
landmarks stably, even for different environments.

3.2.5 Effects for Work Efficiency by Survey Knowl-
edge (First Set). Figure 20 shows (a) the task time,
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Figure 19. Results of sketch maps for the third set (both knowledge).
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Figure 20. Results of the first set (survey knowledge).
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Figure 21. Results of the second set (route knowledge).

(b) the number of stops, (¢) the moving distance, and
(d) the speed during grasping for the first set. Welch’s
t-test indicates that the task time #(40) = 3.22, p =
.003, the number of stops £(33) = 2.26, p = .03 and
moving distance #(43) = 210, p = .04 in the Knowl-
edge Group are significantly less than those in the
Control Group and that the speed during grasping
t(44) = 2.23, p = .03 in the Knowledge Group is
significantly faster than that in the Control Group.
These results suggest that watching a survey-knowledge
view before work can decrease the task time the mov-
ing distance, and the number of stops. Moreover, the
Knowledge Group remembered more accurately than
in the Control Group significantly, and the Knowledge
Group focused on remembering only important land-
marks, as explained in Subsection 3.2.1. Thus, those
results suggest that watching a survey-knowledge view
before work can help operators plan short paths and fo-
cus on remembering landmarks close to the short paths.

3.2.6 Effects for Work Efficiency by Route Knowl-
edge (Second Set). Figure 21 shows (a) the task time,
(b) the number of stops, (¢) the moving distance, and
(d) the speed during grasping for the second set. Welch’s
t-test indicates that the task time #(46) = 2.12, p = .04,

and the number of stops #(36) = 2.50, p = .02, for the
Knowledge Group were significantly less than that in
the Control Group and that the speed during grasping
t(44) = 2.37, p = .02, in the Knowledge Group is sig-
nificantly faster than that in the Control Group These
results suggest that watching a route-knowledge view
can decrease task time and the number of stops and in-
crease speed during grasping.

3.2.7 Effects for Work Efficiency by Survey and
Route Knowledge (Third Set). Figure 22 shows

(a) the task time, (b) the number of stops, (¢) the
moving distance, and (d) the speed during grasping

for the third set. Welch’s #-test indicates that the task
time #(45) = 4.04, p < .001, and the moving distance
t(46) = 3.25, p = .002, in the Knowledge Group are
significantly less than those in the Control Group and a
marginally significant difference is observed between the
number of stops £(31) = 1.98, p = .06, in the Knowl-
edge Group and that in the Control Group. More-

over, Welch’s #-test indicates that speed during grasping
t(34) = 3.00, p = .005, in the Knowledge Group is sig-
nificantly faster than that in the Control Group These
results suggest that watching a survey-knowledge view
and route-knowledge view before work can decrease task
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Figure 22. Results of the third set (both knowledge).

Table 2. Summary of the Results from each Knowledge (/:p < 0.05,X:p = 0.05)

Task time The number of stops Moving distance Speed during grasping
Survey knowledge ./ 4 4 4
Route knowledge  / N X Vv

Both knowledge 4 X

v v

time, moving distance, and the number of stops, and
increase speed during grasping.

3.2.8 Discussion on Work Efficiency. We summarize
the effects of the proposed view system in Table 2 and
Figure 23. Table 2 shows whether differences between
Contol Group and Knowledge Group are significant.
Figure 23 shows the normalized results of each set. The
standard deviation bars of the Control Group were also
normalized, so cach result has three standard deviation
bars because each result and standard deviation ratio

is different from each set. For example, the blue stan-
dard deviation bars of the task time is normalized by
dividing standard deviation of the first set by the average
task time of that set. The task time, the number of stops,
the moving distance, and the speed during grasping can

be improved with survey knowledge Moreover, the task
time, the number of stops, and the speed during grasp-
ing can be improved with route knowledge. The task
time, the moving distance, and the speed during grasp-
ing can be improved with survey and route knowledge.
Thus, we discuss the following four points.
Improvement of speed durving grasping with survey
perspective: This could be caused by the positions dur-
ing grasping. Grasping objects from slanting positions,
which means the angle between the object and the heavy
machine 6 is small, can increase the number of stops ow-
ing to difficulties in grasping, as illustrated in Figure 24.
Allowable error to grasp the object is (WGsind — WO),
when the width of grapples is WG and the width of
the object is WO. Thus, the more parallel to the ob-
ject, the more difficult grasping the objects is, which
can increase the number of stops. Figure 25 shows the
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Figure 23. Summary of the normalized results.
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Figure 24. Difficulties in grasping from slanting positions.
results of the number of stops during grasping the cir- Control Group. Moreover, the number of trials with
cled object in Figure 7(a). Welch’s #test indicates that 0 < 60° in the Control Group was 5, but the one in
the number of stops, £(29) = 2.17, p = .04, for the the Knowledge Group was 0. These results suggest that

Knowledge Group is significantly less than that in the watching a survey-knowledge view before work can help
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Figure 26. Comparison of the shortest path and the path taken by participants.

operators grasp objects from places where 6 is large and
prevent workers from stopping, which may cause the
improvement of speed during grasping.
Unimprovement of moving distance with route perspec-
tive: This could be caused because participants could
hardly recognize the relationship between the heavy
machines and distance between obstacles. Figure 26
shows the shortest path (the green line) and the path
participants in the Knowledge Group took (the white
line) in the second set. Participants recognized the
distance between obstacles circled in Figure 26 from
the interview, even though they took the longer path
(the white line). This was because they could not rec-

ognize the relationship between the heavy machines
and the distance between obstacles. That could be the
reason why the moving distance was not decreased
significantly.

Improvement of the task time, the number of stops, and
speed during grasping without improvement of cognitive
maps by watching a route-knowledge view: This could be
caused because participants in the Knowledge Group
tried to remember the working strategies, including
how to grasp objects, rather than remembering the en-
vironment. The shortest path in environment 2 was just
clockwise and there were a few obstacles, so environ-
ment 2 was not so complicated, as shown in Figure 26.
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Figure 27. Results of the stop time in the third set.

Participants in the Knowledge Group focused on plan-
ning the working strategies from the interview. These re-
sults suggest that participants in the Knowledge Group
could try to focus on planning rather than remember-
ing the environment because the environment was not
so complicated. This could be why watching a route-
knowledge view before work could not input envi-
ronmental information in terms of both quality and
quantity. These results suggest that watching a route-
knowledge view can help operators plan working strate-
gies, which may lead to reducing the task time, the num-
ber of stops, and increasing speed during grasping.

Here, we discuss the effects of a route-knowledge
view for complicated environments. Remembering the
environment from a route-knowledge view can be more
difficult than a survey-knowledge view, especially for
complicated environments. Thus, we assume that opera-
tors can focus on planning rather than remembering the
complicated environment.

Unimprovement of the number of stops with survey and
route perspective: We discuss the point that the number
of stops was improved with each knowledge, but not
improved with knowledge of both. Figure 27 shows the
results of the stop time in the third set. Welch’s #-test
indicates that the stop time in the Knowledge Group
is significantly smaller than that in Control Group,
t(42) = 2.10, p = .04. Thus, the proposed view system
could improve the stop time, though it might not be
able to improve the number of stops. Therefore, these
results suggested that the proposed view system could
improve the stop time.

3.2.9 Discussion on Practical Use. We now discuss
how to apply the proposed view system for practical

use because the system was developed in the simula-

tor. First, we need a 3D map of a disaster site for this
system. This 3D map can be acquired by using drones
(Nex & Remondino, 2014; Spranger, Heinke, Becker,
& Labudde, 2016). Then, both a survey-knowledge
view and a route-knowledge view can be displayed by us-
ing common 3D computer graphic software, including
Blender and Unity.

4 Conclusion

We developed a view system based on human spa-
tial cognition to provide teleoperators with environmen-
tal information prior to commencement of work. We
displayed two views, an external view from any view-
point to show survey knowledge and another from an
operator’s viewpoint, representing the route knowledge,
which could be modified based on the operator’s intent.
We conducted experiments using a simulator to evalu-
ate a proposed view system. The results suggest that this
system can increase work efficiency and help operators
plan paths. The results showed that the task time, mov-
ing distance, and number of stops could be reduced by
watching the survey-knowledge view. Furthermore, the
task time, stops, and speed degradation during grasp-
ing could be prevented by watching a route-knowledge
view. From the analysis of cognitive maps, the survey-
knowledge view was found to help operators remember

€20z Jequierdag 20 uo 3senb Aq jpd'eec00™ € se1d/229€002/60¢/€/LZ/Pd-8loie ieAd/npaiwioalip//:dpy woly pepeojumoq



Sato etal. 331

important landmarks stably, which might lead to reduc-
ing task time, preventing stops, and choosing shorter
paths. Moreover, the route-knowledge view could help
operators plan their work, possibly allowing them to pre-
vent stops and speed degradation during grasping.

We will consider providing the proposed view sys-
tem in 3D because views during work can be 3D in the
future, with an interface to modify the viewpoint. In fu-
ture work, we hope to analyze cognitive maps in terms
of other factors, such as the dimensions and rotation of
landmarks. Moreover, we will examine the effects of a
route-knowledge view for complicated environments.
Furthermore, we will develop systems to provide envi-
ronmental information in case the environment changes,
including head-mounted and other immersive displays.
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